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Abstract 

The widespread adoption of wearable technologies in healthcare has the potential to bring 

about significant improvements. However, these technologies face design challenges when 

applied in real world settings and must be tailored to specific contexts of use and the needs of 

a diverse user base. This thesis investigates these issues in two distinct yet related areas of 

healthcare: neurorehabilitation and clinical movement analysis. 

In neurorehabilitation, the research builds on previous work that demonstrated the 

effectiveness of wearable rhythmic haptic metronomes in improving and measuring the gait of 

individuals with neurological conditions in laboratory settings. This study takes this approach 

into the community and care home settings, using a technology probe method to identify the 

real-life requirements and design considerations of potential end-users and clinicians. This 

process identified a range of physical, sensory, and cognitive issues that are relevant to the 

design of the haptic metronomes, including haptic perception ability, wearability, interaction 

techniques, and individual preferences for body placement. 

The second part of the thesis initially focused on the potential of active cueing for 

musculoskeletal conditions, but formative discussions with specialist physiotherapists and 

orthopaedic surgeons suggested that wearable clinical movement analysis would be a more 

suitable focus. Currently, proprietary systems for objectively assessing lower limb movements 

are either poorly suited or too expensive. To address this gap, non-proprietary software called 

MoJoXlab, paired with low-cost wearable inertial sensors was validated against high-end 

commercial software to perform clinical movement analysis. The results of these tests were 

compared across a range of activities, including walking, squatting, and jumping. MoJoXlab 

was further validated with a different sensor system, and limitations and nuances of supporting 

multiple sensor systems were identified. 

Overall, this thesis highlights the importance of considering the needs and preferences of 

diverse users and the specific conditions and contexts in which wearable technologies will be 

used to effectively design and implement these technologies in healthcare. 



3 

Declaration 

The work presented in this thesis represents a unique contribution by the author, with some of 

the findings having been published in peer-reviewed journals and conferences, such as: 

Journal 

1. A case study from Chapter 4 was published in: 

Georgiou, Theodoros; Islam, Riasat; Holland, Simon; Linden, Janet Van Der; Price, 

Blaine; Mulholland, Paul and Perry, Allan (2020). Rhythmic Haptic Cueing Using 

Wearable Devices as Physiotherapy for Huntington Disease: Case Study. JMIR 

Rehabilitation and Assistive Technologies, 7(2), article no. 18589. 

Available at http://oro.open.ac.uk/71609/. 

2. The study from Chapter 5 was published in: 

Islam, Riasat; Bennasar, Mohamed; Nicholas, Kevin; Button, Kate; Holland, 

Simon; Mulholland, Paul; Price, Blaine and Al-Amri, Mohammad (2020). A 

Nonproprietary Movement Analysis System (MoJoXlab) Based on Wearable 

Inertial Measurement Units Applicable to Healthy Participants and Those With 

Anterior Cruciate Ligament Reconstruction Across a Range of Complex Tasks: 

Validation Study. JMIR Mhealth Uhealth, 8(6), article no. e17872. Available at 

http://oro.open.ac.uk/69997/. 

Software 

3. MoJoXlab software from Chapters 5 and 6 was published on: 

Islam, Riasat and Al-Amri, Mohammad (2020). MoJoXlab. Open Research Data 

Online. DOI: 10.21954/ou.rd.c.4815567 Available at 

https://ordo.open.ac.uk/collections/MoJoXlab/4815567. 

  

http://oro.open.ac.uk/71609/
http://oro.open.ac.uk/69997/
https://ordo.open.ac.uk/collections/MoJoXlab/4815567


4 

Dataset 

4. Xsens and NGIMU data generated in Chapter 6 were published on: 

Islam, Riasat (2023). IMU Sensor Dataset. Open Research Data Online. DOI: 

10.21954/ou.rd.c.6607120 Available at 

https://ordo.open.ac.uk/collections/IMU_Sensor_Dataset/6607120 

Workshop 

5. Partial results from a case study in Chapter 4 were published in: 

Islam, Riasat; Holland, Simon; Price, Blaine and Mulholland, Paul (2019). Gait 

Rehabilitation for Neurological Conditions using Wearable Devices. In: Workgroup 

on Interactive Systems in Health, CHI 2019: Conference on Human Factors in 

Computing Systems, 5 May 2019, Glasgow, United Kingdom. Available at 

http://oro.open.ac.uk/66556/. 

6. Partial results from a case study in Chapter 4 were published in: 

Islam, Riasat; Holland, Simon; Price, Blaine; Georgiou, Theodoros and 

Mulholland, Paul (2018). Wearables for Long Term Gait Rehabilitation of 

Neurological Conditions. In: A Short Workshop on Next Steps Towards Long Term 

Self Tracking, CHI 2018: CHI Conference on Human Factors in Computing 

Systems, 21-26 Apr 2018, Montreal, QC, Canada. Available at 

http://oro.open.ac.uk/53902/. 

7. Partial results from a case study in Chapter 4 were published in: 

Islam, Riasat; Holland, Simon; Georgiou, Theodoros; Price, Blaine and 

Mulholland, Paul (2018). Wearable Haptic Devices for Long-Term Gait Re-

education for Neurological Conditions. In: Haptic Technologies for Healthcare, 

EuroHaptics 2018, 13-16 Jun 2018, Pisa, Italy. Available at 

http://oro.open.ac.uk/55243/. 

  

https://ordo.open.ac.uk/collections/IMU_Sensor_Dataset/6607120
http://oro.open.ac.uk/66556/
http://oro.open.ac.uk/53902/
http://oro.open.ac.uk/55243/


5 

Doctoral consortium 

8. Partial results from a case study in Chapter 4 were published in: 

Islam, Riasat (2018). Wearable Haptic Devices for Gait Re-education by Rhythmic 

Haptic Cueing. In: 32nd International BCS Human Computer Interaction 

Conference (HCI 2018), 2-6 Jul 2018, Belfast, Northern Ireland, United Kingdom, 

BCS Learning and Development Ltd. Available at http://oro.open.ac.uk/55976/. 

Conference abstract 

9. Partial results from a case study in Chapter 4 were published in: 

Islam, Riasat; Georgiou, Theodoros; Holland, Simon; Price, Blaine and 

Mulholland, Paul (2018). How can rhythmic haptic cueing using wearable haptic 

devices help gait rehabilitation for stroke survivors: a longitudinal pilot study. In: 

2nd Digital Health & Wellbeing Conference 2018, 01-03 May 2018, The Open 

University, Milton Keynes, UK. Available at http://oro.open.ac.uk/53030/. 

10. Partial results from a case study in Chapter 4 were published in: 

Islam, Riasat; Holland, Simon; Georgiou, Theodoros; Price, Blaine and 

Mulholland, Paul (2018). A longitudinal rehabilitation case study for hemiparetic 

gait using outdoor rhythmic haptic cueing via a wearable device. In: 27th European 

Stroke Conference, 11-13 Apr 2018, Athens, Greece. Available at 

http://oro.open.ac.uk/53032/. 

11. Partial results from a case study in Chapter 4 were published in: 

Islam, Riasat; Holland, Simon; Georgiou, Theodoros; Price, Blaine and 

Mulholland, Paul (2018). Gait rehabilitation by outdoor rhythmic haptic cueing 

using wearable technology for neurological conditions: a case study. In: ACPIN 

International Neurophysiotherapy Conference, 19-20 Mar 2018, Manchester, UK. 

Available at http://oro.open.ac.uk/53033/. 

  

http://oro.open.ac.uk/55976/
http://oro.open.ac.uk/53030/
http://oro.open.ac.uk/53032/
http://oro.open.ac.uk/53033/


6 

List of collaborators 

In this thesis, the author has received technical support and expertise from several 

healthcare professionals and clinicians, including Dr Allan Perry and others from PJ Care Ltd, 

Prof. Oliver Pearce and others from Milton Keynes University Hospital.  

Dr Henryk Krajinski developed the Haptic Metronome App for Apple Watch, Manager 

of Specialist Software Support at The Open University, and was used in the exploratory user 

study discussed in Chapter 4.  

Dr Theodoros Georgiou, a PhD candidate and research assistant at The Open University, 

currently at Heriot Watt University, provided assistance with data collection and analysis for 

studies discussed in Chapter 4.  

During a period of illness, Dr Annemarie Zijlema, a Post Doctoral Research Associate at 

The Open University, currently at the University of Greenwich, led some interviews for the 

study discussed in Chapter 4.  

Dr Mohamed Bennasar, a Post Doctoral Research Associate at The Open University, 

provided advice on data analysis techniques for the MoJoXlab validation study and sensor 

comparison study discussed in Chapters 5 and 6.  

Dr Mohammad Al-Amri, Dr Kate Button, and Kevin Nicholas from Cardiff University 

assisted with data collection for the MoJoXlab validation study in Chapter 5 and shared their 

insights for the development and design of the MoJoXlab software.  

Dr Julie Stebbins from the University of Oxford provided assistance with the quantitative 

data analysis for the data collected using the optical motion capture facility in the Oxford Gait 

Laboratory (Chapter 4).  



7 

Acknowledgements 

This PhD journey has been long and arduous, with multiple hurdles. I have been ill for 

several months, hospitalised, survived a car accident, lived through a global pandemic, and 

sadly lost several familiar faces. 

Amongst all the challenges life throws at us, I am thankful to Allah for giving me the 

patience to persevere through this journey. I thought I was mentally strong and resilient, but I 

was wrong. I did stutter along the way. I anticipated a sprint, but it turned out to be a marathon. 

I was headstrong to finish the PhD in 3 years, but Allah had other plans for me. Indeed, Allah 

is the best of planners. Islam teaches us to be thankful and to show gratitude to people. 

“Whoever does not thank people has not thanked Allah.” - Sunan Abi Dawud.1 

And so, I would like to take this opportunity to thank everyone who has made this journey 

possible. Starting from my family, who instilled the ambition to embark on this journey from 

a young age. And have endured all the hurdles with me patiently. I want to thank my extended 

family (uncles, aunts, and cousins), who have facilitated my computing knowledge since I was 

7. They have supported my family throughout these years, and I am indebted to their 

contributions. Long may it continue. 

To my friends and acquaintances, thanks for all your help, feasts, trips, games, and, most 

importantly, for bearing with me. I can be a handful, so I sincerely apologise for any 

inconvenience caused. 

To my teachers, I am thankful to all of you who have taught me over the years. I am 

grateful to my supervisors, examiners, exam committee, 3rd party monitor, PGRTs, and all my 

colleagues and staff members at C&C, KMi, Graduate School and RES.  

I would also like to thank my co-authors, colleagues, reviewers, mentors, collaborators, 

research participants, and clinicians I have worked with throughout this PhD.  

Finally, I thank Goldcrest Charitable Trust, The Open University and UKRI for funding 

several aspects of this PhD. 

 
1 Sunan Abi Dawud 4811 https://sunnah.com/abudawud:4811  

https://sunnah.com/abudawud:4811


8 

To my wife, I am thankful to you for always being there for me, in hardship and ease. 

The good news is that we survived this journey. But it’s not over yet, so fasten your seatbelt 

for a new and exciting adventure. 

To my mom, this one is for you. 

  



9 

Table of contents 

Abstract ........................................................................................................................2 

Declaration...................................................................................................................3 

List of collaborators ....................................................................................................6 

Acknowledgements .....................................................................................................7 

Table of contents .........................................................................................................9 

List of figures .............................................................................................................22 

List of tables...............................................................................................................30 

Chapter 1: Introduction .....................................................................................32 

1.1 Background................................................................................................................... 32 

1.2 Problem statement ........................................................................................................ 33 

1.3 Research question and scope ........................................................................................ 34 

1.4 Motivation .................................................................................................................... 36 

1.5 Aims and objectives ..................................................................................................... 37 

1.6 Contributions ................................................................................................................ 38 

Chapter 2: Literature review .............................................................................40 

2.1 Theoretical framework ................................................................................................. 41 



10 

2.1.1 Entrainment ........................................................................................................ 41 

2.1.2 Neural plasticity and motor rehabilitation.......................................................... 41 

2.1.3 Use of entrainment as a theoretical framework.................................................. 42 

2.2 Rhythmic cueing for gait rehabilitation ........................................................................ 43 

2.3 Usability issues and user requirements......................................................................... 45 

2.4 Key outcome measures for assessing gait .................................................................... 46 

2.4.1 Objective data in lower limb rehabilitation: potential benefits and considerations47 

2.5 Conclusion .................................................................................................................... 49 

Chapter 3: Methodological approach ...............................................................50 

3.1 Overview of methodology ............................................................................................ 50 

3.2 Extended technology probe methodology .................................................................... 54 

3.3 Pragmatic approach ...................................................................................................... 56 

3.4 User population and recruitment for RQ1 .................................................................... 57 

3.4.1 Research settings for RQ1 .................................................................................. 57 

3.5 Technology choice........................................................................................................ 59 

3.5.1 Wearable haptic devices ..................................................................................... 59 

3.5.2 Wearable sensors ................................................................................................ 61 

3.6 Recap of research questions and methods for RQ1 ...................................................... 63 

3.7 Methodology for the second research question RQ2 ................................................... 64 



11 

3.8 Quantitative spatio-temporal gait parameters ............................................................... 65 

3.9 Summary....................................................................................................................... 67 

3.10 Ethical considerations ................................................................................................... 69 

Chapter 4: Wearable haptic metronome devices for lower limb rehabilitation 70 

4.1 Chapter overview.......................................................................................................... 70 

4.2 Case study A: Introduction ........................................................................................... 72 

4.3 Case study A: Methods ................................................................................................. 73 

4.3.1 Research participants and settings ..................................................................... 73 

4.3.2 Procedure............................................................................................................ 74 

4.3.3 Data collection ................................................................................................... 74 

4.3.4 Data analysis ...................................................................................................... 75 

4.3.5 Equipment .......................................................................................................... 76 

4.4 Case study A: Results ................................................................................................... 78 

4.4.1 Age UK stroke survivors’ support group ........................................................... 78 

4.4.2 The Open University .......................................................................................... 79 

4.4.3 Case study A: Summary of user requirements and design considerations......... 83 

4.5 Case study A: Discussion and conclusion .................................................................... 88 

4.6 Case study B: Introduction ........................................................................................... 90 

4.7 Case study B: Methods ................................................................................................. 91 



12 

4.7.1 Research participants and settings ..................................................................... 91 

4.7.2 Study design ....................................................................................................... 91 

4.7.3 Data collection ................................................................................................... 92 

4.7.4 Data analysis ...................................................................................................... 92 

4.8 Case study B: Results ................................................................................................... 94 

4.8.1 Findings from user studies conducted by physiotherapist, P1 ........................... 94 

4.8.2 Findings from user studies conducted by physiotherapist, P2 ........................... 94 

4.8.3 Findings from user studies conducted by physiotherapist, P3 ........................... 95 

4.8.4 Reflections from the physiotherapists ................................................................ 95 

4.8.5 Design issues ...................................................................................................... 96 

4.9 Case study B: Discussion ............................................................................................. 97 

4.9.1 Methodological analysis and implications for future research .......................... 97 

4.9.2 Limitations ......................................................................................................... 98 

4.10 Case study B: Conclusion ........................................................................................... 100 

4.11 Case study C: Introduction ......................................................................................... 101 

4.12 Case study C: Methods ............................................................................................... 102 

4.12.1 Research participant and setting....................................................................... 102 

4.12.2 Study design ..................................................................................................... 102 

4.12.3 Data collection and analysis ............................................................................. 104 



13 

4.13 Case study C: Results ................................................................................................. 106 

4.13.1 Data from wearable inertial sensors ................................................................. 106 

4.13.2 Physiotherapists’ comments ............................................................................. 107 

4.14 Case study C: Discussion ........................................................................................... 109 

4.14.1 Methodological analysis and implications for future research ........................ 109 

4.14.2 Limitations ....................................................................................................... 110 

4.15 Case study C: Conclusion ........................................................................................... 111 

4.16 Case study D: Hannah, who is living with multiple sclerosis .................................... 112 

4.17 Case study D: Methods ............................................................................................... 112 

4.17.1 Research participant and setting....................................................................... 112 

4.17.2 Study design ..................................................................................................... 112 

4.17.3 Instructions ....................................................................................................... 113 

4.17.4 Data collection ................................................................................................. 113 

4.17.5 Data analysis .................................................................................................... 113 

4.17.6 Justification ...................................................................................................... 114 

4.18 Case study D: Results ................................................................................................. 115 

4.18.1 Pre-study interview .......................................................................................... 115 

4.18.2 Post-study interview ......................................................................................... 116 

4.19 Case study D: Discussion ........................................................................................... 119 



14 

4.19.1 Limitations ....................................................................................................... 120 

4.19.2 Conclusion........................................................................................................ 121 

4.20 Case study E: Rosie, who is living with Huntington’s disease .................................. 122 

4.21 Case study E: Methods ............................................................................................... 122 

4.21.1 Research participant and setting....................................................................... 122 

4.21.2 Study design ..................................................................................................... 123 

4.21.3 Instructions ....................................................................................................... 124 

4.21.4 Data collection ................................................................................................. 124 

4.21.5 Data analysis .................................................................................................... 124 

4.21.6 Justification ...................................................................................................... 125 

4.22 Case study E: Results ................................................................................................. 126 

4.22.1 Pre-study interview .......................................................................................... 126 

4.22.2 Pre-study interview .......................................................................................... 126 

4.23 Case study E: Discussion............................................................................................ 129 

4.23.1 Limitations ....................................................................................................... 130 

4.23.2 Conclusion........................................................................................................ 131 

4.24 Case study F: Tracy, a stroke survivor ....................................................................... 132 

4.25 Case study F: Methods ............................................................................................... 132 

4.25.1 Research participant and setting....................................................................... 132 



15 

4.25.2 Study design ..................................................................................................... 132 

4.25.3 Instructions ....................................................................................................... 133 

4.25.4 Data collection ................................................................................................. 133 

4.25.5 Data analysis .................................................................................................... 134 

4.25.6 Justification ...................................................................................................... 134 

4.26 Case study F: Results – Pre-study interview .............................................................. 136 

4.26.1 How stroke affected Tracy ............................................................................... 136 

4.26.2 Exploring the devices ....................................................................................... 136 

4.26.3 Test session ...................................................................................................... 136 

4.27 Case study F: Results – Quantitative gait analysis ..................................................... 137 

4.28 Case study F: Results – Activity tracking .................................................................. 138 

4.29 Case study F: Results – Post-study interview............................................................. 141 

4.29.1 Design issues .................................................................................................... 141 

4.29.2 Walking with the rhythm ................................................................................. 141 

4.29.3 Physiotherapist’s comments ............................................................................. 141 

4.30 Case study F: Discussion ............................................................................................ 142 

4.30.1 Limitations ....................................................................................................... 143 

4.30.2 Conclusion........................................................................................................ 144 

4.31 Case study G: Bob, brain trauma survivor ................................................................. 145 



16 

4.32 Case study G: Methods ............................................................................................... 145 

4.32.1 Research participant and setting....................................................................... 145 

4.32.2 Study design ..................................................................................................... 145 

4.32.3 Instructions ....................................................................................................... 147 

4.32.4 Data collection ................................................................................................. 147 

4.32.5 Data analysis .................................................................................................... 148 

4.32.6 Justification ...................................................................................................... 148 

4.33 Case study G: Results Phase I - Pre-study interview and familiarisation session ...... 149 

4.33.1 Choosing an appropriate haptic metronome .................................................... 149 

4.33.2 Bob’s daily activities ........................................................................................ 149 

4.33.3 Testing the devices ........................................................................................... 149 

4.33.4 In-the-wild testing ............................................................................................ 150 

4.33.5 Interesting issues identified .............................................................................. 151 

4.34 Case study G: Results Phase I - Quantitative gait analysis ........................................ 152 

4.35 Case study G: Results Phase I - Activity tracking during the two weeks .................. 153 

4.36 Case study G: Results Phase I - Post study interview ................................................ 156 

4.36.1 Coping with the rhythm ................................................................................... 156 

4.36.2 Reflecting upon Bob’s diary logs ..................................................................... 156 

4.36.3 Walking more than usual ................................................................................. 157 



17 

4.36.4 Exploring wearability ....................................................................................... 157 

4.36.5 Exploring interaction techniques...................................................................... 158 

4.36.6 Feedback mechanism ....................................................................................... 158 

4.36.7 Further questions raised ................................................................................... 158 

4.37 Case study G: Results Phase I - Physiotherapists’ comments .................................... 159 

4.38 Case study G: Results Phase II - Quantitative gait analysis ....................................... 161 

4.39 Case study G: Results Phase II - Activity tracking during the two weeks ................. 163 

4.40 Case study G: Results Phase II - Post-study interview............................................... 166 

4.40.1 Issues with strap ............................................................................................... 166 

4.40.2 Adapting to the rhythm .................................................................................... 166 

4.40.3 Concluding remarks ......................................................................................... 166 

4.41 Case study G: Discussion ........................................................................................... 167 

4.41.1 Limitations ....................................................................................................... 169 

4.41.2 Conclusion........................................................................................................ 170 

4.42 Summary of key findings ........................................................................................... 171 

4.42.1 Rhythm perception ........................................................................................... 171 

4.42.2 Varying the rhythm .......................................................................................... 171 

4.42.3 Adaptive cueing ............................................................................................... 172 

4.42.4 Aesthetics ......................................................................................................... 172 



18 

4.42.5 Interaction ........................................................................................................ 172 

4.42.6 Haptics.............................................................................................................. 173 

4.42.7 Wearability ....................................................................................................... 173 

4.42.8 Customising the strap ....................................................................................... 174 

4.42.9 Placement ......................................................................................................... 174 

4.42.10 Multi functionality ......................................................................................... 174 

4.42.11 Efficacy of the devices .................................................................................. 175 

4.42.12 Data in-the-wild ............................................................................................. 175 

4.42.13 Additional features ........................................................................................ 176 

4.42.14 Recommendations on methods ...................................................................... 176 

4.42.15 Need for objective data .................................................................................. 176 

4.42.16 Methodological analysis and implications for future research ...................... 177 

Chapter 5: Development and validation of non-proprietary software for movement 

analysis using wearable inertial sensors ...............................................................179 

5.1 Introduction ................................................................................................................ 179 

5.2 Methods ...................................................................................................................... 182 

5.2.1 Research participants and setting ..................................................................... 182 

5.2.2 Study design ..................................................................................................... 183 

5.2.3 MoJoXlab ......................................................................................................... 185 



19 

5.2.4 Calibration and data collection......................................................................... 192 

5.2.5 Data processing ................................................................................................ 192 

5.2.6 Data analysis and validation............................................................................. 192 

5.3 Results ........................................................................................................................ 199 

5.3.1 Waveforms ....................................................................................................... 199 

5.3.2 Validation results ............................................................................................. 203 

5.4 Discussion................................................................................................................... 207 

5.4.1 Cross-correlation .............................................................................................. 207 

5.4.2 Normalised root mean square error .................................................................. 208 

5.4.3 Understanding the differences in waveforms ................................................... 210 

5.4.4 Further work ..................................................................................................... 211 

5.5 Conclusion .................................................................................................................. 212 

Chapter 6: Evaluation of MoJoXlab with different wearable sensor system213 

6.1 Introduction ................................................................................................................ 213 

6.2 Aims and objectives ................................................................................................... 215 

6.3 Methods ...................................................................................................................... 216 

6.3.1 Research participants ....................................................................................... 218 

6.3.2 Study design ..................................................................................................... 219 

6.3.3 Data analysis .................................................................................................... 220 



20 

6.3.4 Calibration and data collection......................................................................... 221 

6.3.5 Data processing ................................................................................................ 221 

6.3.6 Data analysis and validation............................................................................. 221 

6.3.7 Dynamic time warping ..................................................................................... 223 

6.4 Results ........................................................................................................................ 226 

6.4.1 Sensor data ....................................................................................................... 226 

6.4.2 Joint angles ....................................................................................................... 233 

6.5 Discussion................................................................................................................... 242 

6.6 Limitations .................................................................................................................. 244 

6.7 Conclusion .................................................................................................................. 245 

Chapter 7: Conclusions ....................................................................................246 

7.1 Findings for research question 1................................................................................. 247 

7.2 Findings for research question 2................................................................................. 249 

7.3 Contribution to knowledge ......................................................................................... 250 

7.3.1 Contribution to knowledge about wearable haptic metronome systems .......... 250 

7.3.2 Contribution to knowledge about wearable sensor systems and clinical movement 

analysis software systems ................................................................................ 251 

7.4 Limitations of the study and future directions ............................................................ 252 

7.4.1 Limited number of research participants.......................................................... 252 



21 

7.4.2 Lack of a control group .................................................................................... 252 

7.4.3 Placebo effect ................................................................................................... 253 

7.4.4 Hawthorne effect .............................................................................................. 253 

7.5 Concluding remarks.................................................................................................... 254 

References ................................................................................................................255 

Appendix I: Ethical approvals ...............................................................................272 

Appendix II: Collaboration agreement .................................................................279 

Appendix III: Participant information sheets ......................................................291 

Appendix IV: Consent forms .................................................................................304 

 

  



22 

List of figures 

Figure 1: Joint angles for hip, knee, and ankle joints, respectively. ...........................66 

Figure 2: Apple Watch 2 with standard rubber strap ..................................................76 

Figure 3: Soundbrenner Pulse - wearable haptic metronome device used by musicians

 ......................................................................................................................76 

Figure 4: Prototype wearable haptic metronome devices were placed on the 

participants’ legs, one on each leg, with vibrotactile used for delivering haptic 

cues strapped near the knee using Velcro straps.........................................103 

Figure 5: Temporal gait parameters (stride cycle time) for both legs in the baseline, 

with-cue, and after-cue conditions. .............................................................106 

Figure 6: Study design for Hannah’s case study .......................................................113 

Figure 7: A clip-on haptic metronome device, Peterson Bodybeat Pulse Solo ........123 

Figure 8: Study design for Tracy’s case study ..........................................................132 

Figure 9: The mean joint angles of the hip, knee, and ankle joints across all gait cycles 

in the sagittal, frontal, and transverse planes were calculated for both the left 

and right sides of the body before and after the study. ...............................137 

Figure 10: Duration in Minutes of walking using rhythmic haptic cueing over the two 

weeks ..........................................................................................................138 

Figure 11: Total step count while walking with haptic rhythm for each day ...........139 



23 

Figure 12: Mean cadence of walking in steps per minute for each day ....................139 

Figure 13: Study design for Bob’s case study, Phase I .............................................146 

Figure 14: Study design for Bob’s case study, Phase II ...........................................146 

Figure 15: Duration in Minutes of walking using rhythmic haptic cueing over the two 

weeks ..........................................................................................................153 

Figure 16: Total step count while walking with haptic rhythm for each day ...........154 

Figure 17: Mean cadence of walking in steps per minute for each day ....................155 

Figure 18: The mean joint angles of the hip, knee, and ankle joints in the sagittal, 

frontal, and transverse planes of motion were determined across all gait cycles, 

with results provided for both the left and right sides of the body and both the 

pre- and post-study conditions. ...................................................................162 

Figure 19: Duration in Minutes of walking using rhythmic haptic cueing over the two 

weeks ..........................................................................................................163 

Figure 20: Total step count while walking with haptic rhythm for each day ...........164 

Figure 21: Mean cadence of walking in steps per minute for each day ....................164 

Figure 22: Location of sensors placed on the body and corresponding axes............184 

Figure 23: MoJoXlab graphical user interface..........................................................185 

Figure 24: Block diagram: Workflow for Data Processing, Analysis, and Validation193 

Figure 25: Representative sagittal plane joint angle waveforms from the healthy 

participant data set are shown. Waveforms for hip (top row), knee (middle 



24 

row), and ankle (bottom row) joint angles obtained from MVN Analyze (blue) 

and MoJoXlab (orange) for a walk (left), squat (centre), and jump (right) tasks 

are depicted. The y-axis represents joint angles in degrees, and the x-axis 

represents data samples across the entire waveform. .................................200 

Figure 26: Representative frontal plane joint angle waveforms from the healthy 

participant data set are shown. Waveforms for hip (top row), knee (middle 

row), and ankle (bottom row) joint angles obtained from MVN Analyze (blue) 

and MoJoXlab (orange) for a walk (left), squat (centre), and jump (right) tasks 

are depicted. The y-axis represents joint angles in degrees, and the x-axis 

represents data samples across the entire waveform. .................................200 

Figure 27: Representative transverse plane joint angle waveforms are shown for the 

healthy participant data set. These waveforms depict the joint angles for the 

hip (top row) and knee (bottom row) obtained from MVN Analyze (shown in 

blue) and our custom software MoJoXlab (shown in orange) during a walk 

(left column), squat (centre column), and jump (right column) tasks. The y-

axis represents the joint angles in degrees, and the x-axis represents the data 

samples across the entire waveform. ..........................................................201 

Figure 28: Representative sagittal plane joint angle waveforms were selected from the 

data set of participants who underwent ACL reconstruction. These waveforms, 

which were obtained from MVN Analyze (blue) and our custom software 

MoJoXlab (orange), depict the hip (top row), knee (middle row), and ankle 

(bottom row) joint angles during walking (left), squatting (centre), and 

jumping (right) tasks. The y-axis represents the joint angles in degrees, and the 

x-axis represents the data samples collected across the entire waveform. .202 



25 

Figure 29: Representative frontal plane joint angle waveforms were selected from the 

data set of participants who underwent ACL reconstruction. These waveforms, 

which were obtained from MVN Analyze (blue) and our custom software 

MoJoXlab (orange), depict the hip (top row), knee (middle row), and ankle 

(bottom row) joint angles during walking (left), squatting (centre), and 

jumping (right) tasks. The y-axis represents the joint angles in degrees, and the 

x-axis represents the data samples collected across the entire waveform. .202 

Figure 30: Representative transverse plane joint angle waveforms were selected from 

the data set of participants who underwent ACL reconstruction. These 

waveforms, which were obtained from MVN Analyze (blue) and our custom 

software MoJoXlab (orange), depict the hip (top row) and knee (bottom row) 

joint angles during walking (left), squatting (centre) and jumping (right) tasks. 

The y-axis represents the joint angles in degrees, and the x-axis represents the 

data samples collected across the entire waveform. ...................................203 

Figure 31: The mean cross-correlation values between MVN Analyze and MoJoXlab 

for healthy (black) and those undergoing ACL reconstruction (white) are 

presented graphically for visualisation and overall comparison purposes. 

Values close to 1 indicate a very high correlation. The values for the various 

activities are represented by different symbols: circles for the walking task, 

squares for the jump task, and diamonds for the squat task. The plane 

abbreviations are as follows: Frnt for frontal, Sag for sagittal, and Tran for 

transverse. ...................................................................................................204 

Figure 32: The normalised root mean square error values between MVN Analyze and 

MoJoXlab for healthy participants (black) and those who have undergone 



26 

ACL reconstruction (white) are presented graphically for visualisation and 

overall comparison purposes. Values close to 0 indicate a very low error. The 

values for the various activities are represented by different symbols: circles 

for the walking task, squares for the jump task, and diamonds for the squat 

task. The plane abbreviations are as follows: Frnt for frontal, Sag for sagittal, 

and Tran for transverse. ..............................................................................205 

Figure 33: Locations of sensors for lower limb body and sensor axes, sensors were 

stacked in all positions, except for the pelvis position, where they were 

positioned side by side to enhance comfort during lying down. ................216 

Figure 34: Block diagram - Workflow for data processing, analysis, and validation.222 

Figure 35: Comparison of dynamic time warping matching and Euclidean matching. 

The red and blue signals display similar patterns but have certain differences. 

The dynamic time warping method can calculate a similarity metric between 

them as a distance measure. (Image source: XantaCross, CC BY-SA 3.0, via 

Wikimedia Commons) ................................................................................223 

Figure 36: Boxplot displaying the mean sorted normalised dynamic time warping 

values obtained from comparing quaternions between Xsens and NGIMU 

sensors across all sensor positions and participants. The green dotted line 

denotes each participant’s mean normalised dynamic time warping values. In 

contrast, the orange solid line represents each participant’s median normalised 

dynamic time warping values. ....................................................................226 

Figure 37: Boxplot displaying the mean sorted dynamic time warping similarity metric 

values obtained from comparing quaternions between Xsens and NGIMU 



27 

sensors across all sensor positions and participants. The green dotted line 

denotes each participant’s mean values. In contrast, the orange solid line 

represents each participant’s median values. ..............................................227 

Figure 38: Boxplot displaying the mean sorted normalised dynamic time warping 

values obtained from comparing quaternions between Xsens and NGIMU 

sensors for each sensor position. The green dotted line denotes each 

participant’s mean normalised dynamic time warping values. In contrast, the 

orange solid line represents each participant’s median normalised dynamic 

time warping values. ...................................................................................228 

Figure 39: Boxplot displaying the mean sorted dynamic time warping similarity metric 

values obtained from comparing quaternions between Xsens and NGIMU 

sensors for each sensor position. The green dotted line denotes each 

participant’s mean values. In contrast, the orange solid line represents each 

participant’s median values. .......................................................................229 

Figure 40: Comparison of raw quaternion signals (q0, q1, q2, q3) between Xsens and 

NGIMU sensors for the pelvis joint. ...........................................................230 

Figure 41: Comparison of raw quaternion signals (q0, q1, q2, q3) between Xsens and 

NGIMU sensors for the left thigh joint. ......................................................230 

Figure 42: Comparison of raw quaternion signals (q0, q1, q2, q3) between Xsens and 

NGIMU sensors for the left shank joint. ....................................................231 

Figure 43: Comparison of raw quaternion signals (q0, q1, q2, q3) between Xsens and 

NGIMU sensors for the left foot joint. .......................................................231 



28 

Figure 44: Comparison of dynamic time warping similarity metric values between 

quaternions and joint angles. ......................................................................233 

Figure 45: Boxplot of mean sorted normalised dynamic time warping values for joint 

angles obtained from Xsens and NGIMU sensors across joint types. Mean 

values are denoted by the green dotted line, while median values are 

represented by the orange solid line. ..........................................................234 

Figure 46: Boxplot of mean sorted dynamic time warping similarity metric values for 

joint angles obtained from Xsens and NGIMU sensors across joint types. 

Mean values are denoted by the green dotted line, while median values are 

represented by the orange solid line. ..........................................................235 

Figure 47: Displays the normalised dynamic time warping values for joint angle 

comparisons between Xsens and NGIMU sensors, sorted by mean values 

across all joints, planes, and sides. The joints are identified by the following 

abbreviations: A for the ankle, H for the hip, and K for the knee. The planes 

are identified by S for sagittal, F for frontal, and T for transversal. L identifies 

the sides for left and R for right. .................................................................236 

Figure 48: Displays the dynamic time warping similarity metric values for joint angle 

comparisons between Xsens and NGIMU sensors, sorted by mean values 

across all joints, planes, and sides. The joints are identified by the following 

abbreviations: A for the ankle, H for the hip, and K for the knee. The planes 

are identified by S for sagittal, F for frontal, and T for transversal. L identifies 

the sides for left and R for right ..................................................................237 



29 

Figure 49: Joint angles generated by MoJoXlab for Xsens and NGIMU, for Ankle joint, 

showing the sagittal and frontal planes for the left side. ............................238 

Figure 50: Joint angles generated by MoJoXlab for Xsens and NGIMU, for Hip joint, 

showing the sagittal, frontal, and transversal planes for the left side. ........239 

Figure 51: Joint angles generated by MoJoXlab for Xsens and NGIMU, for Knee joint, 

showing the sagittal, frontal, and transversal planes for the left side. ........240 

 

 

  



30 

List of tables 

Table 1: Summary of research methods used to address RQ1 (in Chapter 4) ............50 

Table 2: Summary of research methods used to address RQ2 (in chapters 5 - 6) ......51 

Table 3: Summary of research methods used to address RQ2 (in chapters 5-6) – 

reproduced here for the convenience of the reader. ......................................64 

Table 4: Summary of research methods......................................................................67 

Table 5: Ethical approvals, ethics committee and relevant reference numbers. .........69 

Table 6: Overview of case studies, data collection, and analysis methods .................71 

Table 7: Demographic information of the participants, including their participant ID, 

gender (M for male, F for female), age, neurological condition, setting (Age 

UK or Open University) and duration of time since diagnosis.....................74 

Table 8: This table illustrates the physiotherapists (P1 - P3) who conducted trials with 

residents (R1 - R6) who have neurological conditions (brain injury, carbon 

monoxide poisoning, stroke, and functional neurological disorder) using the 

wearable haptic metronome device...............................................................92 

Table 9: Summary of physiotherapists’ observations ...............................................108 

Table 10: Comparison of mean spatio-temporal gait parameters pre and post-study137 

Table 11: Comparison of Gait measurements pre- and post-study ...........................152 



31 

Table 12: Gait assessment report by a physiotherapist from PJ Care .......................159 

Table 13: Comparison of mean spatio-temporal gait parameters pre- and post-study 

between Phases I and II ..............................................................................161 

Table 14: Participant demographics for healthy and ACL participants, showing the 

sample size (N), mean age in years and standard deviation, the ratio of male to 

female, mean body height in centimetres and standard deviation, mean body 

weight in kilograms and standard deviation, and ratio of right to a left leg 

injury for ACL participants. .......................................................................182 

Table 15: Activities and exercises ............................................................................218 

Table 16: Participant demographics of healthy individuals including sample size, mean 

age with standard deviation, gender ratio, mean body height with standard 

deviation, and mean foot size with standard deviation. ..............................218 

 

  



32 

Chapter 1: Introduction 

1.1 BACKGROUND 

Incorporating wearable technologies in healthcare can bring about significant changes 

and improvements, particularly in lower limb rehabilitation and clinical practice for 

neurological conditions and musculoskeletal disorders (Iosa et al., 2016). In the case of 

neurorehabilitation, patients with long-term conditions treated as outpatients by the National 

Health Service (NHS) often have limited access to physiotherapy, with appointments spaced 

out over several weeks or even months (Tate & Milner, 2010). This lack of consistent care can 

be addressed through wearable technologies, providing ongoing rehabilitation and improving 

these patients’ overall quality of life (D. K. Y. Chen et al., 2017). 

Regarding movement analysis, the current clinical practice relies on subjective 

assessments by clinicians, which can vary from person to person and can be influenced by 

various factors (Shull et al., 2014). While available in certain regions, gait laboratories can be 

expensive and have long waiting lists, making them inaccessible for many patients (Iosa et al., 

2016). Wearable technologies offer a more cost-effective and accessible solution for tracking 

patient progress over time (Díaz et al., 2019). In addition, these technologies can potentially 

support the development of personalised therapy and treatment plans akin to those used in the 

rehabilitation of professional athletes (Auepanwiriyakul et al., 2020). However, the adoption 

of wearable technologies in healthcare has been slow due partly to the healthcare industry’s 

scepticism in usability and effectiveness (Mishra & Kiourti, 2021). My research aims to 

address these challenges by exploring affordable and user-friendly wearable technologies and 

associated software that can support lower limb rehabilitation and clinical practice for 

neurological conditions and musculoskeletal disorders. 
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1.2 PROBLEM STATEMENT 

Adopting wearable technologies in real-world healthcare requires careful consideration 

of various factors affecting their effectiveness and usability (Rodgers et al., 2019). These may 

include the specific needs and conditions of the user population, as well as the practical 

constraints of the healthcare environment (Wu & Luo, 2019). For example, the design and 

functionality of a wearable device should be appropriate for the target user group, such as older 

adults with mobility impairments or individuals with neurological conditions (Steins et al., 

2014). Clinicians may be unwilling or unable to use these technologies if they are too complex 

or do not fit seamlessly into their existing care contexts (Wade et al., 2014). Failing to address 

these wider healthcare issues adequately could hinder the successful implementation and 

adoption of wearable technologies in the clinical practice (Rodgers et al., 2019).  

This thesis examines these challenges in the context of two distinct yet related areas of 

healthcare: gait rehabilitation in neurorehabilitation and clinical movement analysis. 

The research for this thesis in the field of neurorehabilitation began with previous studies 

that demonstrated the effectiveness of wearable rhythmic haptic metronomes in improving gait 

in individuals with neurological conditions in laboratory settings (Georgiou et al., 2017). The 

current study expands upon this work by bringing the approach into the community and care 

home settings and using technology probe method (Hutchinson et al., 2003) to identify 

potential user requirements and design considerations. 

The second area of focus of this thesis began with musculoskeletal conditions, but 

formative discussions with specialist physiotherapists and orthopaedic surgeons suggested that 

clinical movement analysis would be a more suitable focus in this context. Existing proprietary 

systems for objective assessment of lower limb movement were inadequate or too costly. To 

address this issue, non-proprietary software called MoJoXlab was developed and validated 

against high-end commercial software to perform clinical movement analysis of patients using 

wearable inertial sensors (Islam et al., 2020b). Additionally, a validation study was conducted 

to compare the use of different wearable inertial sensors with MoJoXlab and to examine how 

various sensors can be employed with MoJoXlab.  
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1.3 RESEARCH QUESTION AND SCOPE 

This work investigates the following primary research question: 

How can wearable technologies support lower limb rehabilitation and clinical practice? 

The primary research question can be further divided into a set of secondary research 

questions with regard to the scope of this thesis.  

RQ1: How can wearable haptic metronome devices be employed to facilitate lower 

limb rehabilitation in individuals with neurological conditions, while addressing design 

considerations and limitations? 

RQ2: How can the use of wearable inertial sensors and movement analysis software be 

optimised for lower limb rehabilitation? 

Wearable haptic devices and wearable sensors are two categories of wearable 

technologies that have been studied in the context of this research. Wearable haptic devices, 

including Haptic Bracelets (Georgiou, 2018), Soundbrenner Pulse2, Apple Watch Series 23, 

and Peterson Body Beat Pulse Solo4, have been used as haptic metronomes to provide rhythmic 

haptic cueing for lower limb rehabilitation, specifically gait rehabilitation. Wearable sensors, 

including activity trackers and inertial sensors, have been used for clinical movement analysis. 

More detailed descriptions of how these devices have been used in this research can be found 

in later chapters. 

Within this thesis, the term “supporting rehabilitation” refers to the use of wearable 

devices in aiding the rehabilitation of the lower limbs, such as gait, mobility, and balance, as 

well as the upper limbs, including reach, grasp, and hemi-neglect, with most of the focus 

remaining within lower limb rehabilitation and others to a lesser extent. 

In this thesis, the term “clinical practice” refers to the use of wearable devices in 

supporting the treatment of individuals with neurological and neurodegenerative conditions 

through the use of rhythmic haptic cueing. Wearable inertial sensors are also utilised to provide 

objective clinical movement analysis data to assist healthcare professionals, such as neuro-

physiotherapists, musculoskeletal physiotherapists, and orthopaedic surgeons, in their practice. 

 
2 Soundbrenner Pulse. (2021). Retrieved 22 June 2021 from https://www.soundbrenner.com/pulse/  
3 Apple Watch Series 2. (2021). Retrieved 22 June 2021 from https://www.apple.com/newsroom/2016/09/apple-introduces-

apple-watch-series-2/  
4 Peterson Body Beat Pulse Solo. (2021). Retrieved 22 June 2021 from 

https://www.petersontuners.com/products/bodybeatpulse/ 

https://www.soundbrenner.com/pulse/
https://www.apple.com/newsroom/2016/09/apple-introduces-apple-watch-series-2/
https://www.apple.com/newsroom/2016/09/apple-introduces-apple-watch-series-2/
https://www.petersontuners.com/products/bodybeatpulse/


35 

In this thesis, the term “neurological conditions” refers to a range of disorders that affect 

the functioning of the nervous system, including stroke, brain injury, Huntington’s disease, 

multiple sclerosis, Parkinson’s disease, carbon monoxide poisoning, and functional 

neurological disorder. These conditions can significantly impact an individual’s physical and 

cognitive functioning and may require ongoing rehabilitation and therapy to manage their 

symptoms. Wearable devices and technologies can potentially support rehabilitation efforts 

and improve the quality of life for individuals living with these conditions. 
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1.4 MOTIVATION 

There are several reasons for examining the role of wearable technologies in supporting 

lower limb rehabilitation and clinical practice. 

First, there is a growing recognition that wearable sensors have the potential to transform 

how we measure clinical status and well-being in the everyday healthcare (Majumder et al., 

2017). For example, tracking patient movements can help to characterise, quantify, and monitor 

physical disability, highlight deteriorations, and signal treatment response (Auepanwiriyakul 

et al., 2020). This is particularly important in lower limb rehabilitation, where mobility and 

gait improvements can significantly impact an individual’s quality of life (Tate & Milner, 

2010). 

Second, wearable technologies can offer several advantages over traditional assessment 

and rehabilitation methods. For example, wearable sensors are typically inexpensive and small, 

making them portable and easy to use in various settings (Patel et al., 2012). In addition, 

wearable sensors can provide objective measures that characterise how and why functional gait 

and balance performance are impaired, increasing the sensitivity of gait and balance measures 

and increasing the opportunity for immediate biofeedback provided to patients (Díaz et al., 

2019). 

Finally, there is a pressing need to address the challenges of an ageing population and 

increasing healthcare costs. Wearable technologies can potentially play a role in helping to 

meet this need by providing low-cost, automated methods for observing and quantifying patient 

conditions (Patel et al., 2012). This is particularly relevant in lower limb rehabilitation, where 

access to physiotherapy can be limited and expensive (Pley et al., 2020). 

Investigating how wearable technologies can support lower limb rehabilitation and 

clinical practice is an important area of research due to their potential impact on the healthcare 

industry. These technologies can potentially address current challenges in the field, such as 

limited access to physiotherapy for outpatients and subjective assessments in clinical practice, 

by providing ongoing rehabilitation and objective data for tracking patient progress. As such, 

this research is well-suited to address the current needs of the healthcare industry. 
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1.5 AIMS AND OBJECTIVES 

We have already stated the research questions that this thesis aims to address, but given 

the potential practical implications of this work, it is useful to give a parallel or subsidiary 

phrasing of the aims of the research in terms of more practical aims and objectives. 

Aims:  

This research investigates the potential of wearable technologies to support lower limb 

rehabilitation and clinical practice. 

Objectives: 

1. To understand the user requirements and design considerations for developing 

wearable technologies for lower limb rehabilitation for different neurological 

conditions in residential care or community settings. 

2. To design, develop, and validate a wearable technology system, such as MoJoXlab, 

for lower limb rehabilitation and to compare its performance to existing proprietary 

systems. 
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1.6 CONTRIBUTIONS 

To fulfil the research objectives, this thesis has made original contributions to knowledge 

in the two fields of lower limb rehabilitation and clinical practice. These are specifically: 

3. This work has identified user requirements and design considerations for developing 

wearable haptic metronomes for people with neurological conditions such as stroke, 

Huntington’s disease, Parkinson’s disease, brain injury, multiple sclerosis, 

functional neurological disorder, and carbon monoxide poisoning in different 

contexts such as community settings, residential care, and self-managed use, over 

different periods of exposure, from several minutes to several weeks. 

4. Additionally, the research has resulted in the design, development, and evaluation of 

a wearable technology system, MoJoXlab, for clinical movement analysis, with the 

identification of user requirements and design considerations for its use in clinical 

settings. The system has been validated against proprietary systems and compared 

with various sensor providers. 
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To conclude, this chapter introduced the rationale and challenges associated with using 

wearable technologies in healthcare and established the central research question guiding this 

study. The specific research objectives were also outlined. The following chapter provides a 

comprehensive review of the existing literature on wearable technologies for lower limb 

rehabilitation and clinical practice relevant to the present research.
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Chapter 2: Literature review 

This chapter thoroughly reviews the literature on wearable technologies for lower limb 

rehabilitation and clinical practice. The use of wearable technologies in healthcare has the 

potential to bring about significant improvements, but it also poses design challenges when 

implemented outside of laboratory settings. It is important to consider the needs and 

preferences of a diverse range of users and the specific contexts in which these technologies 

will be used. In the field of lower limb rehabilitation, wearable technologies have demonstrated 

effectiveness in improving and measuring the gait of individuals with neurological conditions. 

However, there is a need to better understand their use in different settings, such as the 

community and care homes. In clinical movement analysis, proprietary systems for objectively 

assessing lower limb movements are either poorly suited or too costly. There is a need for low-

cost alternatives validated against high-end commercial software. This chapter addresses these 

issues by reviewing the relevant literature on wearable technologies for lower limb 

rehabilitation and clinical practice and identifying the research gap this thesis aims to fill. 

Building upon the previous discussion on the potential of wearable technologies for 

lower limb rehabilitation and clinical practice, this chapter reviews the relevant literature and 

presents background concepts to shed light on the research questions identified in the previous 

chapter. In Section 2.1, the concept of entrainment, neural plasticity, and neural central pattern 

generator are introduced, and the use of entrainment as a theoretical framework for the first 

part of the research is summarised. Section 2.2 discusses the existing research on rhythmic 

cueing for gait rehabilitation and identifies a research gap in this area. The usability and user 

requirements for the adoption of wearable devices for rehabilitation are discussed in Section 

2.3. An overview of some relevant clinical outcome measures, a discussion of the potential 

benefits of objective movement analysis assessment, and the identification of another research 

gap are presented in Section 2.4. Finally, section 2.5 reflects on insights emerging from this 

chapter. 
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2.1 THEORETICAL FRAMEWORK 

This section introduces the theoretical framework for the first part of this research. The 

concepts of entrainment, neural plasticity, and neural central pattern generator, central to 

rhythmic haptic cueing for gait rehabilitation, are introduced. 

2.1.1 Entrainment 

Entrainment refers to synchronising two periodic systems coupled through some form of 

interaction. This synchronisation can be in-phase or out-of-phase coupling between the two 

systems (Oliveira & Melo, 2015). Huygens first observed this phenomenon in the 17th century 

using two pendulum clocks (Thaut, 2013). He placed the clocks on a common flexible support, 

allowing them to oscillate freely. As the two oscillations interacted, they reached a common 

period of oscillation. When one of the pendulums was pushed out of sync, the oscillating 

systems automatically synchronised themselves to a common period after a certain time. This 

phenomenon is not limited to physics, as related versions have been observed in chemistry, 

biology, and social behaviour and have found practical applications in engineering and 

medicine (Rosenblum & Pikovsky, 2003). 

In biological systems, the synchronisation of physiological behaviour with circadian 

rhythms (the internal time-keeping mechanisms of an organism) can be considered a form of 

biological entrainment (Golombek & Rosenstein, 2010). However, external rhythms can also 

induce psychophysical synchronisation or biological entrainment, particularly regarding the 

motor response (Repp, 2005). It has been observed that choir singers’ heartbeats can 

synchronise with the rhythm of their singing (Vickhoff et al., 2013) and that heartbeats can 

also synchronise with the respiration (Schäfer et al., 1998). Since the 1990s, entrainment has 

been utilised in the gait rehabilitation of individuals with neurological or neurodegenerative 

conditions (Hollands et al., 2012). 

2.1.2 Neural plasticity and motor rehabilitation 

In neurorehabilitation, neural plasticity refers to a measurable change in the structure or 

function of the brain’s neurons (Warraich & Kleim, 2010). Many physiotherapy approaches 

rely on neural plasticity to improve motor coordination through repeated exposure to 

normalised movement patterns (Patterson et al., 2008). Rhythmic cueing is an effective 

intervention for gait rehabilitation that can induce neural plasticity through repeated exposure 

to an optimised movement pattern (Hollands et al., 2012). 
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As mentioned in the previous section, biological entrainment involves synchronising the 

body with an external rhythm. For instance, after being exposed to a beat for a certain period, 

body parts may spontaneously move in sync with the beat (Grahn & Brett, 2007). 

The external rhythm serves as a temporal template for the brain to coordinate motor 

activity through interaction with the neural central pattern generator (Thaut et al., 1992). 

Bässler (1986) defines the central pattern generator as a neural network responsible for 

generating the timing cues of a rhythmic motor output pattern. 

The external rhythmic cue can stimulate the central pattern generator to generate a timing 

cue for motor output in humans that is synchronised with the external rhythm. This can lead to 

oscillatory motor movement with induced muscle activation, improved speed, and reduced 

variability in the motion trajectory (Thaut et al., 2015). 

Thus, the reprogramming of motor coordination and muscle reactivation results from 

neural plasticity triggered by the biological entrainment (Thaut, Kenyon, et al., 1999). 

2.1.3 Use of entrainment as a theoretical framework 

Entrainment serves as a useful theoretical framework for part of this research for the 

following reasons: 

• It has strong predictive and explanatory power for various human capabilities related 

to rhythm perception and production (Large et al., 2015). 

• It accounts for various neurological effects of external rhythms independent of the 

stimulation mode (Clayton et al., 2005). 

• Based on evidence from low-level neural behaviour, it predicts and explains the 

range of periodicities over which the effects of rhythmic cueing apply (Angelis et 

al., 2013). 

• It has the potential to explain connections between different aspects of human 

behaviour (such as rhythm perception, rhythm production, and balance) and damage 

to different parts of the brain (such as the basal ganglia, cerebellum, and cortex) 

associated with various neurological conditions. It also relates to potential evidence 

from brain imaging studies (Grahn & Brett, 2007). 

Having examined neural plasticity and entrainment, the discussion moves on to how 

entrainment can be utilised for lower limb rehabilitation, including gait rehabilitation. 
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2.2 RHYTHMIC CUEING FOR GAIT REHABILITATION 

Using external rhythms, such as rhythmic auditory cueing, can facilitate entrainment and 

improve walking through the synchronisation of lower limb movement. The brain responds to 

the period of the external rhythm and, in turn, sets the period for the oscillation of the limbs 

(Grahn & Brett, 2007). Research has demonstrated that rhythmic auditory cueing can be a 

promising approach to gait rehabilitation (Hollands et al., 2012). For example, chronic stroke 

survivors have been able to synchronise their walking with an auditory metronome on a 

treadmill (Roerdink et al., 2007).  Rhythmic auditory cueing has been shown to improve the 

step time variability (Wright et al., 2013), spatial symmetry (Prassas et al., 1997), and temporal 

symmetry (Roerdink et al., 2007). Compared to the typical gait training (Thaut et al., 1997) 

and Bobath training (Thaut et al., 2007), rhythmic auditory cueing has significantly improved 

walking speed and stride length. Other studies have found that visual or auditory cueing can 

improve gait in Parkinson’s disease patients (Suteerawattananon et al., 2004) and address the 

freezing of the gait (Donovan et al., 2011). 

As an alternative to audio or visual modalities, rhythmic haptic cueing is a more suitable 

and unobtrusive method for providing external rhythms to induce entrainment (Georgiou et al., 

2020; Holland et al., 2014). Haptic cueing allows for personal preferences in terms of 

placement and specificity (Gonçalves et al., 2017). For example, haptic cueing can be provided 

to the legs, ankles, feet, wrists, or arms based on preference. Additionally, if sensory acuity 

varies between different body areas, as can occur with stroke survivors, haptic cues can be 

directed to a specific part of the body, such as the right leg rather than the left leg (Belda-Lois 

et al., 2011). These strategies may be beneficial for manipulating proprioception in 

sensorimotor rehabilitation.  

There has been limited research on using rhythmic haptic cueing for gait rehabilitation. 

However, small-scale studies using the Haptic Bracelets system have demonstrated promising 

results (Georgiou et al., 2015; Holland et al., 2014). This system is utilised in a study discussed 

in Chapter 4 of this doctoral work. 

Georgiou (2020) conducted a study using the Haptic Bracelets system to demonstrate 

that most stroke participants (6 out of 11) improved their walking patterns through short-term 

rhythmic haptic cueing in a laboratory setting.  
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McCandless et al (2016) utilised the Peterson Body Beat Pulse Solo haptic metronome, 

which is also used in one of the studies discussed in Chapter 4 of this thesis, in a study on 

individuals with Parkinson’s disease. The haptic metronome was placed near the pelvis and set 

to a steady rhythm of 70 beats/minute or 50-60 beats/minute depending on the participant’s 

preference. The aim was to improve gait initiation and reduce freezing of gait. While most 

participants reported that the haptic metronome disrupted their walking pattern, only one 

participant reported a positive effect during testing. The authors noted that further research is 

needed to understand the potential benefits of rhythmic haptic cueing for Parkinson’s disease 

patients by varying the location and intensity of the cueing.  

Nieuwboer et al. (2007) studied rhythmic cueing for 153 patients with Parkinson’s 

disease. Of these patients, 33% preferred haptic cueing over other modalities, such as audio 

and visual cueing. The study found that using haptic cueing improved gait speed, step length, 

posture, balance, and confidence. However, after a 6-week follow-up, only confidence 

remained improved, while the other improvements in gait declined significantly. The cueing 

intervention was administered by a physiotherapist in the participant’s home using a prototype 

device, raising questions about the user requirements for such cueing devices for self-managed 

use in the home. 

The use of a mobile, lightweight, robust, wearable, and pervasive haptic device can 

extend gait rehabilitation beyond therapy clinics and labs, allowing it to be conducted in the 

home or even outside in natural environments. Mazilu et al. (2014) highlighted the importance 

of developing a cost-effective rehabilitation mechanism that can be used daily.  

The following considerations highlight the need to examine the potential of rhythmic 

haptic cueing for lower limb rehabilitation in clinical settings and the community, with 

prolonged exposure to haptic rhythms, across various neurological conditions, and 

understanding usability issues and user requirements for technology adoption: 

• outside of the laboratory, in clinical and community settings 

• with longer term exposure to the haptic rhythm 

• across different neurological conditions 

• understanding usability issues and identifying user requirements for technology 

adoption.  
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2.3 USABILITY ISSUES AND USER REQUIREMENTS 

Usability problems can be a major barrier to the adoption of rehabilitation technologies 

by those who could benefit from them (Steele et al., 2009). Mazilu et al. (2014) identified 

several factors that may contribute to the low adoption rate of wearable technologies, primarily 

among Parkinson’s disease patients. However, similar factors may apply to other neurological 

conditions (Georgiou et al., 2020).  

One major factor is the obtrusiveness of the devices. This includes factors such as the 

weight, bulkiness, number, and location of devices attached to the body, which can affect the 

comfort level of the devices for the user. People with motor impairments may have difficulty 

attaching devices due to a lack of dexterity. Devices may be mounted with Velcro straps or 

belts, integrated into clothing (e-textiles), or glued to the skin, and generally function more 

reliably when secured tightly to the body. However, attaching multiple devices or sensors may 

increase obtrusiveness and difficulty in self-management (Mazilu et al., 2014). 

Another factor is the potential for stigmatisation when wearable technologies are visible 

to others. This may lead to feelings of embarrassment, particularly if the systems are worn 

permanently for regular monitoring and support (Georgiou, 2018; Mazilu et al., 2014). 

Feedback is important to users as it reassures them of system functionality and builds trust. 

However, it is also important to balance feedback with obtrusiveness concerns (Mazilu et al., 

2014). Data privacy and security are also important factors, as potential users can be sceptical 

of systems that deal with sensitive personal data (Meingast et al., 2006). Technologies for 

health intervention must be reliable and perform the intended function well (Kisekka & 

Giboney, 2018). Poor reliability can lead to decreased user trust and satisfaction, which may 

reduce adoption rates (Kisekka & Giboney, 2018). Finally, battery life is a critical factor to 

consider. Poor battery life may require frequent charging and lead to lower adoption rates, 

while better battery life can improve adoption and adherence (Alemdar & Ersoy, 2010). 

These issues can lead to usability trade-offs that must be carefully considered. However, 

there is a lack of research on identifying the user requirements for using wearable haptic 

metronomes for lower limb rehabilitation, including self-managed and supervised use in 

clinical or residential care settings. Understanding the user requirements can help address 

usability issues and improve the adoption of these technologies by those who could benefit 

from them. 



46 

2.4 KEY OUTCOME MEASURES FOR ASSESSING GAIT 

Assessment of gait in individuals with neurological conditions typically involves the use 

of various quantitative and qualitative measures by physiotherapy professionals. This section 

discusses key outcome measures relevant to the present research, particularly from Moore et 

al. (2018). 

There are several commonly used outcome measures for assessing changes in balance, 

stability, and gait in individuals with neurological conditions. These include the Berg Balance 

Scale (Blum & Korner-Bitensky, 2008), the Activities-Specific Balance Confidence Scale 

(Powell & Myers, 1995), the Functional Gait Assessment (Wrisley et al., 2004), the 10 Metre 

Walk Test (Hirsch et al., 2014), and the 6 Minute Walk Test (Rikli & Jones, 1998). These 

measures are useful for evaluating changes in gait speed, cadence, stride length, spatiotemporal 

gait symmetry, and variability. They can be administered in clinical or laboratory settings 

before and after an intervention (Casamassima et al., 2014). In addition to these standard 

measures, it may also be useful to consider patient-specific goals when assessing changes in 

gait. 

Gait symmetry is a controversial measure of motor coordination in gait rehabilitation for 

stroke survivors, according to a review by Hollands et al. (2012). However, some studies have 

demonstrated a correlation between temporal gait asymmetry, to a certain degree, and motor 

recovery, walking speed, strength, spasticity, and falls (Krasovsky & Levin, 2010; Patterson et 

al., 2008). Individuals with gait asymmetry have an increased risk of joint degeneration, 

reduced bone density in the weaker limb, and a higher metabolic cost of walking. 

This thesis will report on quantitative spatio-temporal gait parameters, including walking 

speed, cadence, stride length, temporal asymmetry, and joint angles, where appropriate.  

The use of objective data has the potential to improve the effectiveness of rehabilitation 

interventions, particularly for physiotherapists and orthopaedic surgeons. By providing 

quantifiable measures of progress and individualised goals, objective data can inform treatment 

plans and help assess the effectiveness of interventions. This can lead to more targeted and 

efficient rehabilitation and improved patient outcomes. The following sections of this thesis 

will further explore the potential benefits of objective data in rehabilitation. 
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2.4.1 Objective data in lower limb rehabilitation: potential benefits and considerations 

Physiotherapists and orthopaedic surgeons rely heavily on subjective clinical scales and 

visual assessments when evaluating their patients (Hullfish et al., 2019). While these 

techniques are valuable in determining treatment plans, they can be subjective in nature, 

leading to variability in the quality of assessment across practitioners. Objective data and more 

accurate assessments could aid in better decision-making by physiotherapists (Al-Amri et al., 

2018) and help orthopaedic surgeons better understand the effects of different surgical 

decisions on postoperative outcomes (Nerino et al., 2013).  

Using objective data to assess individuals who have undergone ACL reconstruction 

surgery could help physiotherapists and orthopaedic surgeons make more informed decisions 

about treatment plans and post-surgical rehabilitation. This is particularly important as the 

current reliance on visual assessments, and subjective clinical scales may result in variations 

in the quality of assessment across different practitioners. It is well known that individuals who 

have undergone ACL reconstruction surgery often struggle to fully recover, with 

approximately 35% unable to return to their pre-injury level of activity (Ardern et al., 2014). 

Poor biomechanics during the rehabilitation period has been identified as a potential 

contributor to this issue (Button et al., 2014; Roos, Button, Sparkes, et al., 2014; Roos, Button, 

& van Deursen, 2014), highlighting the importance of effective assessment tools to help 

identify and address any underlying issues in movement. By using objective data in the 

assessment process, clinicians can potentially improve the success rates of post-surgical 

rehabilitation and reduce the risk of re-injury. 

Advantages of wearable inertial sensors in clinical movement analysis 

Currently, the most accurate objective data for clinical movement analysis is obtained 

through camera-based 3D motion capture systems, commonly found in specialised gait 

laboratories (Ahmadi et al., 2014). However, these laboratories can be expensive to set up and 

maintain, and data collection and processing using these systems is often time-consuming and 

requires specialised personnel (Bonnet et al., 2011). As a result, these motion capture systems 

are primarily used in research settings and are not widely available in clinical practice (O’Reilly 

et al., 2018).  

In contrast to camera-based 3D motion capture systems, wearable inertial sensors provide 

a practical alternative for clinical movement analysis. Studies have shown that these sensors 

can produce comparable results from gait laboratory facilities using camera-based systems (Al-
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Amri et al., 2018). In addition, wearable inertial sensors are significantly more affordable and 

easier to set up. They can be used safely with minimal training for clinicians, such as 

physiotherapists. However, there is a lack of research on clinicians’ use of wearable inertial 

sensors for objective assessment of patients in practice. 

The key findings of the literature review are summarised in the following section, along 

with identifying potential gaps in the existing research. 
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2.5 CONCLUSION 

In conclusion, the literature review has examined the use of rhythmic haptic cueing for 

lower limb rehabilitation and gait improvement in neurological conditions. The principle of 

biological entrainment as the foundation for rhythmic cueing and the usability of technological 

solutions for lower limb rehabilitation were discussed. Outcome measures for evaluating the 

effectiveness of rhythmic haptic cueing as a therapeutic intervention were also considered. 

The need for objective movement assessment in clinical settings was identified, and the 

potential use of wearable inertial sensors for this purpose was explored. The following research 

gaps were identified: 

• Further investigation is needed to determine the sustained benefits of rhythmic haptic 

cueing outside laboratory settings and over the long term. 

• The design trade-offs to consider when using wearable haptic devices for lower limb 

rehabilitation in individuals with neurological conditions require further 

examination. 

• There is a need for suitable software systems tailored to clinical use cases for data 

capture, analysis, and visualisation when using wearable inertial sensors in clinical 

settings. 

The following chapter will outline the methodologies used to address these research gaps 

and investigate the research questions. 
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Chapter 3: Methodological approach 

3.1 OVERVIEW OF METHODOLOGY 

As outlined in the first chapter, the primary research question is as follows: 

             How can wearable technologies support lower limb rehabilitation and clinical practice? 

To address this question, the thesis uses two contrasting methodological approaches, one for 

each of the two secondary research questions. The first of these, (RQ1) asks: 

How can wearable haptic metronome devices be employed to facilitate lower limb 

rehabilitation in individuals with neurological conditions, while also addressing design 

considerations and limitations? 

This first question is addressed in Chapter 4 using mixed methods (Tashakkori & Creswell, 

2007) and is aimed at better understanding aspects of the design space for lower limb 

rehabilitation using wearables (see Table 1). 

Table 1: Summary of research methods used to address RQ1 (in Chapter 4) 

Chapter Research 

question 

Data collection methods Data analysis methods 

4 RQ1 Contextual inquiry 

Observation 

Interview 

Focus group 

Case study 

Inertial sensor data 

Diary study 

Self-reporting 

Repeated measures 

Inductive thematic analysis 

Gait parameters 

Expert review 

Video analysis 
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The second research question (RQ2),  

 How can the use of wearable inertial sensors and movement analysis software be 

optimised for lower limb rehabilitation? 

is addressed in two stages (see Table 2) using quantitative methods, firstly to validate 

clinical movement analysis data (chapter 5) then secondly to validate the accuracy and 

reliability of the new sensor system (chapter 6). 

Table 2: Summary of research methods used to address RQ2 (in chapters 5 - 6) 

Chapter Research question Data collection methods Data analysis methods 

5 RQ2 Inertial sensor data Gait parameters 

Cross-correlation 

Normalised root mean square error 

6 RQ2 Inertial sensor data Gait parameters 

Dynamic time warping 

 

The methodologies used in the second half of the thesis follow a series of discrete, 

rational, and structured methodological steps.  This may be seen as an example of what Fallman 

(2003) describes as the “conservative account” of design in HCI (a characterisation we will 

revisit in more detail later in this chapter). 

By contrast, the methodologies used in the first half of the thesis, addressing the first 

research question, are aimed at addressing at broader research issues, earlier in the design cycle; 

namely, better understanding the design space for lower limb rehabilitation using wearables in 

a variety of settings. The approach used may be seen as an example of what Fallman (2003) 

describes as the “pragmatic account” of HCI design (discussed in more detail below). 

To address the first research question, we have used a set of mixed methods integrated 

using a version of the technology probe methodology (Hutchinson et al., 2003) as extended 

with Mackay’s structured observation method (Mackay, 2014). A good example of this 

extended version of the technology probe can be found in Garcia et al. (2014). As Garcia 

observes, structured observation in this context combines elements of controlled experiments 

to facilitate comparisons with a realistic task to enhance external validity. However, as Mackay 

(2014) notes, structured observation in this particular approach is applied to the problem of 

discovering phenomena rather than determining their causal characteristics. A distinctive 
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feature of this version of the probe methodology is that it is particularly useful in situations 

where a new kind of interactive intervention is being considered, but the research priority is 

not to predict and test causal links. Rather, the focus is on addressing questions such as: 

• What unanticipated, previously unseen phenomena occur when people interact with 

this system? 

• What are productive, insightful questions to ask about interacting with this system? 

• What are the design issues? 

• To what purposes could this system be most usefully applied? 

• Which are the most appropriate user groups? 

• What hypotheses are suggested, and how might they be tested in later work? 

In such situations, this approach allows for exploring and understanding the impacts, 

implications, and potential uses of the technology being studied rather than testing 

predetermined hypotheses or seeking to establish causal relationships (Mackay, 2014). Like 

the original technology probe, the approach seeks to balance social science, engineering, and 

design perspectives (Hutchinson et al., 2003). 

This approach fits well with the first research question because, before this research, Haptic 

Bracelets had only been used in lab settings for very short periods and for a very narrow range 

of clinical conditions.  By contrast, the first part of the thesis focuses on exploring appropriate 

user groups and relevant contexts of use. Contexts of use explored include residential and 

community settings, and appropriate user groups cover a range of clinical conditions. The range 

of conditions was chosen with the advice of our clinical collaborators and according to 

availability, as detailed in section 3.4 below. 

This approach has some similarities with participatory design (Schuler & Namioka, 

1993) and research through design (Zimmerman et al., 2007), but technology probes are well 

suited to allow users to understand a future technology and how it can be used in their real-

world context, in a way difficult to achieve by explaining the technology and asking for 

feedback (e.g. in interviews). This is appropriate partly due to the novelty of the technology 

and the personal, domestic, and everyday nature of its use, which users find hard to think about 

in the abstract. By introducing prototype wearable devices in various real-world settings, 

information can be gathered about the use and users of the technology in realistic contexts, 

with elements both of field testing the technology and helping users and designers to 
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imaginatively consider new ways technologies can support their needs and desires. This 

deliberately open-ended research phase facilitates the broad exploration of a design space 

containing numerous clinical, usability, and user dimensions. 

Following this overview, we now consider the contrasting methodological approaches for the 

two research questions in turn and in detail. 
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3.2 EXTENDED TECHNOLOGY PROBE METHODOLOGY 

As previously noted, in addressing RQ1, an extended version of the technology probe 

methodology proposed by Hutchinson et al. (2003) is employed, incorporating insights from 

Mackay and Fayard (1997), the structure observation method proposed by Mackay (Mackay, 

2014), and ways of combining these developed by Garcia et al. (2014). Versions of this 

elaborated methodology have been applied in previous research, such as the InkSplorer (Garcia 

et al, 2011) and PaperTonnetz (Garcia et al, 2013).  

Boehner et al. (2007) usefully summarises various types of probes used in human-computer 

interaction. Boehner et al. (2007), discussing technology probes in their original form, notes, 

“Technology Probes are low-fi technology applications designed to collect information around 

use, explore usability issues, and ultimately provide inspiration for a new design space.” They 

also note that the developers of the technology probe concept caution that it is not a form of 

iterative design for advancing prototypes but rather an introduction of a novel technology to 

track how users respond to and engage with it over time. These statements summarise the 

original conception of technology probes as low-fidelity applications designed to gather 

information about the use and explore usability issues to inspire new design ideas.  

Two minor differences with the extended methodology are that probes in the extended 

version do not need to be low fidelity. Although engagement over time is often used, it is not 

central or necessary. Boehner et al. (2007) notes that the various types of probes and 

modifications to them, including those modifying technology probes, can vary in their focus 

and goals. Some probe use is directed towards developing a specific design application or 

product, while others are intended to explore and open new design spaces. This highlights the 

diversity and flexibility of probe-based research methods and their range of purposes. 

In many situations, some tasks to be undertaken are well understood, the relevant 

phenomena are already known, the relevant theories are not contested, the design space is 

straightforward, the user group is well characterised, and the purpose of the system is clear. In 

such cases, Mackay and Fayard (1997) note that a natural science approach such as 

experimental psychology can be employed, which involves starting with a formal theory, 

operationalising it into a set of tasks and corresponding measures and conducting controlled 

experiments to establish cause and effect. This approach typically focuses on quantitative 

performance measures, uses formal models such as Fitts’s law (Crossman & Goodeve, 1983), 
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and aims to predict and sometimes control behaviour. This type of research tends to start with 

a theory, move on to empirical work, and then return to verify the theory. 

However, as Mackay and Fayard (1997) note, when using the structured observation 

approach, as used in this thesis and in previous research (Garcia, 2014; Garcia et al., 2014) to 

extend the technology probe method, the goal is to benefit from the rigour of experiment design 

but to apply it to the discovery of phenomena rather than the determination of their causal 

characteristics. This approach can be used in situations where the design space, the phenomena, 

the user group, or the most effective purpose of the system are not well understood. The 

structured observation approach (Garcia et al., 2014) involves applying many of the same 

techniques as in an experiment to maximise the comparability of the different observed 

behaviours but to identify and characterise new phenomena.  

In such circumstances, it can be useful to systematically observe different results in 

different situations, even if the results are highly qualitative and do not have a clean 

performance measure. In such a case, it can be possible to formulate a hypothesis, which can 

lead to an experiment’s theory-driven style. This approach allows for creating highly 

comparable but qualitative opportunities to observe behaviour. 

In this thesis, a similar approach is being taken to address the research question of how 

wearable devices can support lower limb rehabilitation and clinical practice by considering and 

balancing users’ needs with clinical requirements. 

To avoid constant circumlocution, we will, from now on, refer to the extended version 

of the technology probe simply as a technology probe. 
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3.3 PRAGMATIC APPROACH 

The technology probe approach taken here can be seen as an example of what Fallman 

(2003) calls the “pragmatic account” of design in HCI, in contrast to the “conservative” and 

“romantic” accounts.  

In his paper “Design-oriented human-computer interaction,” Fallman (2003) introduces 

the concept of the “pragmatic account”, which refers to the role that practical considerations 

play in the design and use of interactive systems. According to Fallman, the pragmatic account 

is concerned with how technology can be used to solve problems and meet practical needs in a 

given context. 

This approach is particularly relevant for designing and evaluating wearable 

technologies. These devices are often intended for use in real-world settings where practical 

considerations such as usability, wearability, and durability are paramount. When designing 

wearable technologies for clinical, residential care, or community settings, it is important to 

consider the specific needs and requirements of the target user group and the context in which 

the technology will be used. By contrast, Fallman’s conservative view of design emphasises a 

structured and logical process involving predefined steps from defining the problem to 

implementing solutions. On the other hand, Fallman’s romantic perspective sees design as a 

creative and intuitive endeavour where the designer’s unique talent, vision, and style take 

centre stage. In this view, designers are akin to artists, creating innovative solutions that reflect 

their personal values and aesthetics. 

To incorporate the pragmatic account into the design and evaluation of wearable 

technologies, Fallman recommends a user-centred approach that involves close collaboration 

with potential users and stakeholders to understand their needs and priorities. This may involve 

using techniques such as user interviews, focus groups, and usability testing to gather feedback 

and insights. By taking a pragmatic approach to the design and evaluation of wearable 

technologies, it is possible to create devices that are well-suited to the needs of the target user 

group, and that can be used effectively in real-world settings. 
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3.4 USER POPULATION AND RECRUITMENT FOR RQ1 

Clinical collaborators involved in this research project suggested that rhythmic haptic 

cueing, based on principles of neural plasticity discussed in the previous chapter, may be 

relevant for a wide range of neurological and neurodegenerative conditions, including stroke, 

Parkinson’s disease, Huntington’s disease, brain injury, and multiple sclerosis, as well as for 

recovery.  

Selecting a specific, well-defined population, such as individuals affected by a single 

condition, has benefits. However, the availability of participants is often influenced by external 

factors beyond our control, including recruitment challenges, ethical approval processes, and 

the resources and support available from clinicians and physiotherapists affiliated with various 

institutions (e.g., PJ Care Neuro-rehabilitation care home and Milton Keynes University 

Hospital). These considerations impact our ability to conduct research with specific 

populations. 

While there are significant differences between the various conditions that affect gait, the 

concept of entrainment provides a useful framework for understanding and reasoning about 

many conditions throughout much of this thesis. Clinical collaborators have also provided 

valuable insights into important differences between these conditions. Given these 

considerations, participants for this research were recruited from a pool of individuals with 

conditions including stroke, Parkinson’s disease, Huntington’s disease, brain injury, and 

multiple sclerosis. Recruitment was conducted through clinical collaborators (including PJ 

Care, Milton Keynes University Hospital, and the Association of Physiotherapists in 

Neurology), support groups (such as Age UK, the Stroke Association, the Stroke Club in 

Milton Keynes, and the Huntington’s Coffee morning in Peterborough), and through 

advertisements on social media, in newspapers, and through internal university channels. 

3.4.1 Research settings for RQ1 

According to Daniel Fallman’s pragmatic account (2003), the choice of research setting 

is essential to human computer interaction research. It allows for exploring the technology in 

a context closer to the intended use. This is particularly relevant in the case of wearable 

technologies in healthcare, as they are designed to be worn and used in everyday life. 
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In this research, the choice of settings was driven by exploring wearable haptic 

metronome devices in real-life situations outside laboratory settings. Therefore, residential care 

settings and self-managed use in free-living conditions were selected as research settings. 

The participants live and receive care in residential settings, such as nursing homes or 

rehabilitation centres. These settings offer a controlled environment, yet these are outside of 

laboratory settings where the technology can be used under the supervision of healthcare 

professionals. This setting allows for the exploration of the technology in a more structured 

and controlled manner, which helps assess its use in the vulnerable patient group. 

Self-managed use in free-living conditions refers to the use of the technology by the 

participant outside a controlled laboratory setting in their everyday life. This setting allows for 

exploring the technology in a more realistic and naturalistic context, as the participants are free 

to use it as they see fit. 

Evaluating wearable technologies in real-world settings is important for several reasons. 

It allows for assessing their performance under more diverse and natural conditions, including 

variations in user behaviour and environmental factors. It also allows for the inclusion of a 

more representative sample of users, including individuals with different demographic 

characteristics, clinical conditions, and levels of technical proficiency. By using these 

technologies in their natural environments, individuals can more easily incorporate them into 

their daily routines, potentially leading to greater adherence and long-term use, particularly for 

individuals with chronic conditions. Additionally, by taking wearable technologies into real-

world settings, we can better understand their usability, user experience, acceptability, and 

potential impact on healthcare outcomes, as well as identify any challenges or limitations that 

may not have been evident in controlled laboratory settings. However, it is important to 

consider the logistical challenges and resources required to conduct research in different 

settings, such as coordinating with staff and caregivers in a residential care setting or 

transportation and accessibility in a community setting. 

Both residential care settings and self-managed uses in free-living conditions are under 

explored. In this research, both settings provided a more comprehensive understanding of 

wearable haptic metronome devices in real-life situations. 
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3.5 TECHNOLOGY CHOICE 

This research uses two categories of wearable devices: entrainment-based haptic cueing 

devices and motion sensors. The following sections describe the technologies employed in this 

research and the reasons for their selection. 

3.5.1 Wearable haptic devices 

In this research, the use of wearable haptic devices was motivated by the need to provide 

entrainment based rhythmic haptic cueing to participants with neurological conditions. These 

conditions often affect physical capabilities and sensory abilities, and personal circumstances 

can vary greatly, which can impact the suitability of self-managed use of the devices. To 

address these diverse factors, four different types of wearable haptic devices were used: Haptic 

Bracelets (Georgiou, 2018), Soundbrenner Pulse (Smart, Wearable & Vibrating Metronome | 

Soundbrenner Pulse, n.d.), Apple Watch (Apple Watch Series 2 - Technical Specifications, 

2021), and Peterson Body Beat Pulse Solo (Body Beat Pulse Solo | Peterson Strobe Tuners, 

2020). These devices are described in detail in the following sections. 

Haptic bracelets 

In this research, the haptic bracelets system (Georgiou, 2018) provided rhythmic haptic 

cueing to participants in controlled laboratory settings. This system consists of two wearable 

devices worn on the arms or legs and controlled wirelessly through a custom graphical user 

interface on a laptop connected to a local WiFi network. One advantage of haptic bracelets is 

their ability to provide strong vibration intensity, which may be helpful for individuals with 

low sensitivity to touch. The haptic bracelets system was specifically designed for use in 

controlled environments and are unsuitable for self-managed use or outside of these conditions. 

It was used in the case study involving an individual with Huntington’s disease described in 

chapter 4 of this thesis. 

Soundbrenner Pulse 

The Soundbrenner Pulse is a commercially available wearable haptic device typically 

used by musicians as a metronome. This device has been repurposed in this thesis and used in 

several studies in chapter 4. The device is usually worn on the wrist but can also be worn on 

other parts of the body using straps provided by the manufacturer. It can be controlled through 

a smartphone application or directly interacting with the device. The device can provide strong 

vibrations, which people with low touch sensitivity can perceive. 
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Apple Watch  

The Apple Watch was repurposed as a wearable haptic metronome device by a custom 

smartwatch application developed in The Open University. The advantage of the Apple Watch 

as a wearable haptic metronome device is that it has other built-in wearable sensors that can be 

used as an activity tracker. However, the maximum haptic intensity of the device is so low that 

most of the participants for which it was trialled, as described in chapter 4, could not feel the 

vibrations. So, this device was not used in any other study in this thesis. 

Peterson Body Beat Pulse Solo  

The Peterson Body Beat Pulse Solo is a commercial wearable haptic metronome device 

that musicians typically use. It differs in construction from the Soundbrenner Pulse, as it is a 

clip-on haptic peripheral device that must be connected to an audio metronome (such as a 

smartphone application) via an audio jack. Peterson converts the electronically transmitted 

metronomic audio clicks into regular haptic pulses. One advantage of the Peterson is that it can 

be easily attached to a wristband or other clothing, allowing the user to place it in a convenient 

location. However, a disadvantage is that it requires the separate metronome trigger generator 

to be carried and connected via wires, which may be inconvenient. This device was only used 

in a single case study discussed in chapter 4 of this thesis. 

Justification for the use of haptic devices 

In this research, wearable haptic devices were utilised to provide entrainment-based 

rhythmic haptic cueing to individuals with neurological conditions. The choice of four 

wearable haptic devices was motivated by the need to consider these individuals’ diverse 

physical capabilities, sensory abilities, and personal circumstances. The Haptic Bracelets 

system (Georgiou, 2018), Soundbrenner Pulse (Lee & Shin, 2022; Vitório et al., 2022), Apple 

Watch (Pacchierotti et al., 2017), and Peterson Body Beat Pulse Solo (McCandless et al., 2016) 

were all evaluated for suitability in this context. The Haptic Bracelets system was designed 

specifically for use in controlled laboratory environments. At the same time, the Soundbrenner 

Pulse, Apple Watch, and Peterson Body Beat Pulse Solo were repurposed for this research 

from their original use as musical metronomes or smartwatches. Each of these devices has its 

strengths and limitations. Their use in this research was justified based on their ability to 

provide effective rhythmic haptic cueing to a diverse group of participants with neurological 

conditions and provide a range of options for different personal circumstances and preferences. 
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3.5.2 Wearable sensors 

In this research, wearable motion and activity sensors were used to collect data on the 

movement and activity of study participants. These sensors can be divided into two categories: 

wearable inertial sensors and wearable activity trackers. 

Wearable inertial sensors 

The Haptic Bracelets system uses custom-built wearable inertial sensors to measure 

acceleration, orientation, and rotation. These sensors were placed on participants’ ankles using 

Velcro straps, and data was transferred via a local WiFi network for analysis using custom 

MATLAB scripts (Georgiou, 2018). This system was applied in chapter 4 to provide 

quantitative data to supplement the observations of physiotherapists. 

In chapter 5, Xsens Awinda MTw25 wearable inertial sensors were used to capture and 

validate data with the novel custom MoJoXlab software system (Islam & Al-Amri, 2020) for 

clinical movement analysis. These sensors have been validated against the gold standard 3D 

optical motion capture system for the clinical movement analysis (Paulich et al., 2018). In 

addition to the Xsens sensors, chapter 6 used the NGIMU6 wearable inertial sensors for data 

collection. 

Wearable activity trackers 

Fitbits7 were used in chapter 4 as wearable activity trackers to measure step counts and 

understand walking patterns outside the laboratory environment. They were used in two case 

studies in chapter 4. 

In chapter 4, the Moves8 smartphone application was used as an activity tracker to 

understand the walking patterns outside the lab Moves. The smartphone was worn in a waist 

belt pouch, and step count data was used to analyse walking patterns in the free-living 

environment. 

Justification for the use of wearable sensors 

The use of wearable motion and activity sensors in this research was justified for several 

reasons. The data collected by these sensors provided valuable insights into participants’ 

 
5 Xsens. (2021). MTW-Awinda. Retrieved 22 June 2021from https://www.xsens.com/products/mtw-awinda  

6 X-IO Technologies. (2021). NGIMU. Retrieved 22 June 2021 from https://x-io.co.uk/ngimu/  

7 Fitbit Zip. (2021). Retrieved 22 June 2021 from https://store.fitbit.com/shop/zip  

8 Moves. (2018). Retrieved 09 March 2018 from https://web.archive.org/web/20180625120716/https://moves-app.com/  

https://www.xsens.com/products/mtw-awinda
https://x-io.co.uk/ngimu/
https://store.fitbit.com/shop/zip
https://web.archive.org/web/20180625120716/https:/moves-app.com/
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movement and activity patterns, helping to inform and supplement the observations made by 

physiotherapists. 

Wearable inertial sensors, such as the custom-built sensors in the Haptic Bracelets system 

and the Xsens Awinda MTw2 sensors, allowed for precise and accurate measurement of 

acceleration, orientation, and rotation. These sensors were particularly useful for understanding 

the gait patterns of participants and identifying any impairments or abnormalities in their 

movement. 

Wearable activity trackers, such as Fitbits and the Moves smartphone application, allow 

continuous physical activity monitoring in real-world settings. This was especially important 

in understanding participants’ walking patterns outside the laboratory environment. The data 

collected by these sensors helped to provide a more comprehensive view of participants’ 

physical activity levels and patterns of movement, allowing for more targeted and effective 

interventions to be developed. 

Overall, wearable motion and activity sensors played a critical role in this research, 

providing valuable insights into participants’ movement and activity patterns and informing 

the development of interventions to improve their mobility and overall health outcomes. 
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3.6 RECAP OF RESEARCH QUESTIONS AND METHODS FOR RQ1 

This research employed qualitative and quantitative methods to address the primary 

research question introduced in chapter 1: 

How can wearable technologies support lower limb rehabilitation and clinical practice? 

The primary research question is further divided into secondary research questions, of which 

the first is: 

RQ1: How can wearable haptic metronome devices be employed to facilitate lower 

limb rehabilitation in individuals with neurological conditions, while also addressing 

design considerations and limitations? (chapter 4) 

To address this question, the extended technology probe methodology and pragmatic 

approach were utilised to investigate the use of wearable technologies for lower limb 

rehabilitation in different contexts and among individuals with neurological conditions who 

may have diverse needs and preferences. The aim was to gain a deeper understanding of how 

these technologies can be integrated into the larger context of rehabilitative care and to identify 

optimisation strategies and user requirements for their effective use in clinical practice. 

The findings provide insight into the potential of wearable technologies to support lower 

limb rehabilitation and clinical practice, as well as how these technologies can be designed 

better to meet the needs of users with neurological conditions. 
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3.7 METHODOLOGY FOR THE SECOND RESEARCH QUESTION RQ2 

The second of the research questions into which the primary research question,  

How can wearable technologies support lower limb rehabilitation and clinical practice? 

is subdivided (RQ2) is as follows: 

 How can the use of wearable inertial sensors and movement analysis software be 

optimised for lower limb rehabilitation? 

As previously noted, RQ2 is addressed in three stages (see Table 3 re-presented below 

for the reader’s convenience) using quantitative methods, firstly to validate clinical movement 

analysis data (chapter 5) then secondly to validate the accuracy and reliability of the new sensor 

system (chapter 6). 

Table 3: Summary of research methods used to address RQ2 (in chapters 5-6) – reproduced here for the 

convenience of the reader. 

Chapter Research question Data collection methods Data analysis methods 

5 RQ2 Inertial sensor data Gait parameters 

Cross-correlation 

Normalised root mean square error 

6 RQ2 Inertial sensor data Gait parameters 

Dynamic time warping 

 

We will now deal in turn with the principal methods used in this part of the thesis. 
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3.8 QUANTITATIVE SPATIO-TEMPORAL GAIT PARAMETERS 

In chapters 5 and 6, the walking patterns of the participants were quantitatively assessed 

using either wearable inertial sensors or an optical motion capture system. These studies took 

place in a laboratory setting, where participants were asked to walk in a straight line on a 

marked runway. The distance between the start and stop marks and the time taken to walk 

between them were used to calculate various spatio-temporal gait parameters, including 

walking speed, cadence, stride length, temporal asymmetry, and joint angles. Walking speed 

was determined by dividing the distance by the time taken to walk that distance. 

𝑊𝑎𝑙𝑘𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑 =  
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑇𝑖𝑚𝑒
 

Cadence is calculated by counting the number of strides and dividing it by the time taken. 

𝐶𝑎𝑑𝑒𝑛𝑐𝑒 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑟𝑖𝑑𝑒𝑠

𝑇𝑖𝑚𝑒
 

Stride length is calculated by the number of strides divided by the distance between the 

two marks in the runway. 

𝑆𝑡𝑟𝑖𝑑𝑒 𝑙𝑒𝑛𝑔𝑡ℎ =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑟𝑖𝑑𝑒𝑠

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
 

Temporal asymmetry is calculated by the following formula (Patterson, 2010):  

(the term ‘paretic’ is explained below) 

𝑇𝑒𝑚𝑝𝑜𝑟𝑎𝑙 𝑎𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 =

(
𝑆𝑤𝑖𝑛𝑔 𝑡𝑖𝑚𝑒
𝑆𝑡𝑎𝑛𝑐𝑒 𝑡𝑖𝑚𝑒)

𝑝𝑎𝑟𝑒𝑡𝑖𝑐

(
𝑆𝑤𝑖𝑛𝑔 𝑡𝑖𝑚𝑒
𝑆𝑡𝑎𝑛𝑐𝑒 𝑡𝑖𝑚𝑒

)
𝑛𝑜𝑛𝑝𝑎𝑟𝑒𝑡𝑖𝑐

 

In individuals with neurological conditions such as stroke or brain injury, the term 

“paretic” refers to the side of the body that is more adversely affected when the condition 

affects one side more than the other (a condition known as hemiparesis). 

The joint angles of the hip, knee, and ankle were measured using inertial measurement 

units or, in chapter 4, by an optical motion capture system. 
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Figure 1: Joint angles for hip, knee, and ankle joints, respectively. 

Figure 1 illustrates the joint angles of the hip, knee, and ankle joints, which are 

particularly interesting to clinicians such as physiotherapists, biomechanists, and orthopaedic 

surgeons. The joint angles are calculated in three planes of motion: sagittal, frontal, and 

transverse. Motion in each plane corresponds to flexion/extension, abduction/adduction, and 

rotation, respectively (Cheng & Pearcy, 1999).  
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3.9 SUMMARY 

This chapter provided an overview of the methodology and methods employed in each 

study phase. This thesis employed both qualitative and quantitative methods to investigate the 

research questions. A description of the different types of wearable devices used in the research 

was presented, along with a brief overview of the various gait parameters. Additionally, the 

methods used to investigate the research questions in each chapter are presented in Table 4, 

which recaps both Tables 1 and 2. 

Table 4: Summary of research methods 

Chapter Research question Data collection methods Data analysis methods 

4 RQ1 
Contextual inquiry 

Observation 

Interview 

Focus group 

Case study 

Inertial sensor data 

Diary study 

Self-reporting 

Repeated measures 

Inductive thematic analysis 

Gait parameters 

Expert review 

Video analysis 

 

5 RQ2 Inertial sensor data Gait parameters 

Cross-correlation 

Normalised root mean square error 

6 RQ2 Inertial sensor data Gait parameters 

Dynamic time warping 

 

Given the complexity of the two-part research conducted within a multidisciplinary 

context, with the primary aim of understanding the role of wearable technologies in 

rehabilitative care, in the first part of the thesis an overarching technology probe methodology 

and a pragmatic approach were warranted. Due to their medical conditions, users have varied 

needs that must be identified, which requires a multifaceted approach. Thus, a combination of 

qualitative (e.g., interviews, contextual inquiry, observation notes, thematic analysis, diary 
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study) and quantitative (e.g., gait parameters, signal similarity metrics) techniques, as well as 

design practices (e.g., prototyping, evaluation), was utilised. The prototyping and evaluation 

phase of the research mainly benefitted from the use of qualitative approaches; meanwhile, the 

validation of clinical parameters necessitated using quantitative approaches, such as calculating 

gait parameters and comparing joint angles, for a more accurate assessment. 

The following chapter discusses exploratory formative user studies conducted with 

individuals living with various neurological conditions. 
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3.10 ETHICAL CONSIDERATIONS  

All research conducted as part of this thesis was carried out following the principles laid 

down by the Declaration of Helsinki and was submitted to and granted favourable opinion by 

the Human Research Ethics Committee at The Open University. One of the studies was also 

reviewed and granted ethics approval by the Cardiff University Ethics Committee. To ensure 

the safety and well-being of participants, collaboration agreements were made with relevant 

organisations, such as PJ Care LTD, and necessary permissions and approvals were obtained. 

Thorough risk assessments were conducted for all the studies, and appropriate measures were 

taken to guarantee all participants’ full dignity and anonymity. 

The following table provides the reference numbers for all the ethical approvals: 

Table 5: Ethical approvals, ethics committee and relevant reference numbers. 

Ethics committee Reference number 

The Open University Human Research Ethics 

Committee 

HREC/2017/2633/Holland/1 

HREC/3000/Islam 

HREC/2649/Holland 

HREC/2019/3237/Bennasar 

Health Research Authority London Stanmore 

Research Ethics Committee 

17/LO/2050 

Wales Research Ethics Committee 3 10/MRE09/28 

 

In summary, the ethical considerations of this research were thoroughly addressed, and 

all necessary precautions were taken to ensure the ethical conduct of the studies. The ethical 

approvals are provided in Appendix I, the collaboration agreement between The Open 

University and PJ Care LTD is provided in Appendix II, and the participant information sheets 

(Appendix III) and consent forms (Appendix IV) are also provided. 
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Chapter 4: Wearable haptic metronome devices 

for lower limb rehabilitation 

4.1 CHAPTER OVERVIEW 

In this chapter, we investigate the research question, “How can wearable haptic 

metronome devices be employed to facilitate lower limb rehabilitation in individuals with 

neurological conditions, while also addressing design considerations and limitations?”. 

We conducted a series of case studies (Table 6) designed to explore the use of wearable 

haptic metronome devices among individuals living with neurological conditions. These case 

studies were conducted in various settings and contexts, providing a holistic perspective on 

these devices’ user requirements and design considerations. 

Case study A focuses on formative studies conducted with individuals living with 

neurological conditions in free-living conditions. Employing data collection methods such as 

contextual inquiry, observation, and interviews, this study employs inductive thematic analysis 

to extract insights into user experiences and requirements. 

Case study B shifts the focus to a neurological care home, where technology probe 

studies are conducted. Interviews, observations, and focus groups facilitate data collection, 

followed by inductive thematic analysis to uncover nuanced findings specific to this residential 

care environment. 

Case study C involves a single participant residing in the same facility, living with 

Huntington's disease. Here, inertial sensor data is collected to analyse gait parameters, 

supplemented by expert reviews for a comprehensive assessment. 

Case studies D and E involve individuals living in the community with Huntington's 

disease and multiple sclerosis. Interviews, diary studies, and self-reporting are employed to 

gather data, with inductive thematic analysis as the primary data analysis method. 

 



71 

Case studies F and G shift the focus to stroke and brain injury survivors residing in the 

community. The data collection methods include interviews, diary studies, repeated measures, 

inertial sensor data, and 3D motion capture systems, with data analysis techniques 

encompassing inductive thematic analysis, video analysis, and expert reviews. 

Table 6: Overview of case studies, data collection, and analysis methods 

Case studies Description Data collection methods Data analysis methods 

A Formative studies with 

people living with 

neurological 

conditions in free 

living conditions 

Contextual inquiry 

Observation 

Interview 

Inductive thematic analysis 

B Technology probe stud 

with people living 

with neurological 

conditions in 

residential care 

settings 

Interview 

Observation 

Focus group 

Inductive thematic analysis 

C Case study with a 

single participant 

living in the same 

facility with 

Huntington’s disease 

Inertial sensor data Gait parameters 

Expert review 

D & E Case studies with 

people living with 

Huntington’s disease 

and Multiple sclerosis 

in the community 

Interview 

Diary study 

Self-reporting 

Inductive thematic analysis 

F & G Case studies with 

stroke and brain injury 

survivor living in the 

community 

Interview 

Diary study 

Repeated measures 

Inertial sensor data 

3D motion capture system 

Inductive thematic analysis 

Video analysis 

Gait parameters 

Expert review 
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4.2 CASE STUDY A: INTRODUCTION 

We conducted a series of case user studies to investigate using repurposed off-the-shelf 

wearable devices as wearable haptic metronomes for individuals with neurological conditions 

such as stroke, brain injury, Parkinson’s disease, and multiple sclerosis. The primary objective 

of these studies is to gather information on user needs and to gain a deeper understanding of 

the design challenges associated with implementing wearable haptic metronomes for gait 

rehabilitation. The following paragraphs will provide further context for the study at hand. 

Individuals suffering from neurological conditions such as stroke, brain injury, 

Parkinson’s disease, and multiple sclerosis may experience functional limitations in their lower 

extremities (Alfuth, 2017), which can result in abnormalities in their gait pattern (Shah et al., 

2020). Such impairments in gait can lead to a multitude of complications that have a significant 

impact on the overall quality of life (Baker, 2018). For example, an impaired gait pattern can 

decrease the smoothness of walking and increase energy expenditure, leading to feelings of 

fatigue, exhaustion and reduced mobility (Baker, 2018; Snijders et al., 2007). Of particular 

concern, those with impaired gait have an increased risk of falling, which can result in serious 

head injury or hip fracture. These types of incidents can lead to confinement to a wheelchair or 

complete bedrest (Verghese et al., 2010; Wielinski et al., 2005). Due to these reasons, 

rehabilitation of the lower limb, specifically gait rehabilitation, is of paramount importance for 

individuals with impaired gait pattern (Richards et al., 1999). 

As previously discussed in chapter 2, gait rehabilitation techniques such as walking to an 

external rhythm or metronome have been shown to enhance lower limb motor coordination 

and gait pattern (Hurt et al., 1998; Thaut et al., 1997). Audio metronomes are commonly 

utilised for such physiotherapy. However, research on the use of haptic metronomes has been 

relatively limited (Georgiou et al., 2020). Recent studies have demonstrated the potential 

benefits of wearable haptic metronomes in improving gait symmetry for individuals with stroke 

and brain injury (Georgiou et al., 2020). However, the wearable haptic devices utilised in these 

studies are only appropriate for laboratory-based settings and require technical expertise for 

setup and usage (Georgiou et al., 2020). Therefore, this chapter investigates the use of wearable 

haptic devices outside laboratory settings for gait rehabilitation and associated user 

requirements.  
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4.3 CASE STUDY A: METHODS 

In this study, a technology probe (Hutchinson et al., 2003) and a pragmatic approach 

(Fallman, 2003) were used to investigate RQ1, to understand the design and usability of 

wearable haptic metronome devices for individuals with neurological conditions. To gather 

data, the study used contextual inquiry, small-scale user studies, observation notes, and 

interview techniques (Preece et al., 2015). 

A series of formative exploratory user studies were performed to inform the design and 

development of wearable haptic devices appropriate for self-managed use by individuals with 

neurological conditions, such as stroke, brain injury, Parkinson’s disease, and multiple 

sclerosis. These studies aimed to collect data on user needs to guide the design process.  

4.3.1 Research participants and settings 

This study recruited a total of seven participants who had been diagnosed with 

neurological conditions. Demographic information of the participants is provided in Table 7. 

Participants were recruited through a local support group for stroke survivors, the Talkback 

Club, and online advertisements. Most participants recruited through the Talkback Club were 

stroke survivors, and a small number had sustained a brain injury. Participants who responded 

to the online advertisements were community ambulators with conditions such as Parkinson’s 

disease, stroke, and multiple sclerosis. The studies were conducted at two different locations: 

The Open University and Age UK in Milton Keynes. Participants from the Talkback Club 

participated in the study at Age UK, while those who responded to the online advertisements 

took part at The Open University. Ethical approvals for these studies were obtained from the 

Human Research Ethics Committee at The Open University, with project reference numbers 

HREC/2017/2633/Holland/1 and HREC/3000/Islam (Appendix I). 

For participant recruitment, a pragmatic approach was adopted. Rather than specifying a 

specific neurological condition, the study was open to individuals living with any neurological 

condition which required lower limb rehabilitation. This approach was chosen to account for 

the wide range of variability in conditions and symptoms among individuals with neurological 

conditions.  
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Table 7: Demographic information of the participants, including their participant ID, gender (M for male, F for 

female), age, neurological condition, setting (Age UK or Open University) and duration of time since diagnosis.  

Participants 
Gender 

(M/F) 

Age 

(Years) 
Condition Setting 

Time Since Onset 

(Years) 

P01 M 50 - 59 Brain injury Age UK 10 + 

P02 M 70 + Stroke Age UK 10 + 

P03 M 40 - 49 Stroke Age UK 5 + 

P04 F 40 - 49 
Parkinson’s 

disease 
Open University 5 + 

P05 F 40 - 49 Stroke Open University 10 + 

P06 F 40 - 49 Undisclosed Open University Not known 

P07 F 40 - 49 
Multiple 

sclerosis 
Open University 10 + 

4.3.2 Procedure 

The study consisted of two phases. In the first phase, participants were asked to wear the 

two devices (Apple Watch and Soundbrenner Pulse) and perform specific tasks with them. The 

tasks were designed to test the haptic perception, ease of interaction, and ease of putting on and 

taking off the devices. The participants were also asked to provide feedback on the appearance 

and public perception of the devices. Participants were given instructions on how to wear and 

interact with the devices. They were also asked to provide feedback on their experience with 

the devices. 

In the second phase, where feasible, participants were asked to take a short walk while 

wearing the device and provide feedback on their experience of synchronising their steps with 

the haptic rhythm. None of the participants from the Talkback Club was able to participate in 

the second phase of the study due to their physical condition not being suitable for a walk 

within the Age UK premises. In contrast, all participants present at The Open University were 

able to participate in the second phase of the study, which involved taking a walk as part of the 

study. 

4.3.3 Data collection 

The data collection process for this study followed a pragmatic approach, utilising a 

combination of contextual inquiry and user studies. The method of contextual inquiry, as 
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proposed by Holtzblatt and Beyer (1997), was employed to collect data through observation 

and interviews. This method allowed for collecting detailed information on the participants’ 

experience and interaction with the wearable haptic devices. 

The data collected during the study included user feedback on the devices, including ease 

of use, haptic perception, overall experience, and observations of the participants during the 

study sessions. The data was collected during the study session, where the participants were 

asked to wear the devices and take a short walk on the university campus. 

During the study sessions, observation notes were taken by the researcher to document 

the participants’ performance, feedback, and any challenges encountered while using the 

devices. These notes provided insights into the usability and effectiveness of the devices for 

the target population. Additionally, interviews were conducted with the participants after the 

study sessions to gather more detailed feedback on the devices and their overall experience. 

However, it is worth noting that only P04, P05 and P07 participated in the final interview. 

4.3.4 Data analysis 

The data collected during the study were analysed using an inductive thematic analysis 

approach (Braun & Clarke, 2006). This approach was chosen as it allows for a more nuanced 

understanding of the data and is well-suited for formative studies such as this one. It also allows 

identifying patterns and themes that may have yet to be anticipated in the initial study design. 

This method involves identifying and extracting themes from the data, such as haptic 

perception, ease of interaction, and ease of use, without pre-determining the themes. The 

EnjoyHQ software facilitated this process, allowing for an efficient and thorough data analysis. 

An independent person cross-examined the codes and the themes to ensure rigour and data 

reliability. The themes were then used to identify user requirements and design considerations 

for the wearable haptic metronome device. 
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Figure 2: Apple Watch 2 with standard rubber strap 

 

Figure 3: Soundbrenner Pulse - wearable haptic metronome device used by musicians 

4.3.5 Equipment 

This study evaluated two wearable haptic metronome devices for their usability in 

individuals with neurological conditions. Participants were interviewed to gather information 

about their technology usage, familiarity, and physical, sensory, and cognitive abilities. This 

information was used to understand their interaction methods with mobile or wrist-worn 

devices. 

Small user studies were conducted with the participants to evaluate the two devices. The 

first device was the Apple Watch 2 (Figure 2), equipped with a custom haptic metronome 

application developed by Henryk Krajinski at The Open University. The second device was 

the Soundbrenner Pulse (SBP, Figure 3), a wearable haptic metronome designed for musicians, 

which can be used as a standalone device or with a companion mobile application installed on 

a smartphone. A smartphone running the SBP companion application was used in the study. 
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Both devices were repurposed to investigate user requirements and interaction design 

challenges associated with creating a self-managed wearable haptic metronome for gait 

rehabilitation for individuals with neurological conditions. The study aimed to understand this 

population’s usability and design considerations for wearable haptic metronome devices. 

The following section presents the findings from the studies. 
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4.4 CASE STUDY A: RESULTS 

In this section, the results are presented in two parts. The first part presents the findings 

from the studies conducted with local stroke survivors’ support group participants. The second 

part of the results section presents the findings from the studies conducted at The Open 

University. 

4.4.1 Age UK stroke survivors’ support group 

This section discusses the findings from the study conducted with participants from the 

stroke survivors’ support group in Milton Keynes. Both devices were tested with three 

participants (P01, P02, and P03). P01 was recovering from a brain injury, while P02 and P03 

were recovering from a stroke. Unfortunately, one of the participants could not feel the 

vibrations from the Apple Watch, even when it was set to its maximum strength. All 

participants found wearing the Apple Watch using the standard rubber strap challenging. All 

participants had hemiparesis, a condition where one side of the body has reduced ability and 

sensation compared to the other. This condition presented an unexpected usability issue, as the 

participants had to use their more dextrous (stronger) arm to strap the device onto their weaker 

arm, which greatly reduced their ability to sense the haptic feedback. For testing purposes, I 

assisted them in wearing the devices on their stronger arm and asked them to interact with them 

using their weaker arm. While the sensation of vibrations was perceived better on their stronger 

arm, it was still difficult for them to interact with the device using their weaker arm. 

The touch interface of the Apple Watch was deemed too small by the participants, and it 

was challenging for them to interact with it. Despite providing instructions on locating and 

activating the custom haptic metronome application, none of the participants could perform 

this task successfully. 

With its stronger vibrations, the SBP allowed P01 and P02 to feel the vibrations on both 

arms, but they preferred the sensation on their stronger arm. However, P03 could not feel the 

vibrations at all due to his severely impaired sensation. P01 and P02 preferred the maximum 

strength of the vibration. P01 and P02 were able to put on the SBP independently, but it took 

them approximately a minute to do so properly. Due to its familiar watch-like strap, the SBP 

was relatively easier to put on than the Apple Watch. However, the time taken to put on the 

SBP was significantly longer than it would be for an able-bodied individual. 
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Interacting with the SBP required tasks such as single or double tapping, twisting, and 

turning a dial, but only P01 could use the device independently successfully; P02 and P03 could 

not do so. Only the participant with a brain injury could succeed in this case, as his physical 

and sensory abilities were relatively superior. 

4.4.2 The Open University 

This section discusses the findings from the study conducted at The Open University. 

Participants in this study had conditions ranging from Parkinson’s disease (P04), stroke (P05), 

an undisclosed neurological condition (P06), and multiple sclerosis (P07). During this study, 

the participants tested the devices for a brief period (2 to 5 minutes) and took a short walk on 

the university campus while wearing the device. 

P04: Parkinson’s disease 

Participant P04 had mild symptoms of Parkinson’s disease, which included mild tremors 

that impacted her gait. She was receiving medication for her condition. P04 was well-versed in 

technology and familiar with the latest technologies. In her daily life, she uses an Apple Watch 

and an iPhone. 

For the study, P04 was provided with an Apple Watch with the installed bespoke Haptic 

Metronome application. She could remove her Apple Watch and easily put on the one provided. 

P04 could comfortably locate the custom haptic metronome application on the watch and found 

the application interface easy to use. P04 could turn on the metronome easily, and her haptic 

perception of the vibrations was normal. 

P04 found the other device, the SBP, easy to use. She found the interactions, such as 

tapping and turning the dial, comfortable. Additionally, she found the companion application 

simple to use. Her haptic perception of the vibrations of the SBP was normal. She could walk 

with the devices in synchronisation with the haptic rhythm. She could adjust the rhythm of her 

walking pace using the devices and the companion application. She was able to follow a bipedal 

rhythm, which means a rhythm that cued both her steps. Her walking pace was similar to that 

of a healthy person, and she had a good fitness level. 

P04 had normal physical abilities, haptic perception, and sensory and cognitive 

capabilities. She considered herself fashion-conscious and appreciated the colourful lighting 

features of the SBP. 
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P05: Stroke 

P05 had a stroke over ten years ago. Before the stroke, she was an active individual who 

regularly played competitive tennis. Despite her stroke, she continued to play tennis, but her 

mobility was greatly impacted. She could still drive and had driven to the study location 

independently. P05 self-identified as a “technophobe” and used a simple smartphone primarily 

for making calls and sending texts. She was wearing a regular watch at the time of the study. 

P05 had good sensory and cognitive abilities, but her left leg and foot were slightly 

affected, impacting her gait. Walking resulted in a high energy cost for her, and she experienced 

pain in her left leg. Despite this, she had fluidity in her walking, but her gait was asymmetric, 

as she put more pressure on one side of her body than the other. She could walk independently 

but sometimes preferred to use a walking stick. 

P05 participated in the study using an Apple Watch and the SBP at different points. She 

could put on the devices herself, as her upper limb function was almost normal. 

During the study, P05 found the interface of the Apple Watch to be too small and had 

difficulty finding the application herself in the menu. However, once she located the 

application, she could easily tap it to open it and switch the haptic metronome on or off. She 

could feel the haptic metronome but would have preferred a stronger vibration. For this part of 

the study, she wore her watch on one arm and the Apple Watch on the other. She adjusted the 

rhythm using the interface and found it easy to follow the haptic metronome and synchronise 

her steps accordingly. She took a short walk and was able to operate the application while 

walking in sync with the rhythm. In summary, P05 liked the aesthetics of the Apple Watch but 

had issues with the small screen size. She found locating the app from the menu challenging 

and would have preferred a stronger vibration. 

Upon presenting the SBP to P05, it was easy for her to put on due to its similarity to a 

conventional watch. She was impressed by the blinking LED lights and could operate the dial 

and double tap to interact with the device. However, she found the accompanying application 

tricky to use, potentially due to her limited experience with smartphone applications and the 

user interface. Additionally, she found the strength of the vibration of this device to be superior 

to that of the Apple Watch. Initially, she was provided with a monopedal rhythm, with a haptic 

cue for just one leg. However, she found this rhythm hard to entrain, so the haptic rhythm was 

doubled to a bipedal rhythm, providing cueing for both feet. She could synchronise her steps 
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with the bipedal rhythm using the SBP comfortably, and she preferred this rhythm over the 

monopedal one. 

P05 expressed her opinion on the aesthetics and public perception of the devices. She 

expressed her preference for the devices to appear as watches, as she thought it would be 

strange to have a device resembling an ankle monitor, typically worn by those on probation or 

parole, in her area. 

P06: Undisclosed neurological condition 

P06 has a neurological condition (undisclosed) that severely affects her gait. She uses a 

crutch to help with her mobility, making it difficult to interact with the Apple Watch and SBP. 

She understood the latest technologies and could feel the vibrations normally, but she had 

difficulty synchronising her walking with the rhythm created by the two devices. Her slow 

walking pace and the fact that the bipedal rhythm was too fast for her to follow meant that she 

could not lock pace with the rhythm. Despite not measuring her walking speed, it is likely that 

the time between steps was over two seconds, beyond the point at which humans can generally 

entrain to an external rhythm (Angelis et al., 2013). However, further investigation showed that 

when stationary, she could tap along with the rhythm but could not synchronise her steps with 

the haptic metronome.  

P07: Multiple sclerosis 

P07 was diagnosed with multiple sclerosis at the age of 23 years, which affects her 

balance and gait. She uses a walking stick to aid her walking and typically carries a wheelchair 

in her car for longer distances, such as during work or in a supermarket. Without the walking 

stick, her pace was slow, and she could not walk in a straight line. Furthermore, her condition 

caused her to become quickly fatigued, meaning she could only reliably walk 10 - 15 metres. 

However, her condition can vary day-to-day, with some days being better than others. Most of 

her walking takes place inside the house and on the stairs, albeit on occasion, her condition can 

worsen, resulting in her having to crawl up and down them. 

She attempts to sustain her physical fitness by swimming once a week. Furthermore, she 

spends considerable time travelling in her car, driving approximately 100 miles to work, and 

taking her kids to school. She noted that it is challenging to move around at work, and 

consequently, she experiences stiffness and stuttering when she begins to walk. Additionally, 

her lack of balance prevents her from standing for prolonged periods. 
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Within her house, she does not utilise a walking stick but rather relies on furniture for 

stability to move around. In the kitchen, she primarily uses a stool to complete her tasks. She 

has frequently reported slipping and falling, particularly when turning. She is currently on 

medication to relieve her symptoms, although she has not had much physiotherapy in the last 

few years; her last appointment for an annual visit was two months before being interviewed. 

The physiotherapist suggested daily exercises from her bed, yet she can only commit to two 

days per week. 

When asked what she would like to improve concerning her gait, she mentioned 

enhancing her steadiness and equilibrium. She claims that her right side is superior to her left 

side, causing her to stoop forward while ambulating, frequently resulting in slips. She wants to 

feel more assured when placing her feet rather than expect her next tumble onto the ground. In 

the main, her locomotion has been so severely impacted that any advancement would be 

beneficial. She reported that her condition varies daily; thus, the walking she could do on the 

day of the study would not be feasible on her more trying days. 

Upon testing the devices, she performed commendably in terms of being able to walk to 

the rhythm. As an iPhone user, she had a great aptitude for putting on the devices, interacting 

with them, perceiving the vibrations, and connecting with the accompanying applications. P07 

noted that walking to the rhythm was beneficial for her gait. When utilising haptic cueing, her 

step awareness and fluidity were enhanced. In one of The Open University campus buildings, 

which featured long corridors, she could walk sizeable distances without the aid of her walking 

stick at a moderate pace. A rhythm of 64 beats per minute was a suitable speed for her, and she 

could march to this beat. She declared that, when using the device indoors, she could “place 

her feet flat on the ground for the first time in many years”. 

When she attempted to walk outside with the device, she had trouble maintaining her 

pace and was vigilant concerning her surroundings. She became preoccupied with the 

conversations of those around her and took extra care to ensure that she did not trip. Even 

though she did not require a walking stick when attempting to walk with the device indoors, 

she opted to use one while outdoors.  
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4.4.3 Case study A: Summary of user requirements and design considerations 

This initial, formative user study identified a set of requirements that will be considered 

for subsequent design. This section examines some of the user requirements identified from 

the studies.  

Haptic perception 

Results from the small-scale user studies demonstrated a considerable divergence among 

target users with neurological conditions. Every user had a distinctive set of sensory 

capabilities that could vary depending on the type and location of their stroke or brain injury, 

the time since their injury, and the degree of their recovery. Testing the two devices highlighted 

the importance of a wearable haptic metronome device having the sufficient haptic intensity to 

be useful to individuals with neurological conditions who have diminished haptic perception. 

Study participants who had suffered a stroke or brain injury tended to have more reduced haptic 

perception than those with Parkinson’s disease or multiple sclerosis. Additionally, it is 

important to note that haptic perception can differ drastically even within the same condition, 

as seen in the present study, where P05 had better haptic perception than P02 and P03 (all three 

stroke survivors). 

Putting devices on and taking them off 

The process of placing the devices on the wrist poses a difficult design challenge, 

especially due to the participants’ varying physical and sensory abilities. Those with a lower 

level of sensory ability in their arms preferred to wear the haptic devices on their stronger arm 

to optimise the haptic perception. However, this preference posed a challenge as they had to 

put the device on their stronger arm with their weaker arm. 

Both devices employed for this study were fitted with a mechanism similar to that of a 

watch strap, enabling them to be attached to the arm. However, some of the participants who 

had reduced dexterity in one arm found it challenging to place the device on their other arm, 

with some requiring assistance to complete the task. 

Ideally, for best haptic perception for those with reduced sensitivity in their upper limbs, 

the devices should be worn on their stronger arm, necessitating the weaker arm to put them on. 

Thus, for these devices to be self-managed, they should possess an easy attachment-detachment 

mechanism, as conventional straps with pin and holes may be too difficult to operate. 

Other participants with regular physical and sensory capacity in their upper limbs found 

the devices to be as convenient to wear as a watch. Therefore, design compromises must be 
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considered to ensure that the devices can satisfy the needs of both able-bodied users and those 

with reduced manual dexterity. 

Cognitive abilities 

Neurological conditions can impact the brain, often influencing cognitive ability. The 

participants were asked about their daily technology usage and lifestyle to assess this. Of the 

participants, at least two reported that they frequently forgot to do things and could not 

remember instructions. For instance, P02 did not use a mobile phone as he had difficulty 

remembering where he had placed it. Additionally, he could not provide contact details due to 

his lack of recall. From this, it was concluded that P02’s cognitive ability was insufficient for 

the self-managed use of wearable haptic metronome devices. The other three participants 

suggested that it would be difficult for them to remember either long lists of tasks or complex 

tasks. For example, P01 mentioned that if written instructions were provided, it would be easier 

for him to follow and that he would wear the device from morning until night. 

Users’ ability to independently operate and utilise the device necessitates the need for 

them to regularly charge the device, thus necessitating a requirement to remind themselves to 

do so and for the charging process to be straightforward and uncomplicated. 

Interaction techniques 

This set of studies brought to light a variety of intriguing considerations regarding 

interaction design, primarily due to the participants’ diversified sensory and physical 

capabilities. When testing the Apple Watch, it became apparent that interacting with its touch 

interface would be difficult for many people with neurological conditions such as stroke or 

brain injury who have limited sensory ability and decreased dexterity. Gestures such as swiping 

and pinching would have been particularly troublesome for some of the participants. However, 

one of the main causes seemed to be a lack of familiarity with touch interfaces, such as those 

found on smartphones. Several participants remarked that they had been accustomed to the 

“dumb phone” or landline telephone before their stroke or brain injury. One of the individuals 

had not been using a mobile phone at all. Other motions pertinent to Apple Watch’s touch 

interface incorporated tapping the active buttons or icons on the touch interface. In principle, 

tapping was not a problem on the touch interface; however, due to impaired motor precision 

and relatively small touch screen size, some participants inadvertently tapped the wrong 

buttons. 
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When engaging with the SBP, most participants could use it by turning the dial and 

tapping the interface. However, confusion arose due to the difference in functionality between 

single and double tapping, as it was sometimes difficult to correctly register a double tap given 

the speed needed. Furthermore, the speed of the interactions necessitated a speedy twist of the 

dial followed by a double tap with two fingers; however, one participant could not achieve this 

and thus could not operate the device. 

The SBP had an associated smartphone application, though some participants were 

unfamiliar with a smartphone interface. Thus, they were not presented with it. Nevertheless, 

those who were smartphone users did experiment with the application. Of them, most found 

the accompanying application quite easy to operate.  



86 

Monopedal vs bipedal rhythm 

Most of the participants favoured the bipedal rhythm; however, those with a slower 

walking pace who could not manage the cognitive demand of conforming to a bipedal rhythm 

found the monopedal rhythm to be more fitting. The device should accommodate both 

monopedal and bipedal rhythms. 

Aesthetics, look and feel of the devices, public perception 

All the participants expressed satisfaction with the appearance of the devices utilised in 

the studies. Nevertheless, one participant remarked that she would feel uncomfortable wearing 

a peculiar device in public. The watch-like form factor of the devices is advantageous due to 

their attractive design and can encourage the uptake of the technology. 

Ease of interaction 

Regarding interaction, the studies in question utilised techniques such as touch, twist, 

and tap, which were generally well-received by participants. However, certain interaction 

techniques, such as gesture and voice input, may not be suitable for individuals with reduced 

ability. In the case of gesture-based interaction, those with reduced upper limb ability may 

struggle to use the device. Similarly, voice input is becoming increasingly popular; however, 

people with neurological conditions may have difficulty with this due to aphasia or 

hemiparesis, resulting in abnormal speech patterns. Thus, for greater accessibility for those 

with reduced ability, simpler and easier interaction techniques must be further explored. 

Strength of haptic actuator 

These studies have suggested that their haptic perception should be considered for a 

wearable haptic metronome device to be effective for individuals with neurological conditions. 

Most participants could feel the vibration of both devices, with the majority favouring the SBP, 

whereas some could not perceive the vibrations of the Apple Watch. The strength of the haptic 

actuator should be strong enough for it to be felt and, if possible, adjustable according to 

personal preference. 

Easy to wear 

Analysis of the user studies has indicated that the devices should be easy to put on and 

wear. The devices used in the studies required the participants to wear them like a watch. Most 

participants were capable of doing so with ease. However, those with reduced ability found the 

task more challenging. Consequently, adaptations should be made to the devices to ensure they 

are easily put on and taken off. Developing an approach that allows people with hemiparesis 
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to put the device on their stronger arm, take it off again, and still maintain the same degree of 

simplicity for those without hemiparesis is an issue that requires further investigation. 

Additionally, consideration should be given to the potential need of the users to wear two 

accessories on the same arm or different arms, as they may already have a watch or bracelet 

on. 
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4.5 CASE STUDY A: DISCUSSION AND CONCLUSION 

The results of the formative user studies presented in this chapter have provided insights 

into the design and usability of wearable haptic metronome devices for individuals with 

neurological conditions. The studies have highlighted several key user requirements and design 

elements that should be considered in developing these devices. 

One of the main findings from the studies is the importance of haptic perception in the 

design of wearable haptic metronome devices. Participants with reduced haptic perception due 

to stroke or brain injury found it difficult to perceive the vibrations of the Apple Watch, even 

when it was set to its maximum strength (Maisto et al., 2017). This highlights the need for 

wearable haptic metronome devices to have the sufficient haptic intensity to be useful for 

individuals with neurological conditions who have diminished haptic perception (Georgiou et 

al., 2015). 

Another key finding from the studies is the difficulty some participants had putting the 

devices on and taking them off. Participants with reduced dexterity in one arm found it 

challenging to place the device on their other arm, with some requiring assistance to complete 

the task (Y. Chen et al., 2019). This highlights the need for wearable haptic metronome devices 

to have an easy attachment-detachment mechanism for individuals with reduced manual 

dexterity to operate (Simpson et al., 2021). 

The studies also highlighted the importance of cognitive abilities in the design of 

wearable haptic metronome devices. Two participants reported that they frequently forgot to 

do things and could not remember instructions, highlighting the need for the devices to have a 

straightforward operation and charging processes that users with cognitive impairment can 

easily remember (Barman et al., 2016). 

The studies also revealed that the participants had different preferences for interaction 

techniques, with some preferring touch, twist, and tap interactions, while others found these 

methods challenging (Malu & Findlater, 2016). This highlights the need for further exploration 

of more straightforward interaction techniques that individuals with reduced ability can use. 

In terms of limitations, the sample size of the studies was small. The findings may not be 

generalisable to a larger population of individuals with neurological conditions. Additionally, 

the participants were only tested for a brief period, and further testing is needed to understand 

the long-term usability and effectiveness of the devices. 
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Future work could include conducting larger-scale studies with a more diverse population 

of participants, including individuals with different neurological conditions and at different 

stages of recovery. It would also be beneficial to conduct longer-term studies to understand the 

long-term usability and effectiveness of the devices. Additionally, further research is needed 

to explore the development of easy attachment-detachment mechanisms and alternative 

interaction techniques that individuals with reduced ability can use. 

In addition to the above, it would be interesting to explore the use of different forms of 

haptic feedback to improve the usability of these devices for individuals with neurological 

conditions. For instance, different vibration patterns, intensities, and frequencies could be 

tested to determine their effectiveness for different individuals and conditions. 

In this case study, seven participants with neurological conditions utilised two wearable 

haptic metronome devices. Through analysing the results, various user requirements and design 

considerations were identified that could be considered in further developing wearable haptic 

metronome devices for lower limb rehabilitation and gaining a deeper understanding of the 

complexities of rehabilitative care. The next section continues to investigate RQ1 in a 

residential care setting. 
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4.6 CASE STUDY B: INTRODUCTION 

This section aims to investigate the utilisation of wearable haptic metronome devices for 

rehabilitation in individuals with neurological conditions by studying participants residing in 

specialised neurological residential care facilities. The objectives of this study include the 

further elucidation of the specific needs and requirements of this particular population, as well 

as the identification of any design considerations specific to the implementation of wearable 

haptic devices within this context. 

The present study was conducted within a specialised neurological care home that 

employs full-time in-house neuro-physiotherapists to provide rehabilitation services to its 

residents. In this study, the user studies and wearable haptic metronome device trials were 

conducted by these specialised physiotherapists, who were provided with detailed information 

on the devices being used, including information on usage and potential benefits for the 

residents, before the study. The specifics of the devices are further discussed in the methods 

section of the study. 

For this study, the wearable haptic metronome devices were provided to the in-house 

neuro-physiotherapists for two weeks to conduct trials with their residents. Following the trial 

period, the physiotherapists were interviewed to elicit information on their usage of the devices 

and the responses of their residents to physiotherapy utilising these technologies. This elicited 

interesting insights into the feasibility and efficacy of wearable haptic metronome devices for 

individuals with neurological conditions residing in residential care facilities. The following 

section of the study elaborates on the methodology and study design of the research.  
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4.7 CASE STUDY B: METHODS  

The present study adopted a technology probe approach (Hutchinson et al., 2003), as 

described in Chapter 3, to gain insight into the potential uses and design considerations of 

wearable haptic metronome devices for rehabilitation in individuals with neurological 

conditions living in residential care facilities. In this study, the participants were introduced to 

a specific wearable haptic metronome device, the Soundbrenner Pulse (SBP). This technology 

probe study aimed to inform the design and development of wearable haptic devices for 

rehabilitation for people with neurological conditions living in residential care facilities. 

4.7.1 Research participants and settings 

This study was conducted using a sample of six participants, all residents of a specialised 

neurological care home located in Peterborough, United Kingdom, and all living with 

neurological conditions. Participants were recruited by the in-house physiotherapists of the 

care home, and consent for participation was obtained from the residents. The physiotherapists 

determined the selection of participants, and no undue influence was placed on the residents to 

participate in the study. Among the six participants, three had a brain injury, and the remaining 

had suffered from either stroke, carbon monoxide poisoning, or functional neurological 

disorder. No additional information was collected regarding the participants beyond their 

neurological condition. The Open University Human Research Ethics Committee granted the 

study’s ethical approval under reference number HREC/3000/Islam (Appendix I). 

4.7.2 Study design 

In the preceding case study, an exploratory study was conducted utilising two wearable 

haptic metronome devices, the Apple Watch and the SBP. The findings from that study 

indicated that the haptic strength of the Apple Watch was insufficient for individuals with 

reduced sensory perception. The majority of participants expressed a preference for the haptic 

strength of the SBP. As a result, it was chosen as the technology probe device in this study. 

The wearable haptic metronome device, along with its companion mobile application, 

was made available to the in-house neuro-physiotherapists for a period of two weeks to conduct 

trials with the residents. Prior to the trials, the physiotherapists were provided with detailed 

information on the device and its usage, as well as the potential benefits it could provide to the 

residents. Furthermore, the physiotherapists were instructed on how to assist the residents in 

properly positioning the device on their limbs. They were given the flexibility to vary the 
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strength and pace of the haptic rhythms to meet the individual needs of each resident. It is 

important to note that the companion application was preinstalled on the smartphone provided 

to the physiotherapists. 

Multiple SBPs devices were available for the physiotherapists to trial with their residents. 

The physiotherapists were given flexibility in how they utilised the SBP and were not limited 

to using it solely for lower limb rehabilitation but also had the option to use it for upper limb 

rehabilitation. Custom straps were provided to allow the SBP to be worn around the thighs or 

legs. The study included three physiotherapists who conducted trials with six residents over 

two weeks, as summarised in Table 8.  

Table 8: This table illustrates the physiotherapists (P1 - P3) who conducted trials with residents (R1 - R6) who 

have neurological conditions (brain injury, carbon monoxide poisoning, stroke, and functional neurological 

disorder) using the wearable haptic metronome device. 

Physiotherapist Resident Neurological condition 

P1 R1 Brain injury 

P1 R2 Carbon monoxide poisoning 

P1 R3 Stroke 

P2 R4 Brain injury 

P2 R5 Functional neurological disorder 

P3 R6 Brain injury 

4.7.3 Data collection 

Data were collected in two phases: during the trial period and after the trial period. During 

the trial period, the physiotherapists recorded the residents’ responses to the device, including 

their ability to perceive the haptic rhythms and their engagement in physiotherapy exercises. 

After the trial period, the physiotherapists participated in a focus group interview to elicit 

information on their usage of the devices and the residents’ responses to physiotherapy utilising 

these technologies. The focus group interview was recorded and transcribed for subsequent 

data analysis. 

4.7.4 Data analysis  

The data collected during the trial period were analysed using an inductive thematic 

analysis (Braun & Clarke, 2006), utilising the EnjoyHQ software. This analysis aimed to 

identify patterns and trends in the residents’ responses to the device and evaluate the feasibility 
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and efficacy of the wearable haptic metronome device in the context of residential care for 

individuals with neurological conditions. The findings from this study are discussed in the 

subsequent section. 
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4.8 CASE STUDY B: RESULTS 

This section presents the results of the study in three parts: The first part comprises the 

findings from the user studies conducted with the residents at the specialised neurological care 

home, the second part examines the observations and reflections of the physiotherapists from 

this study, and the third part highlights the design issues that were identified. 

4.8.1 Findings from user studies conducted by physiotherapist, P1 

Physiotherapist P1 conducted trials of the SBP device with three residents, specifically 

those who were diagnosed with brain injury (R1), carbon monoxide poisoning (R2), and stroke 

(R3). P1 assisted R1 and R2 in properly positioning the device on their arms and varied the 

strength of vibrations and pace of the rhythm across the available range. Despite attempts to 

use the maximum available range of pace and strength settings, these residents could not 

perceive the vibrations on both arms. P1 concluded that using a wearable haptic metronome 

device as a physiotherapy technique was inappropriate for these residents, given their reduced 

haptic perception in their arms. 

The other resident with whom P1 conducted trials of the SBP device was a stroke 

survivor (R3). P1 positioned the device on R3’s arms and thighs, whereas for R1 and R2, P1 

had only placed the device on their arms. P1 attempted to use a range of strength and pace 

settings, but R3 could not perceive the vibrations. R3 had very limited haptic perception, and 

her condition necessitated assistance for her every step. As a result, P1 ultimately concluded 

that the device was not appropriate for this resident with stroke (R3). 

4.8.2 Findings from user studies conducted by physiotherapist, P2 

Physiotherapist P2 conducted trials of the SBP device with two residents, specifically 

those who were diagnosed with brain injury (R4) and functional neurological disorder (R5). 

For the resident with brain injury (R4), P2 administered the standard 10 Metre Walking Test 

(10MWT), which physiotherapists use to evaluate patients’ walking abilities. P2 assisted R4 in 

properly positioning the device on his arm. Initially, R4 completed the 10MWT without the 

haptic cue in 1 minute and 28 seconds. P2 used this as a baseline measurement and set the SBP 

to an arbitrary pace of 149 beats per minute. With the haptic rhythm enabled, R4 completed 

the 10MWT in 1 minute and 20 seconds. The next step would have been to adjust the beats per 

minute to match R4’s natural pace. However, R4 elected to discontinue the study as P2 realised 

that the haptic rhythm was causing a significant cognitive burden for him. This is in line with 
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previous observations by Georgiou (2020) that neurological conditions can impair cognitive 

abilities, making it difficult for individuals to keep walking while focusing on the haptic 

rhythm. 

In the case of the functional neurological disorder resident (R5), P2 reported that R5 had 

not been able to walk for the last two years, having been confined to a wheelchair since her 

diagnosis. A haptic rhythm of 57 beats per minute was set on the SBP device to encourage her 

mobility, which was placed on R5’s right arm. R5 was then asked to try and synchronise her 

steps to the rhythm. Remarkably, she managed to walk a distance of 10 metres in 20 seconds, 

the first time she had done so in two years. P2 then increased the tempo in stages, each time 

resulting in R5 completing the 10 metres in a shorter amount of time, eventually achieving a 

time of 16 seconds. It was evident that R5 felt the pressure to complete the 10 metres, but the 

increasing pace encouraged her to walk faster, despite being immobile for two years. 

Functional neurological disorder differs from stroke and brain injury, with no known 

physiological impairments in the brain, and its effects on mobility are not yet clearly 

understood (Barnett et al., 2019). This study demonstrated that a wearable haptic metronome 

device could be used to motivate R5 to start walking and thus potentially overcome any 

psychological barriers preventing her from walking. 

4.8.3 Findings from user studies conducted by physiotherapist, P3 

The physiotherapist P3 trialled the wearable haptic metronome device with a brain injury 

survivor (R6) for gait rehabilitation. During the three sessions, no change in gait was noted; 

rather, R6 experienced freezing of gait and was at risk of falling. Consequently, P3 decided 

that it was too dangerous to continue the trial and discontinued it.  

4.8.4 Reflections from the physiotherapists 

The physiotherapists made interesting observations while trialling the SBP with their 

residents in a neurological care home. They concluded that a wearable haptic metronome 

device for physiotherapy was unsuitable due to the residents’ limited physical, sensory, and 

cognitive abilities. The residents’ mobility and haptic perception were heavily limited, meaning 

that they either could not feel the rhythm or, even if they could, were not in a state to 

synchronise their steps to the rhythm. Furthermore, some of the residents could not take the 

cognitive load of focusing on the haptic rhythm and walking simultaneously. 

Physiotherapists suggested that wearable haptic metronome devices may not suit people 

with balance and postural issues. However, they believed such devices might benefit those with 
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better mobility, haptic perception, and cognitive abilities, as seen in the case of resident R5 

with a functional neurological disorder. Generally, neurological conditions can either be 

progressive or degenerative. In progressive conditions, a person’s condition may improve over 

time, meaning those in later stages of recovery may be more able to benefit from wearable 

haptic metronome devices. On the other hand, in degenerative cases, a person’s condition may 

worsen over time, so those in the early stages of their condition may be better suited to benefit. 

Physiotherapists suggested that wearable haptic metronome devices may benefit 

individuals with musculoskeletal ailments, such as fractures and sports injuries, and those who 

have undergone knee and hip surgeries. Generally, those affected do not have an underlying 

neurological disorder that can affect their cognitive or sensory abilities. 

4.8.5 Design issues 

In this study, physiotherapist P3 proposed that the SBP emitted both audio and haptic 

cues, evidenced by its loud buzzing sound. Despite the opposing views of the other two 

physiotherapists, P3 suggested that the device’s design be altered to reduce the amount of 

buzzing sound it produced. 

All the physiotherapists mentioned that they found the SBP and its accompanying 

application easy to use, particularly appreciating the variability of beats per minute and the 

intensity of vibrations. However, they suggested that if the wearable device itself could 

measure the number of steps and the step length automatically, this would be beneficial in 

reducing the therapists’ workload. Currently, their additional duties involve manually counting 

the number of steps per minute, visually monitoring the residents’ walking patterns, and 

ensuring their safety. The wearable haptic metronome used in the study (the SBP) is limited to 

functioning solely as a metronome and cannot measure the walking pattern of the residents. 

The SBP, designed for musicians, featured colourful LED lights flashing in conjunction with 

vibration; however, physiotherapists preferred the LED lights to be turned off. 
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4.9 CASE STUDY B: DISCUSSION 

The results of this study provide valuable insights into the use of wearable haptic 

metronome devices in rehabilitation for individuals with neurological conditions living in 

residential care facilities. The technology probe study revealed the potential benefits and 

limitations of using these devices in this context. 

One of the key findings of this study was the importance of considering the individual 

needs and abilities of the residents when using wearable haptic metronome devices for 

rehabilitation. The results of the user studies conducted by physiotherapist P1 showed that for 

some residents with reduced haptic perception, the device was not appropriate for their 

rehabilitation needs (Demain et al., 2013). This highlights the need for careful assessment of 

the resident’s abilities before implementing the use of these devices (Winstein et al., 2016). 

On the other hand, the case study conducted by physiotherapist P2 with a resident 

diagnosed with a functional neurological disorder demonstrated the potential of the wearable 

haptic metronome device to motivate and improve mobility. This resident, who had been 

immobile for two years, could walk a distance of 10 meters in 20 seconds with the help of the 

device, which suggests that the haptic rhythm may be able to overcome psychological barriers 

preventing mobility. This finding is in line with previous research, which has suggested that 

functional neurological disorders may be linked to psychological factors (O’Neal & Baslet, 

2018). 

The results of this study also identified some important design considerations for 

wearable haptic metronome devices in the context of residential care. The physiotherapists 

reported that the device caused a significant cognitive burden for some residents, highlighting 

the need for devices that are easy to use and do not require excessive cognitive effort (Hossain, 

2018). Additionally, the physiotherapists suggested that the device would be more effective if 

it could be adjusted to match the natural pace of the residents (Conklyn et al., 2010; Hove et 

al., 2012). 

4.9.1 Methodological analysis and implications for future research 

From the analysis of this study, it can be inferred that the technology probe methodology 

allowed physiotherapists to incorporate the use of wearable technology into their routines. The 

flexibility of this methodology allowed for a wide range of participants with varying 

neurological conditions to be included in the study. For example, without this approach, it 
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would not have been possible to assess the use of this technology in individuals with conditions 

such as carbon monoxide poisoning or functional neurological disorder, which have not been 

previously studied in relation to wearable haptics. 

The decision to have the physiotherapists approach the participants and seek their consent 

for participation may not be the most ethically sound approach. However, this is a common 

practice in clinical research where clinicians seek consent from their own patients to participate 

in research studies (Morain et al., 2019). Additionally, this approach allows physiotherapists 

to screen for suitable participants as they know their patients’ conditions and suitability. The 

results of this study showed that, except for two participants, the wearable haptic metronome 

intervention was not effective for most participants. This highlights the importance of 

considering potential inclusion and exclusion criteria and the suitability of participants for such 

an intervention in future research studies. It was also found that the technique was not suitable 

for individuals with limited mobility, haptic perception, and cognitive ability. In future 

research, it would be beneficial to consider the factors highlighted in this study, such as 

inclusion and exclusion criteria and the suitability of participants, in consultation with the 

clinical care team, before recruiting patients. 

4.9.2 Limitations 

The present study has several limitations that should be considered when interpreting the 

results. Firstly, the sample size of this study was small, which limits the generalisability of the 

findings. The study was conducted with a sample of six residents living in a single specialised 

neurological care home. Therefore, the results may not be generalisable to other populations or 

contexts. To address this, future research can focus on a specific neurological condition or 

include a larger and more diverse sample of participants from various residential care facilities, 

such as conducting a multi-site study. 

Secondly, the study was conducted over a short period. The trial period was two weeks, 

and it is possible that longer-term use of the device may yield different results. This study only 

considered interaction design issues and not the potential long-term effects of the intervention.  

Longer-term studies would be needed to investigate the effects of the wearable haptic 

metronome device over a more extended period. 

Thirdly, the study was conducted by physiotherapists who work at the care home, who 

were provided with detailed information on the device before the study, which may have 

influenced their observations and conclusions. Additionally, the observations and conclusions 
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drawn from this study were based on self-reported data from the physiotherapists, who may 

have been subject to bias in their reporting. 

It is important to note that the limitations of this study should be considered when 

interpreting the results and that further research is needed to replicate and expand on the 

findings of this study. 
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4.10 CASE STUDY B: CONCLUSION 

This study has highlighted several key considerations regarding utilising wearable haptic 

metronome devices for physiotherapy in residential care settings. Firstly, it was determined 

that these devices were not suitable for individuals with limited mobility, haptic perception, 

and cognitive ability. Secondly, the capability to measure features of gait patterns, such as the 

number of steps or step length, was identified as beneficial. Thirdly, it was observed that 

rhythmic haptic cueing might be more beneficial for individuals in advanced stages of recovery 

from progressive conditions, whereas those in the earlier stages of recovery from degenerative 

conditions may potentially benefit more. Finally, physiotherapists suggested that the devices 

could benefit individuals with conditions such as fractures, sports injuries, and hip or knee 

surgery.  

In conclusion, this study has provided valuable insights into the use of wearable haptic 

metronome devices in rehabilitation for individuals with neurological conditions living in 

residential care facilities. However, the study’s limitations indicate that further research is 

necessary to replicate and expand on the findings. Future research should focus on a larger, 

more diverse population and longer-term studies. Such research will aid in a more 

comprehensive understanding of the potential of wearable haptic metronome devices to 

improve rehabilitation outcomes for individuals with neurological conditions living in 

residential care facilities.  

Overall, this study makes an important contribution to understanding the use of wearable 

haptic metronome devices in rehabilitation for individuals with neurological conditions living 

in residential care facilities. The findings suggest that these devices have the potential to 

improve mobility and motivation, but they also emphasise the significance of considering the 

individual needs and abilities of the residents before implementing their use. Further research 

is needed to explore the potential benefits and limitations of these devices in more detail and 

to improve the design of the devices to better meet the needs of this population.  

Additionally, the following section presents a case study featuring a care home resident 

with Huntington’s disease, in which a custom prototype wearable haptic metronome device 

was used to deliver haptic cueing while physiotherapists monitored the resident’s gait pattern 

and discussed any changes that occurred due to the intervention. 
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4.11 CASE STUDY C: INTRODUCTION 

This case study examines the use of a prototype wearable haptic metronome device for 

gait rehabilitation in a single individual living with Huntington’s disease. The primary purpose 

of this study was to explore the device’s potential to aid in rehabilitating this individual. The 

study was conducted in the same residential care facility described in case study B of this 

chapter. 

Huntington’s disease is a rare degenerative condition that leads to the death of brain cells, 

resulting in a gradual decline in cognitive and physical abilities, including a lack of motor 

coordination and unsteady gait (Hove et al., 2012; Conklyn et al., 2010). To address this, 

physiotherapy for gait rehabilitation is included in the treatment plan for those with the disease 

(Bilney et al., 2003). This case study explores the use of rhythmic haptic cueing with wearable 

haptic metronome devices to supplement existing physiotherapy treatment for people living 

with Huntington’s disease. Although physiotherapy cannot fully restore walking abilities due 

to the degenerative nature of the condition, it can help extend the period of independent 

mobility. The methods used for this study are outlined in the following section. 
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4.12 CASE STUDY C: METHODS 

This study employed a repeated measures design with “pre-baseline”, “baseline”, “with”, 

and “after” conditions, after which a focus group interview was conducted with a group of 

physiotherapists who observed the session. 

4.12.1 Research participant and setting 

The study recruited a single individual, a female resident (R7, pseudonym), 28 years old, 

diagnosed with Huntington’s disease, from a care home. R7 had been diagnosed with this 

illness at a young age, and her tiptoe walking was partially addressed by physiotherapy. 

However, her recent falls have caused her to be wheelchair-bound when travelling outdoors. 

The study was conducted in the same residential care facility described in case study B of this 

chapter. For the study, a large room was chosen that was spacious enough for R7 to walk 10 

meters in a straight line. R7’s caretaker was present during the trials for her safety, and 

physiotherapists also attended to observe and take notes. Before the study, R7 had provided 

written informed consent. The study was granted ethical approval by the London-Stanmore 

Research Ethics Committee of the National Health Service – Health Research Authority 

(17/LO/2050) and The Open University’s Human Research Ethics Committee 

(HREC/2017/2633/Holland1) (see Appendix I). 

4.12.2 Study design 

The Haptic Bracelet system was utilised in this study to provide rhythmic haptic cues 

(Georgiou, 2018). The system was comprised of two actuators and sensors strapped to alternate 

legs with Velcro. The actuators contained vibrotactile, as illustrated in Figure 4, to provide 

haptic cueing on each leg. The sensors, which were placed near each ankle, were wearable 

inertial sensors that monitored gait parameters. The technical specifications of the Haptic 

Bracelet system have been previously outlined by Georgiou (2018).  

The repeated measures study was divided into four stages: pre-baseline, baseline, with 

cue, and after-cue. The following section further details the procedure employed. 
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Figure 4: Prototype wearable haptic metronome devices were placed on the participants’ legs, one on each leg, 

with vibrotactile used for delivering haptic cues strapped near the knee using Velcro straps. 

Pre-baseline 

R7 was asked to walk the length of a 10m runway six times without wearing bracelets as 

a ‘pre-baseline’ measure. Her carer was present for safeguarding purposes, and chairs were 

provided at each end of the runway in case R7 needed to rest. R7 and her carer were informed 

that they could take a break at any time while a group of physiotherapists observed her walking 

without any devices. 

Baseline 

For the baseline stage, a pair of haptic bracelets were attached to her legs while the 

vibrotactile remained off. R7 was then asked to walk the 10m runway six times to provide a 

baseline measure. The group of physiotherapists observed the walks and took notes. The 

monitoring unit of the Haptic Bracelet system, consisting of wearable inertial sensors, was used 

to calculate the cadence of R7’s walk. This was later used as the tempo for the haptic cues. 

With-cue  

At this stage, the physiotherapists consulted concerning the optimal placement of the 

vibrotactile units (an independently moveable part of the haptic bracelets) on the outer side of 

the legs, close to the knee (see Figure 4). The units were turned on, and the tempo for the haptic 
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cues was set to R7’s natural walking pace, with slight adjustments made to the strength of 

vibrations as per her preference. After R7 was prepared, she was asked to perform six walks 

for the “with” condition while the physiotherapists monitored her walking pattern using 

wearable inertial sensors and took notes regarding any changes. 

After-cue  

Once R7 had completed her six walks for the “with” condition, she was given a five-

minute break. Following this, she was asked to perform six more walks, this time with the 

haptic rhythm switched off and relying upon her memory of the rhythm. After four walks, R7 

showed signs of fatigue, and, upon the advice of her carer, the data collection phase was 

concluded at that point. Consequently, four walks were completed for the “after” condition, 

while six walks were completed for the other conditions. During the duration of each walk, 

wearable inertial sensors were used to measure the data, in addition to the physiotherapists’ 

observations of any changes. 

Interview with physiotherapy experts 

Once the walking trials were finished, R7 and her carer exited the room. Following this, 

a focus group interview was conducted with the five neuro-physiotherapists who had been 

observing R7’s walking pattern. The physiotherapists made detailed notes of their observations 

and then discussed them in-depth during the focus group interview. 

4.12.3 Data collection and analysis 

The data collected in this study includes quantitative data obtained from wearable inertial 

sensor data and the comments of the physiotherapists regarding the walking pattern of R7. The 

monitoring unit of the Haptic Bracelet system comprised two wearable inertial sensors, which 

were attached to each leg, just above the ankle. Custom algorithms developed at The Open 

University (Georgiou, 2018) were used to analyse the inertial sensor data. Temporal gait 

parameters, such as stride cycle time, were calculated for both legs under the three experimental 

conditions (baseline, with-cue, and after-cue) and illustrated in Figure 5. 

The physiotherapists recorded their observations through notes taken during each stage 

of the study. These observations focused primarily on the changes in the participant’s (R7) gait 

pattern throughout the study. After completing the repeated measures study session, the 

physiotherapists participated in a focus group interview. This interview was centred around 

discussions on the impact of the wearable haptic metronome device on the participant’s gait 

pattern, the noticeable differences in the participant’s gait between the baseline, with-cue, and 
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after-cue conditions, as well as the potential of the device for gait rehabilitation in individuals 

living with Huntington’s disease. 

The focus group interview was recorded and transcribed, and the data was analysed 

through content analysis utilising EnjoyHQ software. The findings from the interview and the 

physiotherapists’ observations are summarised in the following results section. 
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4.13 CASE STUDY C: RESULTS 

The results of this study were categorised into two distinct areas of analysis: the 

quantitative analysis of gait parameters obtained from the data collected by the wearable 

inertial sensors and the qualitative analysis of the observations and comments made by the 

physiotherapists regarding the participant’s (R7) walking pattern during the focus group 

interview. 

4.13.1 Data from wearable inertial sensors 

The data obtained from the wearable inertial sensors were analysed utilising custom 

algorithms developed in MATLAB (Georgiou, 2018). Temporal gait parameters, specifically 

stride cycle time, were calculated for both the right and left legs for each phase of the repeated 

measures design study, including the baseline, with-cue, and after-cue conditions (Figure 5). 

 

Figure 5: Temporal gait parameters (stride cycle time) for both legs in the baseline, with-cue, and after-cue 

conditions. 

It is evident from the results that, with and after rhythmic haptic cueing, the time taken 

to complete a stride was decreased for both legs, indicating that R7’s gait pattern had been 

altered. Furthermore, in the “after-cue” condition, R7 maintained the same stride time as the 

“with-cue” condition, suggesting that R7 could retain the changes to her walking pattern 

following brief exposure to the haptic cueing. 
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4.13.2 Physiotherapists’ comments 

The physiotherapists’ observations focused primarily on how R7’s walking pattern 

changed during the study. Their observations are summarised in Table 9. They commented that 

R7 walked with reduced hip flexion, causing her to land on the front part of her foot first (the 

toes area) with no, or limited, heel strike during the beginning of her stance phase. Additionally, 

R7 had reduced hip flexion during the swing phase and reduced knee flexion mid-swing (where 

knee flexion is normally at its maximum). This caused R7 difficulty in clearing the ground with 

her toes and may be a factor contributing to the frequent falls that she is experiencing. They 

noted that there was no difference in the manner of R7’s gait in the baseline and pre-baseline 

conditions, indicating that wearing the devices when deactivated did not influence R7’s 

walking. 

They concluded that when haptic cueing was enabled (i.e., the devices provided R7 with 

a tactile indication on her alternating legs that corresponded to her preferred pace), R7’s hip 

flexion increased, resulting in a slight heel strike at the beginning of her stance phase. 

Additionally, an increase in knee flexion in mid-swing was noticed, as well as an increase in 

overall hip and knee flexion, which allowed R7 to have a more effective toe-off and lift her 

feet more efficiently off the ground. 

In the ‘after-cue’ condition, when R7 walked to the rhythm from memory (in other words, 

when haptic cueing was switched off), the physiotherapists noted that her walking pattern 

stayed the same as in the ‘with-cue’ condition. This is in line with research conducted on other 

conditions (Georgiou, 2018) and provides evidence for rhythm persistence, where a participant 

retains the rhythm in their head and maintains an improved gait for a short time following 

cueing. This phenomenon has been seen in haptic cueing to improve gait in other neurological 

conditions, particularly hemiparesis (Georgiou, 2018).  
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Table 9: Summary of physiotherapists’ observations 

Phase Participant (R7) movement Observations 

Pre-

baseline 

R7 mobilised 10 meters six times 

without wearing the haptic device. 

Reduced hip flexion and no heel strike on 

stance phase. 

Reduced hip and knee flexion during 

midswing. 

Reduced toe-off. 

Difficulty with turnings. 

Baseline R7 mobilised 10 meters six times 

while wearing the device that was 

not switched on. 

Reduced hip flexion and no heel strike on 

stance phase. 

Reduced hip and knee flexion during 

midswing. 

Reduced toe-off. 

Difficulty with turnings. 

With 

cues 

R7 mobilised 10 meters six times 

while wearing the device that was 

switched on. 

Increased hip flexion and has a slight heel 

strike on stance. 

Increased knee flexion during midswing. 

Increased hip flexion, knee flexion, and 

toe-off, which help her clear the ground. 

After 

cues 

R7 mobilised 10 meters four times 

while wearing the device that was 

switched off to observe whether 

she was able to remember the 

rhythm. 

Retains changes from previous trial. 

Cannot fully comment on this, as this 

requires several trials to ascertain her 

ability to remember the sensation from 

the device by observing it through her 

gait pattern. 
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4.14 CASE STUDY C: DISCUSSION 

This case study aimed to investigate the potential of a wearable haptic metronome device 

for gait rehabilitation in an individual living with Huntington’s disease. The results of the study 

provide evidence that the use of rhythmic haptic cueing with the device can have a positive 

impact on gait for individuals with similar conditions.  

The quantitative analysis of gait parameters indicated a decrease in stride time, which 

was maintained in the after-cue condition. The observations made by the physiotherapists also 

offer valuable insights into the changes in the participant’s gait pattern. They noted an increase 

in hip flexion, resulting in a slight heel strike at the beginning of the stance phase, as well as 

an increase in knee flexion during mid-swing, which allowed for a more effective toe-off and 

lift-off. These observations align with the quantitative data and further support the use of the 

device in gait rehabilitation for individuals living with Huntington’s disease. 

Moreover, the study provides evidence for rhythm persistence in the after-cue condition. 

The participant’s ability to maintain an improved gait pattern following cueing, as observed in 

the after-cue condition, highlights the potential for the device to benefit gait rehabilitation. 

These improvements in the walking pattern have been observed in previous studies on haptic 

cueing for gait rehabilitation in neurological conditions, such as stroke and brain injury 

survivors (Georgiou, 2018); however, this is the first known evidence showing similar benefits 

for Huntington’s disease. 

4.14.1 Methodological analysis and implications for future research 

By analysing this case study, several methodological insights can be extracted. The 

repeated measures design method effectively investigated the short-term effects of the 

wearable haptic metronome device on the gait of participant R7. This method has been utilised 

successfully in previous studies investigating the effects of short-term exposure to a rhythmic 

audio stimulation (Thaut & Abiru, 2010) or rhythmic haptic cueing (Georgiou et al., 2020) on 

gait. However, steps should be taken to alleviate participant exhaustion. For example, reducing 

the number of walking trials, eliminating the pre-baseline walk session if feasible, and 

increasing the interval between sessions to allow for more rest time. 

Utilising wearable inertial sensors and custom algorithms for calculating gait parameters 

was useful, as it can be challenging to transport this population to a fully equipped optical gait 
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laboratory. However, for future research, it would be beneficial to include more sensors to be 

able to measure more gait parameters, such as joint angles. 

Supplementing quantitative data with observations made by physiotherapists and a 

subsequent focus group interview provided valuable insights into the participant’s walking 

pattern and the impact of the device on their gait. However, for future research, care should be 

taken to ensure that participants do not feel pressured by being observed. Previous studies have 

emphasised that due to the Hawthorne effect, participants can overexert themselves to walk 

better, and in some cases, it can lead to performance anxiety (Reynolds Jr et al., 1999). Steps 

can be taken to mitigate this, such as utilising passive measurement techniques, such as 

wearable inertial sensors, or observing from a distance. 

Furthermore, due to the short-term exposure to the haptic metronome, it is challenging 

to comprehend the long-term effects of such an intervention (Thaut, Miltner, et al., 1999). 

Therefore, it would be valuable to conduct a follow-up study to evaluate the long-term 

effectiveness of the wearable haptic metronome device in improving gait in individuals with 

Huntington’s disease. 

4.14.2 Limitations 

This study has several limitations that should be considered when interpreting the results. 

Firstly, being a single-participant case study in a specific stage of the disease, it is impossible 

to generalise this study’s findings to a wider population having different stages of the disease. 

The results of this study should be considered preliminary and need further confirmation with 

a larger sample size. 

Secondly, this study was conducted in a controlled residential care setting, and the results 

may not generalise to other settings, such as in free-living conditions. It is important to consider 

the specific context of the study and the potential impact of the environment on the results. 

Further research is needed to investigate the effectiveness of the wearable haptic metronome 

device in a real-world setting and determine how well the device performs in daily life and 

community settings.  
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4.15 CASE STUDY C: CONCLUSION 

In conclusion, while this study provides valuable insights into the potential of wearable 

haptic metronome devices for gait rehabilitation in individuals living with Huntington’s 

disease, the results should be interpreted with caution, given the limitations of the study. 

Further research with a larger sample size and in real-world settings is needed to confirm these 

findings and investigate the wearable haptic metronome device’s effectiveness in a 

comprehensive rehabilitation plan. 

In this single-participant case study, a participant living with Huntington’s disease in a 

residential care facility (R7) was observed walking indoors while receiving a steady haptic cue. 

This haptic rhythm was delivered through carefully controlled vibrotactile cues on alternating 

legs, which were set to match the participant’s natural walking pace (as measured during initial 

baseline trials). A team of experienced physiotherapists visually observed the participant’s gait. 

The team of physiotherapists reported changes in the flexion of R7’s joints and concluded 

that R7 exhibited generally improved walking kinematics, with enhanced joint flexion, in both 

the ‘with-cue’ and ‘after cue’ conditions. This allowed for improved ground clearance, 

potentially reducing R7’s risk of falling. 

The results of this initial study indicate that the use of rhythmic haptic cues may have 

immediate advantages for walking in people with Huntington’s disease, potentially lengthening 

the duration of autonomous movement.  
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4.16 CASE STUDY D: HANNAH, WHO IS LIVING WITH MULTIPLE SCLEROSIS 

In this study, the self-managed use of wearable haptic metronomes to support lower limb 

rehabilitation for people living with neurological conditions such as multiple sclerosis was 

explored.  

Hannah (pseudonym), a fifty-year-old individual diagnosed with multiple sclerosis (MS) 

in her early thirties, was the focus of this study. The condition has impaired gait, and she 

responded to an online call for participants to participate in the study. 

4.17 CASE STUDY D: METHODS 

This study explored the user requirements and design considerations related to the self-

managed use of the wearable haptic metronome (SPB) and the participant’s perceptions of the 

experience. The following section outlines the methods used in this case study. 

4.17.1 Research participant and setting 

Participants for this case study were chosen through convenience sampling. Hannah 

responded to an online call for participants. The inclusion criteria were individuals with a 

neurological condition affecting their gait, yet they could walk independently. Exclusion 

criteria included individuals with a history of falls or inability to walk independently.  

The study received ethical approval from the Open University Human Research Ethics 

Committee (HREC/3000/Islam, Appendix I) and was conducted per the Declaration of 

Helsinki. 

Hannah was diagnosed with multiple sclerosis in her early thirties but had been exhibiting 

symptoms since childhood. As a result of her MS, Hannah experiences impaired limb 

coordination and balance. Her walking pattern is affected to the extent that she requires a 

walking stick and sometimes a scooter or wheelchair for longer distances. She lives with her 

partner and two children and can perform basic tasks like driving, walking, and household 

chores, but these tasks require various forms of assistance. 

4.17.2 Study design 

A pre-study interview and training session were conducted, and a video recording of 

Hannah’s gait was taken. Figure 6 illustrates the research design followed for Hannah’s three-

week study. During the three weeks, Hannah used the SPB and its accompanying companion 
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app to synchronise her steps with the haptic rhythm. She also kept a diary of her walks. A post-

study interview was conducted at the end of the three weeks, and her walking pattern was 

documented via video.  

 

Figure 6: Study design for Hannah’s case study 

4.17.3 Instructions 

The research participant, Hannah, was instructed on the proper use of the commercially 

available wearable haptic metronome device, the SPB. This included turning the device on and 

off and adjusting the haptic rhythm’s pace. Hannah was also provided with a watch-type strap 

to affix the SPB to her wrist. Hannah was instructed to walk for at least ten minutes every day 

for three weeks while wearing the device and to maintain a diary noting the date, start time, 

end time and any additional comments on their walks. 

4.17.4 Data collection 

Before the initiation of the study, baseline data was collected through a pre-study 

interview and training/familiarisation session with the research participant, Hannah. During 

this session, a video recording of her gait was made. Over the three-week study period, Hannah 

used the wearable haptic device, SPB, to coordinate her steps with the haptic rhythm, and 

recorded her walks through the maintenance of a daily diary. This diary captured information 

such as the start and end time of each walk, the duration of the walk, the route taken, and any 

comments made by Hannah regarding the walk. After the study, a post-study interview was 

conducted, and Hannah’s walking pattern was video recorded. 

4.17.5 Data analysis 

The data collected through the pre- and post-study interviews were analysed to gain 

insights into the interaction design aspects of the wearable haptic metronome device and the 

participant’s perceptions of the study. The diary entries kept by the participant during the study 

period served as a reference for the post-study interview. The interviews were transcribed and 

analysed using the inductive thematic analysis approach (Braun & Clarke, 2006) using the 

EnjoyHQ software. Self-reporting methods were employed, given the fluctuating nature of the 

participant’s condition due to her long-term multiple sclerosis diagnosis, which prevented her 
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from attending a gait laboratory for gait assessment (Shultz et al., 2013). Therefore, qualitative 

interview data and self-reporting techniques were relied upon as the primary data sources. 

It should be noted that the video recording of the participant’s walking pattern, taken 

before and after the study period, was not used in the data analysis. 

4.17.6 Justification 

The methods employed in this case study were selected following existing literature on 

gait rehabilitation for individuals with neurological conditions (Hollands et al., 2012). The 

minimum requirement of ten minutes of daily walking with the wearable haptic metronome 

device for three weeks was determined based on prior research indicating that it represents a 

feasible level of activity for individuals with similar conditions, which has the potential to 

enhance their walking pattern without causing harm to their condition (Shull et al., 2014; 

Sweeney et al., 2019). The use of pre- and post-study interviews and self-reported outcomes 

was chosen to provide qualitative data on the use of the wearable haptic metronome device. 

The diary entries were also included to reference the user’s experience with the device. A 

pragmatic approach (Fallman, 2003), was adopted concerning the formal assessment of gait, 

considering Hannah’s health condition limitations and logistical challenges that precluded her 

from visiting a gait laboratory. As a result, the reliance was placed on self-reported outcomes 

and qualitative pre- and post-study interviews. The interview data gathered is deemed adequate 

to answer RQ1, which is to comprehend the intricacies of using wearable haptic metronome 

devices for self-managed use in free-living conditions. 
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4.18 CASE STUDY D: RESULTS 

The results of this case study are outlined in the subsequent sections. 

4.18.1 Pre-study interview 

Before the three-week study, Hannah was invited to participate in a pre-study interview 

to understand her current condition, daily activities, and overall quality of life. Findings from 

the pre-study interview are discussed below. 

Hannah’s daily activities 

Hannah lives with her husband and two children. She has a flexible desk job, allowing 

her to work from home two days a week (pre-pandemic) and visit the office the other days. 

Driving is her primary mode of transport, as she drives daily to and from her children’s school 

and travels around 40 miles for work. She rarely walks outside but uses a walking stick to 

signal people that she is not drunk due to her poor balance and sense of direction, causing her 

to stagger from side to side. Inside the house, she does not need the stick but instead holds onto 

furniture for support. In some cases, she even crawls on all fours, particularly when attempting 

to climb the stairs. 

Diagnosis and treatment 

Hannah was diagnosed with multiple sclerosis (MS) at thirty. She had been displaying 

symptoms since childhood. She takes anti-spasmodic medication to manage her muscle 

spasms, which helps her maintain her gait coordination, otherwise hindering her walking 

ability. Her condition can vary daily; on her best days, she can walk up to 100 metres, but on 

bad days she struggles to move more than 10-20 metres. Her last course of physiotherapy was 

a year before the study, with six weekly sessions. Before that, she had received physiotherapy 

four years prior. However, the exercises she was instructed to do, such as stretching before 

getting out of bed, only triggered more spasms, so she did not benefit from them. 

Impact of MS on Hannah’s life 

Multiple sclerosis has had a profound impact on Hannah’s life. For instance, she finds it 

challenging to move around inside her home and perform everyday tasks such as cooking or 

cleaning, which require her to maintain her balance and posture. Despite her attempts to adapt, 

she still finds it challenging to accomplish more intricate tasks, such as preparing mashed 

potatoes requiring more precise movements. Although her family helps her with other 

household chores, Hannah still prefers to cook alone. 
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Hannah also enjoys going out with her family and friends, going to the theatre, cinema, 

music festivals, and the opera; however, she must use a wheelchair or scooter due to her poor 

balance and coordination, and she is no longer able to ride a bicycle or go out for a walk on her 

own. Additionally, her ability to swim is severely impaired. As a result, Hannah often tries to 

avoid walking, as the consequences of being unable to do so affect her mood and make her feel 

depressed. Although she sometimes feels trapped, she still finds a way to escape.  

4.18.2 Post-study interview 

This section presents the post-study interview results after the three-week study. 

Longer vs shorter walks  

Hannah reported using the wearable haptic metronome to walk with the rhythm at her 

workplace and in her neighbourhood. She noted that her workplace, with its long corridors, 

was better suited for long walks than the more confined space of her home, which enabled her 

to walk shorter distances, such as in her garden or around her street. She primarily used the 

SPB when she was at work and took breaks to engage in walking as exercise. 

Distractions affecting Hannah’s walking 

Hannah mostly used the haptic metronome indoors as she found it difficult to focus on it 

and synchronise her steps to the rhythm while walking outdoors due to the numerous external 

distractions. When she needed to turn it off, she had to stop walking and then do so. 

Additionally, she could not do this while engaged in another activity, such as conversation. 

Rhythm perception 

Hannah initially began wearing the SPB on her weaker left wrist but sporadically 

switched to her right as well. She believes that MS has altered her sense of rhythm and that if 

she tried to dance or walk in sync with the beat, she would often drift out of time. Additionally, 

her coordination has weakened, particularly on her left side. 

Hannah had difficulty keeping up with the haptic rhythm during the first few days of the 

study. She moved the haptic metronome to her stronger right arm to remedy this. This made 

her feel the rhythm more strongly and better sync with the beat. Although placing the 

metronome on her stronger right side was more challenging, Hannah preferred this. She then 

suggested that if the metronome were on a longer belt so that she could wrap it around her 

chest, closer to her heart, she would likely feel the rhythm better. She indicated that the 

metronome initially felt like a “march march” to her, but it became more subconscious after 
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some days. Regarding wearing the metronome near her heart, she said it was a personal 

preference. She also suggested that “perhaps a pendant-like object would suit her.” 

Varying the rhythm 

Hannah would vary the rhythm according to her mood on a given day, alternating 

between a slower and faster pace. She was adept at using the SPB and its companion app to 

adjust the rhythm, ranging from 42 to 66 beats per minute. 

Walking with the rhythm 

Hannah reported that walking with a haptic metronome device improved her regularity 

and allowed her to go further than usual. She also stated that the device was more helpful on 

days when her coordination was better and that her walking felt “smoother and more 

integrated”. She further revealed that she would use the device for a walk even without the 

study and that her walking pace had remained unchanged. 

Variation in the emotional state from day to day 

Hannah’s condition fluctuated daily, which in turn, impacted her mood. She was 

generally in a good mood on good days, while bad days made her grumpy. She also reported 

difficulty walking on hot and humid days, although she was unsure why this was the case. 

Regarding using the device, she reported feeling fantastic, frustrated, or disheartened, 

depending on her condition that day. Moreover, her confidence and comfort with the device 

also varied daily. 

Stage of the condition and rhythmic haptic cueing 

Hannah suggested that someone with a more severe condition of MS than her own might 

not find many benefits from walking with a haptic metronome, given that spasticity can make 

walking difficult. She added that if she had access to the device five years ago, it would have 

been more beneficial as her coordination was better than it is now, and she believes that walking 

to the rhythm could have improved her walking. 

Design issues 

Even though Hannah was not utilising the metronome, she kept it on her wrist, 

particularly at work. Her colleagues considered it to be a “cool smartwatch”. She would keep 

it on her arm for extended periods, occasionally taking it off, especially while working at her 

desk. She was unconcerned with other people noticing it and noted that it attracted more 

attention than anticipated, whether it was activated or not. She found the device somewhat 

bulky, but its design and charging capabilities were satisfactory. People often assumed it was 
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a smartwatch or Fitbit. She tested it with the flashing lights both on and off. In terms of colour, 

she stated that black was acceptable but suggested that other colours could be considered. 

She said she found the device helpful and would have continued using it without being 

asked. Additionally, she mentioned that the SPB had streetwear, masculine, junky, tracksuit-

like, and macho appearance, which she would not necessarily want to wear to more 

sophisticated places, such as the opera. Additionally, she found the device and app easy to use 

and the charging process simple. However, she noted that the haptic strength vibration on her 

weaker left arm was soft but acceptable, though she preferred a sharper, stronger vibration. 

Impact on everyday life 

Overall, Hannah felt that her walking had improved with the use of the device. She 

reported walking better even without it, as she could follow a rhythm in her head. Before the 

study, she rarely walked and was pushed around in a wheelchair by family members. The 

device reminded her to walk more, encouraging her to integrate more walking into her daily 

activities, such as going to the shopping centre or, more rarely, taking a walk in the park with 

the haptic metronome.   

The participant reported that her overall confidence had increased to the point where she 

considered rejoining swimming. Previously, walking from the pool to the changing room had 

presented a barrier, but she now felt more confident in her ability to traverse shorter distances. 

Although she was uncertain about longer distances due to not feeling that her leg strength was 

sufficient, she noted that using the device had helped her balance and coordination, resulting 

in her needing the stick less. She further stated that being able to move without the stick was a 

significant change she had experienced in the past few weeks. 

Hannah’s sense of direction likely remained similar; however, walking with the rhythm 

of the device enabled her to walk in a straighter line, allowing her to consciously compensate 

for the opposing side. She mostly used the device for short intervals, such as two or five 

minutes, and frequently took breaks. At home, she aimed for fifteen to twenty minutes at a time 

and, on some days, walked up to one and a half hours. She noticed that the quality of her 

walking was better when she walked shorter distances with the device and experienced worse 

days when she walked longer. She usually used the device in the morning, as afternoons were 

often busier and more distracting. Hannah believes the device can motivate her to improve her 

quality of life, increase physical activity, and enhance her mood. 
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4.19 CASE STUDY D: DISCUSSION 

This case study of Hannah, a patient with multiple sclerosis (MS), presents a preliminary 

exploration into the extended self-managed usage of wearable haptic metronome devices for 

lower limb rehabilitation. Through Hannah’s experience, this study offers insight into the 

broader context of care and rehabilitation for individuals with neurological conditions. This 

study demonstrates the viability of incorporating these wearable devices into the daily routine 

of individuals with neurological conditions and provides valuable insights into the potential 

benefits and drawbacks of such an approach. 

As reported during the post-study interview, the SBP haptic metronome enhanced her 

comfort and stability while walking. The device enabled her to maintain a consistent rhythm, 

thus contributing to her improved gait performance and a reduction in the risk of falls. The 

extended self-managed use of the wearable device, qualitative data collection methods, and 

self-reported outcomes offered valuable information regarding the device’s impact on 

Hannah’s daily life. 

The results are further discussed in the later parts of this chapter, along with the findings 

from the other case studies. 
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4.19.1 Limitations 

This case study explored using self-managed wearable haptic metronome devices for 

lower limb rehabilitation. However, it is essential to note the limitations of this single 

participant case study when interpreting its results. 

Firstly, the study’s sample size was limited to just one individual. Thus, the findings need 

to be more generalisable to the larger population of individuals living with multiple sclerosis. 

This highlights the need for larger-scale studies to confirm these findings. 

Another limitation of the study was the self-reporting method used to collect data. This 

approach is subject to bias, which could impact the validity of the results. Future studies should 

aim to overcome this limitation by incorporating objective measures, such as wearable sensors, 

to provide additional insights into using wearable haptic metronome devices for rehabilitation. 

In addition, the study period for Hannah was limited to just three weeks, which may not 

be sufficient to capture the device’s full benefits or limitations for individuals with multiple 

sclerosis. Further research with extended study periods is necessary to provide a more 

comprehensive understanding of the device’s impact on rehabilitation.  
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4.19.2 Conclusion 

In summary, this case study illustrates the potential benefits of wearable haptic 

metronomes for those living with MS. It has been demonstrated that using the metronome can 

improve limb coordination and balance and regularise the walking pattern. Furthermore, it can 

increase the user’s confidence in walking, leading to greater mobility and the ability to pursue 

swimming. However, it was also shown that the metronome did not positively affect limb 

coordination during high fatigue days. 

The following section presents a case study of a Huntington’s disease patient residing in 

the community. 
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4.20 CASE STUDY E: ROSIE, WHO IS LIVING WITH HUNTINGTON’S DISEASE 

In this section, Rosie (a pseudonym), a person with Huntington’s disease, participated in 

the study. Rosie had been diagnosed with Huntington’s disease in her twenties, approximately 

ten years before the study. As a result of her condition, she had an impaired gait pattern. She 

was recruited to the study via Huntington’s disease support group in Cambridgeshire. 

4.21 CASE STUDY E: METHODS 

In line with the previous case study discussed in case study D involving Hannah, this 

study aims to investigate the user needs associated with the self-managed use of the wearable 

haptic metronome and assess the participant’s perceptions of the experience. The methods 

employed in this case study are similar to the previous case study outlined in the following 

below. 

4.21.1 Research participant and setting 

Rosie was recruited for this study through the Huntington’s disease support group in 

Cambridgeshire, with the assistance of our partner, PJ Care Neurological Care Centre. The 

previous case study applied the same selection criteria. Only individuals with a neurological 

condition that affects their gait but can still walk independently were included.  

This study was approved by the Open University Human Research Ethics Committee 

(HREC/3000/Islam, Appendix I) and was conducted by the principles outlined in the 

Declaration of Helsinki.  

Rosie was diagnosed with Huntington’s disease in her early twenties, which has caused 

a decline in her balance, limb coordination, and gait. This makes it difficult to determine if her 

condition affects one side of her body more than the other. 

Rosie resides in a flat near her parents’ home and can perform basic household tasks and 

walk, although her driving license was withdrawn a year ago due to her declining health. She 

does not use public transportation and instead relies on taxis or assistance from others. She 

rarely leaves her home alone, and for this study, she was accompanied by her mother, who was 

present throughout the study and helped interpret her impaired speech.  
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4.21.2 Study design 

The study design employed in this case study was identical to that used in the previous 

case study with Hannah, as outlined in case study D. The only difference was using a Peterson 

Bodybeat Pulse Solo (Figure 7) wearable haptic metronome instead of the SBP due to Rosie’s 

condition making her unable to use the latter. A wristband was provided to clip the Peterson 

device onto. 

 

Figure 7: A clip-on haptic metronome device, Peterson Bodybeat Pulse Solo 

In accordance with the previous study, a pre-study interview and training session were 

conducted. A video recording of Rosie’s gait was also taken. During the study period, Rosie 

used the Peterson metronome to synchronise her steps with the haptic rhythm and maintained 
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a diary of her walks. A post-study interview was conducted at the end of the three weeks, and 

a video recording was taken to document her walking pattern. 

4.21.3 Instructions 

Rosie was trained using the commercially available wearable haptic metronome device, 

the Peterson Bodybeat Pulse Solo. The training covered the procedures for activating and 

deactivating the device and modifying the tempo of the haptic rhythm. In addition, Rosie was 

provided with a wristband to attach the Peterson to her wrist securely. While wearing the 

device, she was instructed to walk at least ten minutes daily for three weeks. Rosie was also 

requested to keep a log of her walks, including the date, the start and end times, and any 

additional relevant comments. 

4.21.4 Data collection 

The data collection methods in this case study were consistent with those employed in 

the case study D with Hannah. Before the start of the study, baseline data was gathered through 

a pre-study interview and training session with the participant, Rosie. During this session, a 

video recording of her gait was taken. Throughout the three-week study period, Rosie used the 

wearable haptic device to synchronise her steps with the haptic rhythm and recorded her walks 

by keeping a daily diary. This diary recorded details such as the start and end time of each 

walk, the duration, the route taken, and any comments made by Rosie regarding the walk. Upon 

completion of the study, a post-study interview was conducted, and a video recording of 

Rosie’s gait was made. 

4.21.5 Data analysis 

The methods of data analysis applied in this study align with those used in the previously 

discussed case study involving Hannah. The pre- and post-study interviews were analysed to 

understand the participant’s perceptions and the user requirements of the wearable haptic 

metronome device. The diary entries kept by Rosie during the three-week study period served 

as supplementary material for the post-study interview. The interviews were transcribed and 

analysed using the inductive thematic analysis approach proposed by Braun & Clarke (2006), 

with the assistance of EnjoyHQ software. 

The participant’s fluctuating conditions prevented them from participating in a gait 

laboratory assessment. Qualitative interview data and self-reporting techniques were relied 

upon as the primary data sources. It is important to note that the video recordings of the 

participant’s gait, taken before and after the study period, were not used in the data analysis. 
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4.21.6 Justification 

Since the methods used in this case study are identical to the previous case study, the 

same rationales apply to this study. The wearable haptic metronome device, the Peterson Body 

Beat Solo, was chosen because the participant could not use the SBP. The Peterson device was 

considered adequate as it provided haptic strength comparable to the SBP and was suitable for 

the participant’s use.  
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4.22 CASE STUDY E: RESULTS 

Findings from this case study are presented in the following sections. 

4.22.1 Pre-study interview 

Rosie lives independently in an apartment near her mother’s house. She usually stays at 

home but occasionally visits her mother’s place and practices yoga once a week. Additionally, 

she typically has a friend come over the weekend to take her to the supermarket, swimming, or 

out for meals; this is when she does her walking. For leisure, Rosie enjoys watching sports, 

television, and films. 

Rosie’s gait remained relatively stable throughout the study, suggesting that her 

impairment would not worsen. However, if she experienced fatigue, her gait could deteriorate. 

Rosie was diagnosed with Huntington’s disease in her twenties when her symptoms 

began manifesting. The previous year, she underwent physiotherapy, a six-week program 

focused on strengthening her core and refining her gait. 

Rosie previously engaged in tap and jazz dancing, attending live musical performances, 

primarily of pop music. She has an aptitude for rhythm and can play the piano; however, she 

can now not partake in these activities due to her condition. Last year, her license was revoked 

as the authorities deemed her unfit to drive. Consequently, Rosie is saddened by her inability 

to go out as frequently as she did when she was younger. 

She reported her current level of ambulatory ability to be 3 out of 10, stating that she can 

walk for half an hour at a time, but experiences significant fatigue afterwards. She uses a 

walking stick to assist with balance, yet feels insecure walking alone. She is distressed and 

angry that she can no longer walk as she once could. She relies on taxis or is driven by someone 

else, as she does not use public transport. 

4.22.2 Pre-study interview 

Rosie used the Peterson device for approximately three weeks and maintained a log of 

her experiences in a diary. She frequently used the device, yet she was always accompanied by 

either her mother or a friend. 

Rosie used the device solely for outdoor walking. She would wear it before departing her 

house, activating it just before beginning her stroll, then deactivating it once inside a vehicle 

or upon return home. At times, she maintained the metronome active in supermarkets. She did 
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not perceive the haptic metronome as troublesome when performing activities other than 

walking with the rhythm. She held the haptic rhythm throughout the study at 88 beats per 

minute. Rosie mostly wore the Peterson on her left wrist or arm. 

Rosie’s perception 

The Peterson’s battery discharged entirely on one particular outing with her mother, and 

the metronome ceased functioning. Consequently, her gait distorted, and she had to grasp her 

mother’s arm for stability. 

Rosie generally felt confident using the device and reported never losing her balance. 

While she appreciated the device, she could not explain how it had enhanced her gait, such as 

if it had aided her in concentrating her attention on her walking or achieved this through another 

mechanism. 

She was devoted to walking when the device was activated and refrained from engaging 

in other activities. She deliberately used the device when she had to traverse lengthy routes. 

She perceived that her balance was enhanced, and her self-belief was strengthened when 

she walked in time with the device. She evaluated her walking as 7/10, compared to 3/10, 

before using the device. 

She stated that the device enabled her to walk more than usual and traverse longer 

distances and that the metronome assisted her in maintaining a consistent walking pace. 

Approximately one year prior, Rosie was in a better state of balance and could walk 

independently. She believed her mobility would have been maintained longer if she had access 

to the device. Consequently, she expressed her wish to continue using the device after the study 

ended and was granted permission to keep it. 

Rosie’s mother stated that Rosie had stiffness in her legs, and if she could have increased 

control over them, she could walk more normally. Rosie believed using a haptic metronome 

could benefit those with Huntington’s disease. Using the device, she could walk for more than 

a half hour, sometimes even an hour. 

Rosie was delighted to use the device and walk with the beat. She was highly eager to go 

out more frequently than she usually did. This improved her disposition and made her feel 

content. 
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People took notice of the device, though she was unconcerned about whether they did. 

As she walked near her residence, her neighbour asked if she was doing well. She was 

undisturbed and did not try to conceal the device from others. 

Rosie had planned to take a trip to the beach over the weekend, and she intended to bring 

the device with her. 

Rosie found the strength of the vibrations suitable and preferred wearing the device on 

her arm or wrist. She reported feeling more confident walking without her walking stick for 

the past few weeks due to the rhythm she could achieve with the device and expressed a belief 

that she would be able to go out more often. 

Design issues 

Rosie was pleased with the device’s appearance yet felt it would be better with fewer 

wires. Her mother pointed out that, as Rosie usually wears leggings, they are too flimsy to clip 

the device onto her legs. She further noted that if Rosie attempted to manage the device alone, 

it would be difficult for her to strap it on, turn it on, and carry it around while walking. 

Considering that Rosie wears Velcro shoes, she felt comfortable using a Velcro wristband to 

attach the Peterson. Her mother suggested that, as Rosie could not put on an ordinary 

wristwatch independently with one arm, she could do so with two arms if it were around her 

legs. Therefore, Rosie proposed elasticated bracelets that she could pull onto her wrists as an 

alternative way to design the strap for the haptic metronome device. 

Her mother’s observations 

Rosie’s mother provided feedback on the diary procedure, proposing that, instead of 

requiring participants to identify the route taken, specifying the nature of the walking surface 

- such as grass, pavement, bumpy or flat, or straight versus winding - would be more useful in 

cases where they were unfamiliar with the area. Furthermore, she observed that when Rosie 

encountered a bump or turn, she would go out of sync with the rhythm but could regain it once 

she had crossed the obstacle. Despite this, Rosie followed the rhythm quickly, and her mother 

or friend often helped her with the device. While her friend was comfortable using it, her 

mother found the buttons small. She suggested that a more straightforward interface with larger 

buttons would have been preferable. 
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4.23 CASE STUDY E: DISCUSSION 

The findings of this case study demonstrate the beneficial effects of wearable haptic 

metronome technology on the mobility and confidence of the participant, Rosie. After using 

the Peterson device for approximately three weeks, Rosie experienced improvements in her 

gait and balance. She reported feeling confident during her walks and experienced fewer 

instances of losing her balance. Although Rosie could not explain how the device enhanced 

her gait, she believed the haptic metronome maintained a consistent walking pace and 

improved balance. Furthermore, Rosie reported increased confidence in walking and a 

willingness to undertake longer walks. 

The positive impact of using the device on Rosie’s confidence also led to increased 

contentment and an increased desire to be socially active. However, this case study also 

revealed design limitations of the wearable device, including the need to consider usability 

from the perspective of carers, which are secondary users of the device. These findings provide 

a comprehensive outlook on the design issues, encompassing not just the primary user (i.e., the 

Huntington’s disease patient) but also carers and the broader social circle (i.e., Rosie’s mother 

and friend). 

In conclusion, this case study offers valuable insights into the self-managed use of 

wearable haptic metronome devices by individuals in the community. The results emphasise 

the significance of considering the broader social context and the user’s perceptions in 

designing and implementing wearable devices. The findings suggest that using the device may 

positively impact gait, balance, mobility, confidence, and overall well-being. The limitations 

of this case study are discussed in the following section. 
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4.23.1 Limitations 

The limitations of this single participant case study should be considered when 

interpreting the results. It is difficult to generalise the findings to a broader population of 

Huntington’s disease patients due to the unique nature of each individual’s disease progression. 

Moreover, it is essential to note that the three-week duration of this study may need to 

fully capture the long-term effects of using the Peterson device, as the novelty of the device 

may have contributed to the positive outcomes reported by the participant. 

Additionally, using self-reported outcomes and a caregiver’s involvement during the 

interview process may introduce a degree of subjectivity in the results. This subjectivity should 

be taken into consideration when interpreting the results of the case study. 
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4.23.2 Conclusion 

In conclusion, this case study provides significant insights into the self-managed use of 

wearable haptic metronome devices by individuals within the community. The results 

emphasise the importance of considering the broader social context and the users’ perceptions 

when designing and implementing wearable technology. The findings indicate that using the 

device positively impacts gait, balance, mobility, confidence, and overall well-being. 

Specifically, it was found that walking to the rhythm of the metronome improved balance, 

allowing for long walking distances without the need for a walking aid. Furthermore, the study 

highlights the significance of the positive mood change experienced by the participant, which 

encouraged increased social engagement. 

The following section presents a case study of a stroke survivor residing in the 

community. 
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4.24 CASE STUDY F: TRACY, A STROKE SURVIVOR 

In this section, Tracy (a pseudonym), a stroke survivor, participated in the study. She had 

a stroke a few years ago and rapidly recovered, although residual impairments in her gait 

persisted. Consequently, she desired to participate in this study. Tracy is independent in her 

mobility and resides with her partner. She responded to an online call for participants. 

4.25 CASE STUDY F: METHODS 

Consistent with the previous case studies, the present case study featuring Tracy explores 

user requirements and design considerations of the self-managed use of the wearable haptic 

metronome (SPB). Unlike the prior case studies, the methods employed in this study differ in 

that Tracy could be transferred to a fully equipped clinical gait laboratory. The methods used 

in this investigation are outlined below (Figure 8). 

4.25.1 Research participant and setting 

Tracy was recruited for this study through an online advertisement, for which ethical 

approval was granted by The Open University Human Research Ethics Committee 

(HREC/3000/Islam; Appendix I). The inclusion criteria were individuals with a neurological 

condition affecting their gait, yet they could walk independently. Exclusion criteria included 

individuals with a history of falls or inability to walk independently. 

At age 40, Tracy experienced a stroke, the cause of which is unknown. Despite a speedy 

recovery, she continues to experience post-stroke issues on her left side, including reduced 

sensation, reduced ability, and asymmetry when walking. Tracy lives with her partner and can 

independently perform all basic tasks, including walking, which she mostly does on the way to 

her tennis club. 

4.25.2 Study design 

Figure 8 illustrates the study design of the two-week study for Tracy. 

 

Figure 8: Study design for Tracy’s case study 
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Before the two-week study period, Tracy participated in a pre-study interview, a training 

and familiarisation session, and a pre-study gait assessment at the Oxford Gait Lab. During the 

two-week study period, Tracy received an SBP for haptic metronome use, a smartphone, and 

a Fitbit for activity tracking. Furthermore, she was instructed to keep a diary and record her 

overall experience. After two weeks, Tracy returned to the Oxford Gait Lab for her post-study. 

Her visits to the gait lab were video recorded and monitored by physiotherapists. After the two-

week study, a post-study interview was conducted to ascertain how she used the devices and 

to determine if she experienced any changes in her walking pattern. The physiotherapists were 

consulted for their opinions regarding any alteration in her walking way after the two weeks. 

4.25.3 Instructions 

Tracy was trained using the commercially available wearable haptic metronome device, 

the Soundbrenner Pulse (SBP). The training covered the procedures for activating and 

deactivating the device and modifying the tempo of the haptic rhythm. In addition, Tracy was 

provided with a smartphone and Fitbit to track her activity during the two weeks. While 

wearing the device, she was instructed to walk at least ten minutes daily for two weeks. Tracy 

was also requested to keep a log of her walks, including the date, the start and end times, and 

any additional relevant comments. 

4.25.4 Data collection 

The data collection methods employed in this case study were similar to that used in 

previous case studies discussed in case study D and E. However, there were several additional 

steps. Before the start of the study, baseline data was collected by conducting a pre-study 

interview and pre-study gait assessment at the Oxford Gait Lab using the Vicon system. 

Likewise, after the study, a post-study interview and post-study gait assessment were 

performed at the same Oxford Gait Lab. The interviews were recorded and transcribed using 

EnjoyHQ software, while the gait laboratory sessions were filmed and motion captured for 

eight walking trials.  

Tracy was asked to wear form-fitting clothing and remove any jewellery or accessories 

to avoid interfering with motion capture. She was fitted with reflective markers placed on 

specific anatomical landmarks, according to the Vicon Plug-In Gait marker set. Before data 

collection, a brief warm-up and familiarisation period were given. She was instructed to walk 

back and forth along a designated walkway, calibrating the Vicon system. Following the warm-

up, she completed a series of eight walking trials at a self-selected pace. Data were collected 
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using Vicon’s Nexus system, with cameras around the room to record the reflective markers 

on the participants. Kinematic measures, such as joint angles, velocities, joint accelerations, 

joint range of motion, step length, stride length, cadence, and foot strike pattern, were recorded.  

After data collection, the reflective markers were removed, and the physiotherapists took 

notes on Tracy’s gait patterns. Quantitative gait analysis reports and video recordings were 

provided to the physiotherapists following each gait laboratory session to aid in their 

evaluation.  

During the two-week study period, she used a wearable haptic device to synchronise her 

steps with the haptic rhythm and recorded her walks in a daily diary. The diary included 

information such as the start and end time of each walk, duration, the route taken, and any 

comments made by the participant regarding the walk. Additionally, she was asked to carry a 

smartphone and Fitbit during their walking sessions, with the Fitbit recording her step count, 

walking duration, and cadence. 

4.25.5 Data analysis 

Custom Python scripts were used to analyse the Fitbit data, which included step count, 

walking duration, and cadence. 

The Vicon Nexus software was used for each walking trial to compute kinematic 

measures, including joint angles, walking speed, cadence, temporal asymmetry, and stride 

length. Custom Python scripts were used to calculate descriptive statistics and the percentage 

change between pre-study and post-study data. 

Furthermore, thematic analysis was performed on the data obtained from the pre-study 

and post-study interviews using the EnjoyHQ software. The themes identified were then used 

to conclude the impact of the wearable haptic device on Tracy’s gait and her overall experience 

with the device. 

4.25.6 Justification 

The methodology used in this case study was chosen based on prior literature on gait 

rehabilitation for individuals with neurological conditions (Hollands et al., 2012). At least ten 

minutes of daily walking with the wearable haptic metronome device for two weeks was 

established as a feasible activity level for similar conditions, potentially improving walking 

patterns without adverse effects (Shull et al., 2014; Sweeney et al., 2019). The choice of two 
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weeks was justified by previous studies demonstrating that it can lead to meaningful changes 

in gait patterns and was more practical to accommodate participant and gait lab availability. 

The quantitative gait assessment complemented the qualitative data from pre- and post-

study interviews. Physiotherapists provided expert reviews of the gait patterns by observing 

the gait lab sessions. Additionally, Fitbit was provided to supplement the information from the 

diary entries. These methods were considered appropriate for addressing RQ1, which aimed to 

investigate wearable haptic metronome devices for self-managed use in free-living conditions. 
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4.26 CASE STUDY F: RESULTS – PRE-STUDY INTERVIEW 

Findings from the pre-study interview session are outlined in the following sections. 

4.26.1 How stroke affected Tracy 

Tracy suffered a stroke three years before the study, significantly impacting her reaction, 

mobility, physical ability, and speech. Though her speech was clear with no impediment, her 

voice was quiet. The left side of her body was weakened, particularly her left arm and leg, but 

she could still perform daily tasks independently. Tracy is not an avid walker, but she wants to 

improve her walking to go on long walks with her partner. She experiences discomfort in her 

left ankle after walking for some time and must use an automatic car for driving due to dystonia 

in her leg. Her balance, posture, and rhythm perception were average upon visual inspection. 

Despite being promised physiotherapy upon her initial discharge from the hospital, it was not 

provided until she explicitly requested it. At this point, she was given six sessions; however, 

she found them to be of little help. 

4.26.2 Exploring the devices 

Following the initial interview, Tracy was presented with the devices. She expressed that 

she would not be comfortable with a wearable that circled her ankle and appeared bulky, as if 

she had recently been released from prison and was being monitored. Despite using a 

smartphone, she identified herself as a technophobe, only using the device for calling and 

texting. Nonetheless, she swiftly learnt how to use Fitbit and SPB and how to charge them after 

being instructed. 

4.26.3 Test session 

Following the training and familiarisation session, Tracy was outfitted with the SPB and 

subjected to a test session. She walked indoors at a cadence of roughly 120-114 steps per 

minute and outdoors at an approximate rate of 98-102 steps per minute. As Tracy was to walk 

outdoors with a rhythm over the two weeks, the rhythm was set to 100 beats per minute. During 

this test session, Tracy could synchronise her steps with the rhythm. 
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4.27 CASE STUDY F: RESULTS – QUANTITATIVE GAIT ANALYSIS 

This study collected quantitative data for pre and post-study gait assessment in the 

Oxford Gait Lab and during two weeks using Fitbit. The following table summarises the mean 

spatio-temporal gait parameters calculated from the VICON camera-based optical motion 

capture system (Nexus | Software For Motion Capture In Life Sciences, n.d.). 

Table 10: Comparison of mean spatio-temporal gait parameters pre and post-study 

Measurements Pre Post % Change 

Walking Speed (m/s) 1.15 1.20 4.35 

Cadence (steps/mins) 116 117 0.86 

Stride Length (m) 1.19 1.24 4.20 

Temporal Asymmetry 1.15 1.10 -4.35 

 

The mean joint angles for the hip, knee, and ankle joints across all gait cycles are 

summarised in Figure 9. 

 

Figure 9: The mean joint angles of the hip, knee, and ankle joints across all gait cycles in the sagittal, frontal, 

and transverse planes were calculated for both the left and right sides of the body before and after the study. 

The gait assessment data (Table 10 and Figure 9) revealed that the two-week study did not 

considerably affect Tracy’s walking pattern. Cadence stayed nearly the same, with a minor 

increase in walking speed and stride length. Additionally, the overall temporal asymmetry 

improved by 4 per cent. 
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4.28 CASE STUDY F: RESULTS – ACTIVITY TRACKING 

For two weeks, Tracy was asked to document her walks’ start and end times in a diary 

while wearing a Fitbit to record the step count. 

 

Figure 10: Duration in Minutes of walking using rhythmic haptic cueing over the two weeks 

Figure 10 illustrates that Tracy walked for more than 10 minutes daily, fulfilling the 

conditions of the study. On certain days, she walked multiple times, including her trips to and 

from the tennis club and its parking lot. These findings confirm the diary entries. 
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Figure 11: Total step count while walking with haptic rhythm for each day 

Figure 11 illustrates the number of steps Tracy took while walking with the haptic 

rhythm, demonstrating a proportional relationship to the duration of walks shown in Figure 10. 

 

Figure 12: Mean cadence of walking in steps per minute for each day 

Figure 12 illustrates the average cadence in steps per minute for each day. The average 

value for cadence is 89 steps per minute, notably lower than the values observed in the gait 
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laboratory. Tracy suggested that her frequent uphill walking may have contributed to the 

reduction in cadence. 
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4.29 CASE STUDY F: RESULTS – POST-STUDY INTERVIEW 

This section discusses the findings from the post-study interview session. 

4.29.1 Design issues 

Tracy reported that the strap for SPB was simple to put on and take off; however, she 

experienced difficulties controlling the device. For instance, she had difficulty with the double 

tapping action to activate or deactivate the haptic beat, and the colourful lights that illuminated 

when the haptic metronome was on were not her liking. Hence, she opted to turn them off. 

4.29.2 Walking with the rhythm 

Tracy experienced difficulties with the rhythm’s speed, despite initially starting with 100 

beats per minute. On certain occasions, she felt the rhythm was too slow. It was unclear if the 

rhythm was intentionally reduced when she interacted with the device or if the preset rhythm 

(100 beats per minute) was too slow for her. She raised her rhythm concerns to the research 

team, who then agreed to increase the rhythm to 110 beats per minute. After trying this for a 

while, Tracy claimed it was too fast, so she changed it to 105 beats per minute. Given that she 

was walking uphill and downhill when travelling to and from her tennis club, it was expected 

that her walking pace would differ depending on the gradient of the incline. As a result, the 

external rhythm did not always match her walking pace, feeling too fast or too slow at times. 

Tracy commented that matching her steps with the haptic rhythm was challenging. This 

suggests that it might be beneficial if the system could adjust to the individual’s walking speed 

rather than the user attempting to synchronise their steps with the rhythm. Additionally, Tracy 

mentioned that the SPB did not always function as anticipated; for instance, she reported being 

unable to turn off the rhythm even though she was not walking. Furthermore, Tracy noted that, 

due to the study, she was walking more often than usual, which was beginning to cause 

discomfort in her feet. Therefore, she intended to return to her usual, less regular walking 

routine following the study, and she was uncertain if the study had improved her gait. 

4.29.3 Physiotherapist’s comments 

After consulting the physiotherapist who was present during the study about Tracy’s 

walking pattern, it was found that there had been no significant change in Tracy’s gait pattern 

due to the two-week study. These comments confirm the quantitative gait analysis results. 
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4.30 CASE STUDY F: DISCUSSION 

This case study involved a stroke survivor named Tracy, who participated in the study 

due to residual impairments in her gait. The study revealed that Tracy did not significantly 

improve her gait pattern. Prior research has suggested that wearable haptic devices can improve 

stroke survivors’ gait speed, stride length, and step length symmetry. However, the current 

study provides insights into the effect of wearable haptic devices on gait symmetry and step 

length variability in a stroke survivor who used the device over two weeks. Additionally, this 

study offers valuable information on user requirements and design considerations for the self-

managed use of wearable haptic devices in stroke survivors. This investigation contributes to 

a greater understanding of the broader care context of self-managed wearable haptic devices 

for gait rehabilitation in individuals with neurological conditions. Further research is necessary 

to understand the long-term impacts of these devices, as well as to investigate the feasibility 

and acceptability of using wearable haptic devices for gait rehabilitation in real-world settings. 
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4.30.1 Limitations 

Although the case study offered valuable insight into the use of wearable devices for self-

managed gait rehabilitation among stroke survivors, its primary limitation was the small 

sample size of only one participant. The generalisability of the results to the broader population 

of stroke survivors may be limited. 
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4.30.2 Conclusion 

According to Tracy’s perception and data from her gait and comments from her 

physiotherapist, the two-week study did not significantly affect her walking pattern. Although 

the spatio-temporal gait parameters displayed slight alterations in the post-study results, these 

were minimal. In terms of design, this case study highlighted specific issues which could be 

used to inform future design decisions for the wearable haptic metronome, such as the 

challenge of automatically recognising the walking pace for the system to adapt its rhythm 

accordingly. 
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4.31 CASE STUDY G: BOB, BRAIN TRAUMA SURVIVOR 

In this section, a case study was conducted with a survivor of brain trauma who 

experiences impaired gait. The participant was recruited through the Stroke club located in 

Milton Keynes. 

4.32 CASE STUDY G: METHODS 

This case study, similar to the case study F, employed a mixed-methods approach 

utilising both qualitative and quantitative methods. Following the technology probe approach 

adopted in prior research (Hutchinson et al., 2003), a commercially available wearable haptic 

metronome, the Soundbrenner Pulse (SPB), was provided to Bob for daily use for a minimum 

of 10 minutes a day over two weeks, with the instruction to walk outdoors while synchronising 

his steps with the haptic metronome. This study’s principal distinction from the other case 

studies in this chapter was its two-phase design, which included a year-long interval between 

phases. A comprehensive description of the methods is provided below. 

4.32.1 Research participant and setting 

Following ethical approval from The Open University Human Research Ethics 

Committee (Project Reference HREC/3000/Islam), Bob, a former military member in his early 

40s, was recruited for this case study. Ten years before the study, Bob had been involved in a 

serious car accident that caused severe brain damage, resulting in cognitive and physical 

impairments, including impaired speech, loss of memory, and reduced ability in his limbs. 

Despite being able to walk independently, Bob experienced asymmetry, reduced pace, 

increased energy cost, and impaired balance when walking. Despite facing challenges with 

household chores, Bob managed himself in his own home independently. 

4.32.2 Study design 

Bob participated in two two-week-long studies with an interval of one year between 

them. The design of the first of these two-week-long studies, Phase I, is illustrated in Figure 

13. 
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Figure 13: Study design for Bob’s case study, Phase I 

As part of the initial two-week study, Bob first participated in a pre-study interview 

session and then underwent a training and familiarisation session. A pre-study gait assessment, 

which included a video recording of his walking pattern, was conducted at The Open 

University using two ankle-worn wearable inertial sensors (as described in case study C). 

Bob was then supplied with a wrist-mounted SPB (Smart, Wearable & Vibrating 

Metronome | Soundbrenner Pulse, n.d.) and the Moves application (Moves - Activity Diary for 

IPhone and Android, n.d.) on a smartphone to record his steps, in addition to a diary to log the 

date and time of his walks, as well as any additional comments. Bob was instructed to walk for 

two weeks while being cued by the SPB for 10 minutes daily. 

At the end of the two weeks, a post-study interview session was conducted, followed by 

a post-study gait assessment and video recording of Bob’s walking pattern. The pre- and post-

study gait assessment data and video recording were then presented to physiotherapists for their 

comments on any changes in Bob’s walking pattern before and after the study. 

After one year, Bob was again invited to a study, with slight modifications to the study 

design, as demonstrated in Figure 14. 

 

Figure 14: Study design for Bob’s case study, Phase II 

For the second two-week study, a pre-study gait assessment was conducted in the Oxford 

Gait Laboratory using their three-dimensional optical motion capture facility. Bob was 

provided with an SPB, a Fitbit, a smartphone running companion applications for the SPB and 

the Fitbit, and a diary. He was instructed to walk with the haptic metronome for 10 minutes 

daily over the two weeks. Upon completion, he returned to the Oxford Gait Lab for a post-

study gait assessment and a post-study interview, during which physiotherapists observed 

Bob’s walking pattern and commented on any changes. 
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4.32.3 Instructions 

Bob received instruction on how to use the commercially available wearable haptic 

metronome device, the Soundbrenner Pulse (SBP), including how to activate and deactivate 

the device and adjust the tempo of the haptic rhythm. During the two weeks, he received a 

smartphone, the Moves application, and a Fitbit to monitor his physical activity. Bob was 

instructed to wear the device while walking for at least ten minutes daily over two weeks. He 

was also asked to record his walks, including the date, start and end times, and any relevant 

comments. 

4.32.4 Data collection 

The methodology employed in this case study was similar to that used in case study F, 

utilising qualitative and quantitative data collection methods. However, this case study was 

conducted in two phases, with a one-year interval between them. During the first phase, 

baseline data was collected through pre-study interviews and pre-study gait assessments. 

Similarly, post-study interviews and post-study gait assessments were conducted at the end of 

the study. The interviews were recorded and transcribed using EnjoyHQ software, while the 

gait assessment sessions were filmed and motion-captured for eight walking trials. For the first 

phase, wearable inertial sensors from the Haptic Bracelets system (Georgiou, 2018) were used 

for the quantitative gait assessment. Physiotherapists analysed the walking videos. 

In phase II, Bob’s pre- and post-gait assessment was conducted at the Oxford Gait Lab, 

similar to the case study of Tracy. Bob was instructed to wear form-fitting clothing to prevent 

interference with motion capture. Reflective markers were placed on specific anatomical 

landmarks according to the Vicon Plug-In Gait marker set. Before data collection, a brief 

warm-up and familiarisation period were conducted. Bob was asked to walk back and forth 

along a designated walkway to calibrate the Vicon system. Subsequently, he completed a series 

of eight walking trials at a self-selected pace, during which kinematic measures such as joint 

angles, velocities, joint accelerations, joint range of motion, step length, stride length, cadence, 

and foot strike pattern were recorded using Vicon’s Nexus system. The cameras around the 

room were used to record the reflective markers on the participant. 

Following data collection, the reflective markers were removed, and the physiotherapists 

in attendance made observations of Bob’s gait patterns. Quantitative gait analysis reports and 

video recordings were provided to the physiotherapists after each gait laboratory session to 

assist in their evaluation. 
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During the two-week study period, Bob used a wearable haptic device to synchronise his 

steps with the haptic rhythm and recorded his walks in a daily diary. The diary entries included 

details such as the start and end times of each walk, duration, route taken, and any comments 

made by the participant concerning the walk. In addition, Bob was instructed to carry a 

smartphone, Moves application, and Fitbit during the walking sessions. The Moves application 

(Phase I) and Fitbit (Phase II) recorded the step count, walking duration, and cadence. 

4.32.5 Data analysis 

In Phase I, gait data from wearable inertial sensors was analysed using custom MATLAB 

scripts, while data from the Moves application (Phase I) and Fitbit (Phase II) were analysed 

using custom Python scripts. In Phase II, the Vicon Nexus software was used to compute 

kinematic measures, and custom Python scripts were used to calculate descriptive statistics and 

percentage changes. Thematic analysis was performed on pre- and post-study interview data 

using EnjoyHQ software. The identified themes were used to conclude the impact of the 

wearable haptic device on Bob’s gait and overall experience. 

4.32.6 Justification 

The methodological approach for this case study was based on previous research in gait 

rehabilitation for individuals with neurological conditions (Hollands et al., 2012). Prior studies 

have shown that a minimum of ten minutes of daily walking with the wearable haptic 

metronome device over two weeks is feasible and may improve walking patterns without 

adverse effects (Shull et al., 2014; Sweeney et al., 2019). The choice of two weeks was based 

on previous studies demonstrating that it can lead to meaningful changes in gait patterns. It was 

more practical for accommodating participants and gait lab availability. The one-year interval 

between the two phases was opportunistic. 

To address the research question (RQ1) investigating the use of wearable haptic 

metronome devices for self-managed use in free-living conditions, a quantitative gait 

assessment was conducted in complement to the qualitative data obtained from pre- and post-

study interviews. Expert physiotherapists provided assessments of the gait patterns by 

observing the gait lab sessions, and activity tracking from the Moves application and Fitbit 

were provided to supplement information from the diary entries. These methods were deemed 

appropriate for addressing RQ1.  
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4.33 CASE STUDY G: RESULTS PHASE I - PRE-STUDY INTERVIEW AND 

FAMILIARISATION SESSION 

In this section, the results of the case study with Bob are presented. To differentiate 

between the two phases, which were conducted with an interval of one year, they are labelled 

as Phase I and II. 

Before Phase I, a pre-study interview was conducted to understand Bob’s daily activities. 

Afterwards, he was instructed to use the wrist-worn haptic metronome and walk with a haptic 

cue. 

4.33.1 Choosing an appropriate haptic metronome  

The SPB was tested with Bob. Musicians use this device as a haptic metronome, and its 

vibration strength is powerful. It can be controlled through a smartphone application or 

operated directly as a self-contained unit. Various combinations of strength and pulse width 

were tested to determine Bob’s most comfortable setting until the preferred maximum strength 

of the vibration and moderate pulse width were found. 

4.33.2 Bob’s daily activities 

Various questions regarding Bob’s daily life activities were asked to investigate how to 

introduce a wearable haptic metronome device as a rehabilitation tool in his daily routine. The 

interview focused on the following topics: whether the participant had a carer or family 

member who could assist with the study, whether the participant could charge the necessary 

devices, and whether the participant could use the device independently, particularly when 

outdoors. 

Bob was asked if walking with a haptic rhythm for 10 minutes every day for two weeks 

would be physically feasible. He reported that he lived independently and typically drove to 

his destinations. His walks were usually limited to brief distances from the parking lot to his 

destination, such as a library, bank, or supermarket. 

4.33.3 Testing the devices 

Bob, living independently, was asked to attempt to self-manage the devices. He could 

charge the devices effectively and operate the SPB to turn on or off the haptic rhythm. 

However, he encountered two issues related to the wearing of the device and the need to carry 

the smartphone, respectively. 
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Bob had limited mobility in both arms, making it challenging for him to put on the SPB. 

It was designed to be worn like an everyday watch, with a rubber strap, and it took him longer 

than one minute to put it on. He expressed concern that the effort needed to put into the device 

might hinder the study. Bob usually wore a watch, but due to his reduced arm mobility, he 

would only remove it once the battery had run out, which occurred every two to three years. 

He requested a stretchable strap for the SPB, so a customised one was made. As Bob was 

already wearing a watch on one arm, the SPB was an additional accessory worn on the other. 

Bob stated that he preferred only to wear one device that could also show the time. 

Furthermore, he utilised a standard, non-touchscreen mobile phone, which he kept in his 

pocket for making calls and sending text messages. Carrying a smartphone for the research in 

a separate pocket was unfavourable, so a waist belt was provided to transport the smartphone 

conveniently. 

4.33.4 In-the-wild testing 

Following his visit to the shopping centre, Bob was taken to a nearby shopping centre 

which provided ample space for walking in a straight line uninterruptedly using a wearable 

haptic metronome device. Bob had already chosen this location for walking in the following 

two weeks of the study because of its many benefits: it was unaffected by external weather, 

provided a safe environment for walking a reasonable distance in a straight line and was 

uncrowded during mornings. 

At the start, the metronome was set to a rhythm suitable to Bob’s preference, 88 beats 

per minute. However, it was found to be difficult for him to stay synchronised to this tempo. 

Therefore, the cueing was adjusted so that rather than providing cues for both legs, cues were 

only given to one leg, allowing the other to follow. This reduced the haptic rhythm by half. 

Bob decreased the cadence of the haptic rhythm to 44 beats per minute; however, he felt 

this pace was too slow. Consequently, he requested that the rhythm be increased. Consequently, 

the cadence of the rhythm was incrementally increased to 45, then 47, and finally 48 beats per 

minute following a series of iterations. Bob found it more manageable to begin with a slower 

cadence, and once he had established his pace, he preferred to increase it. 

Bob conducted four trial runs with a wearable haptic metronome device, each lasting 

between three and five minutes. After two minutes of continuous walking, he paused briefly to 

rest before resuming. 
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4.33.5 Interesting issues identified 

This pre-study session provided a beneficial prospect to acquire more significant insights 

into probable interaction design and technical matters before the two-week study. Even though 

it was challenging to comprehend Bob comprehensibly due to his speech impediment, several 

intriguing matters were discussed during this pre-study session, such as: should the cueing be 

for alternating legs or just a single leg; what should be the rhythm’s cadence; could the cadence 

of the rhythm be manually changed during a single walk; or should the cueing be adaptive, 

where the system would read the participant’s walking pattern and adjust the cueing 

automatically. 
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4.34 CASE STUDY G: RESULTS PHASE I - QUANTITATIVE GAIT ANALYSIS 

Quantitative data was collected in this study to assess gait before and after two weeks. 

Data was also collected through the Moves application over the same two weeks. 

Baseline gait measurements were taken in the laboratory using wearable inertial sensors 

to compare the participant’s gait before and after the two-week study. The 10-Metre Walk Test 

(10MWT) (Hirsch et al., 2014) was conducted, which consisted of the participant walking 10 

metres in a straight line for eight turns. The video recording of the session, along with the data 

collected from the wearable inertial sensors, was subsequently evaluated by expert neuro-

physiotherapists. 

Comparing the differences in gait before and after the study was possible by conducting 

pre-study lab measurements. The post-study lab measurements were conducted with the same 

protocol as the pre-study lab measurements. Walking speed, cadence, stride length and 

temporal asymmetry were calculated and compared to the pre-study results. 

Table 11: Comparison of Gait measurements pre- and post-study 

Measurements Pre Post % Change 

Walking Speed (m/s) 0.84 0.93 10.71 

Cadence (steps/mins) 85 94 10.59 

Stride Length (m) 1.16 1.21 4.31 

Temporal Asymmetry 1.20 1.16 - 3.33 

 

Table 11 compares mean gait measurements before and after the study, displaying the 

percentage changes. The results demonstrate increased walking speed, cadence, and step 

length. Furthermore, temporal asymmetry decreased, indicating improved symmetry of 

walking. 
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4.35 CASE STUDY G: RESULTS PHASE I - ACTIVITY TRACKING DURING THE 

TWO WEEKS 

For the two-week study, Bob was asked to create a diary noting the date, start time, end 

time and any additional comments on his walks. He received an SPB for haptic cueing and a 

smartphone to track his activity. The SPB was worn on his wrist with a customised strap, and 

the smartphone was carried in a waist belt as requested by Bob. Chargers were also provided 

for both devices, and he was trained to use them. After the study, the activity tracking data 

from the smartphone was compared to Bob’s diary logs, finding them comparable. 

Additionally, the Moves application was running in the background on the smartphone, 

providing the approximate walking duration, steps per minute and step count. Custom Python 

scripts were then used to extract the data at the end of the study, and graphs were plotted 

accordingly. 

 

Figure 15: Duration in Minutes of walking using rhythmic haptic cueing over the two weeks 

Figure 15 shows the walking duration over the two weeks using the rhythmic haptic cue. 

Comparing this data with the diary logs reveals that the participant mostly adhered to the study 

13.7

45.1

20.3

42.4

20.6

12.2

7.4 7.5

11.4
13.5

15.9
14.7

3.2

10.5

0

5

10

15

20

25

30

35

40

45

50

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Days

Duration In Minutes



154 

requirements. Some days, he walked more than the 10 minutes recommended, while on other 

days, he walked less due to weather conditions or fatigue. 

 

Figure 16: Total step count while walking with haptic rhythm for each day 

The total step count for each day of walking with the haptic rhythm is presented in Figure 

16, which demonstrates a pattern similar to that of Figure 15, which depicts the duration of the 

walking. 
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Figure 17: Mean cadence of walking in steps per minute for each day 

Figure 17 shows the average step cadence per minute for each walk, with a mean of 89 

steps per minute over the two weeks. This value is comparable to those obtained from the gait 

measurements in the lab, as demonstrated in Table 11. There is a considerable variation in the 

range of cadence values across the different days. The findings of this two-week study raised 

several issues that need to be explored in future studies. In the following section, Bob’s 

experiences during this study are discussed.  
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4.36 CASE STUDY G: RESULTS PHASE I - POST STUDY INTERVIEW 

A semi-structured interview was conducted with Bob on the same day as the post-study 

laboratory measurements. He was asked about any issues he encountered while utilising the 

device, his ability to adhere to the study protocol, and if he had noticed any changes in his gait 

after the two-week study. 

4.36.1 Coping with the rhythm 

Bob reported that after sustaining a brain injury, it became difficult for him to keep up 

with the pace of other people walking around him. He stated that he would try to speed up, put 

in much effort, become tired, and slow down, unable to maintain pace. He reported that the 

rhythm he found helped him keep a steady pace, but he faced issues keeping up with it on 

certain occasions. As the rhythm remained constant, Bob would sometimes outpace it, and 

when tired, his pace would become slower than the rhythm. When walking outdoors, the pace 

inevitably does not stay steady due to tiredness or external factors such as obstruction, change 

of direction, change of inclination or route, or giving way to other road users. Therefore, it 

might be interesting to explore adaptive cueing to account for such variation, which could be 

trialled with healthy participants to understand environmentally caused variations in walking 

patterns. 

4.36.2 Reflecting upon Bob’s diary logs 

Bob consistently maintained the diary logs throughout Phase I of the two-week study, 

which enabled various issues to be identified from his notes. For instance, he noted that the 

device would fall out of the customised strap while walking, prompting him to hold it in his 

hands to experience the haptic rhythm. He also noted that one time, while he was attempting 

to greet someone, the device fell from his hand. Although the participant had been instructed 

to contact the research team if he faced any issues during the study and was also contacted to 

check if everything was okay, he had not raised this or any other issue at that time. 

In the diary logs, Bob mentioned an issue with the rhythm of the SPB being inconsistent. 

During the pre-study gait assessment, a suitable rhythm was determined and set for the device 

to match Bob’s natural pace. Both the device and the smartphone were locked to prevent 

unintentional changes to the rhythm. It was revealed that the lock did not work as expected, 

enabling Bob to adjust the rhythm to his preferred pace, which would be considered manual 
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adaptive cueing. Unfortunately, the device could not track the chosen rhythm, leaving no data 

on the rhythm used while walking. 

When asked if he would prefer to have the ability to alter the rhythm as desired, the 

participant replied negatively. He expressed a preference for the device to remain fixed or to 

change automatically without his input. This response supports previous findings by 

(Georgiou, 2018) that participants do not want to control the rhythm’s pacing. Additionally, he 

stated that he would have liked to be able to view the rhythm’s value and have it automatically 

recorded within the system. As a design feature, displaying the rhythm’s value like a digital 

watch displaying the time could be beneficial.  

4.36.3 Walking more than usual 

The participant reported that, at the beginning of the study, it was difficult for him to 

sustain walking, and he became tired quickly. However, with practice, he could progress by 

walking more than the required 10 minutes, on some days reaching more than 20 minutes. He 

attributed this to the haptic device and said he would walk around his residence, within the 

shopping centre and bank, and while doing groceries. He believed this regular walking was 

beneficial to him, as it had become a routine and encouraged a healthy habit, even leading to 

him taking multiple walks on the same day. 

4.36.4 Exploring wearability 

For the two-week portion of the study, the participant did not need additional sensors for 

real-time gait measurement; however, he was questioned whether he would be willing to do so 

and if he felt it would be too cumbersome. He responded that if the study duration were only 

two weeks, he would be amenable to wearing sensors on his ankles, as long as they remained 

concealed under his trousers and did not protrude outward. However, he suggested that it would 

be beneficial to have visual indicators on the devices to help him determine their proper 

positioning. 

The participant suggested that, as a possible future option, the real-time gait sensors could 

be built into his custom-made shoes, removing the need for additional sensors and improving 

their wearability. However, the challenge of charging the sensors remains and could be 

addressed through wireless or mechanical charging. Additionally, insoles embedded with 

sensors could be considered for people who do not wear customised shoes. Regarding the 

haptic rhythm, the participant suggested that vibrations should be set for alternating legs if the 

device was worn on the legs or for one leg if the device was worn on the wrist. 
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4.36.5 Exploring interaction techniques 

He was presented with several interaction options, such as voice, gesture, and tapping, 

and asked about his preference for the device. Due to his impaired speech, he suggested that 

voice interaction would be complicated and that he would prefer buttons or dials. He articulated 

that the interaction should be limited to three primary functions: an on/off switch for the haptic 

rhythm, a dial to change the rhythm if necessary, and a mechanism to read out or display the 

beats per minute of the haptic rhythm. For other users, gesture control may also be suitable 

depending on their touch perception and interaction ability. However, user testing would be 

necessary to assess the feasibility of such interaction, particularly for those with hemiparesis 

or hemiplegia. 

4.36.6 Feedback mechanism 

The user suggested that feedback to indicate synchronisation with the rhythm of walking 

would be beneficial and could be accomplished through real-time sensing. This feature may 

interest clinicians, which could aid in improving gait patterns.  

4.36.7 Further questions raised 

The participant reported that the rhythmic haptic cueing improved his walking. He sent 

a text message expressing gratitude for the vouchers and indicating that the device was helping 

him. Results of the two-week study suggest that it has improved his walking; however, whether 

this was due to increased physical activity or the haptic rhythm remains open. This raises the 

question of whether this device could be a way to encourage exercise in the elderly population 

and people with medical conditions. Further discussion of physiotherapists’ comments on 

Bob’s progress will follow.  



159 

4.37 CASE STUDY G: RESULTS PHASE I - PHYSIOTHERAPISTS’ COMMENTS 

Video recordings of pre- and post-study tests in the laboratory were shown to two 

independent neuro-physiotherapists (Ella [pseudonym] from Milton Keynes University 

Hospital and Christine [pseudonym] from PJ Care Neurological Care Centre) for evaluation of 

Bob’s gait. A detailed gait analysis report by Christine is presented in Table 12. 

Table 12: Gait assessment report by a physiotherapist from PJ Care 

Bob presented with significant impairments 

causing altered biomechanics and an altered 

gait pattern with multiple compensations: 

Observational gait analysis revealed the 

following impairments on initial assessment: 

Pre-Study Gait abnormalities: 

Increased Ankle inversion at initial contact and loading 

response. 

Excessive lateral pelvic shift. 

Poor quads control during swing phase. 

Knee hyperextension during stance. 

Reduced hip extension at terminal stance. 

Reduced push off at terminal stance/preswing. 

Unequal time spent between left and right stance phase. 

Reduced velocity of gait. 

Wide Base of Support. 

Increased trunk anterior/posterior amplitude of movement. 

Mild circumduction compensation. 

Unequal step length. 

Excessive left arm swing. 

Bob continued to present with a significant 

number of gait impairments post study 

however several improvements in gait 

pattern were also observed. No new 

impairments were observed during the post 

study observational gait analysis. The 

following improvement in gait pattern were 

observed: 

Changes in gait: 

Increased velocity of gait. 

Increased number of steps. 

Time spent in Left and Right stance more equal. 

Step length equality. 

Reduction in trunk anterior/posterior amplitude of movement. 

Narrower Base of Support. 
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In summary, neuro-physiotherapists reported that certain aspects of gait, such as walking 

speed, symmetry, number of steps, and step length, had improved, as confirmed by quantitative 

analysis. However, other gait features, such as stability, balance, and fluidity of weight transfer, 

still need to improve. Ella suggested utilising a clinical gait lab to evaluate balance, stability, 

effort, muscle tone, and gait features. She further recommended that clinicians be aware of the 

participant’s medical history. Each case is unique, and the type of stroke or brain trauma and 

the brain regions affected will influence gait. Lastly, she recommended conducting perceptual 

studies to understand participants’ perspectives on their walking and gait. 

Christine suggested similar points to Ella, emphasising that walking with a rhythmic 

haptic cue had improved certain gait features but not all. She proposed obtaining further 

information about demographics and medical history, which may influence the gait pattern. In 

addition, she recommended using a clinical gait lab to gather more accurate gait data and the 

Borg scale (Perceived Exertion (Borg Rating of Perceived Exertion Scale) | Physical Activity 

| CDC, 2020) - a subjective measure of exertion - to assess the intervention’s efficacy. Christine 

further suggested extending the duration of the study to a minimum of four to six weeks, as the 

participant had been walking with an impaired gait for several years, meaning that two weeks 

of study may not be enough to retrain their gait and several weeks may be needed to observe a 

clinically significant change.  
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4.38 CASE STUDY G: RESULTS PHASE II - QUANTITATIVE GAIT ANALYSIS 

Bob was invited to participate in a two-week study after a one-year interval. As he had 

already been interviewed and had prior familiarity with the hardware, the pre-study interview 

and training session of Phase II were omitted. Bob was provided with a customised Velcro 

strap and a Fitbit for more accurate activity tracking during the two weeks and was asked to 

maintain a diary. He was taken to Oxford Gait Lab for pre- and post-study gait assessment, 

which was video recorded, where he walked a 10-metre runway similar to the 10 Metre Walk 

Test conducted in the previous study phase. Physiotherapists were also in the lab to observe 

Bob’s walking pattern and record their observations. 

The Phase II study consisted of four components: a pre- and post-study gait assessment 

at the Oxford Gait Lab, activity monitoring data from a Fitbit, diary entries from Bob, and a 

post-study interview session. The results from the Oxford Gait Lab are discussed below (see 

Table 13). 

Table 13: Comparison of mean spatio-temporal gait parameters pre- and post-study between Phases I and II 

 

Comparison of the quantitative data collected during Phases I and II provided interesting 

insights. Results showed that walking speed had increased from Phase I to Phase II but stayed 

at the pre-study level of the same phase during the two-week Phase II study. Furthermore, 

temporal asymmetry improved somewhat over one year but increased slightly following the 

two-week Phase II study. Additionally, Bob’s cadence began high at the start of Phase II but 

decreased after the two-week study. Stride length, however, increased after the Phase II two-

Measurements Phase Pre Post % Change 

Walking Speed (m/s) 

I 0.84 0.93 10.71 

II 1.02 1.04 1.96 

Cadence (steps/mins) 

I 85 94 10.59 

II 110 103 -6.36 

Stride Length (m) 

I 1.16 1.21 4.31 

II 1.14 1.23 8.01 

Temporal Asymmetry 

I 1.20 1.16 - 3.33 

II 1.11 1.13 1.80 
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week study. Although the spatio-temporal gait parameters obtained from the two phases of the 

study (i.e., either using inertial sensors or optical gait lab) cannot conclusively state how 

rhythmic haptic cueing affected Bob’s gait, the joint angles depicted in the accompanying 

figure provide further insight. 

 

Figure 18: The mean joint angles of the hip, knee, and ankle joints in the sagittal, frontal, and transverse planes 

of motion were determined across all gait cycles, with results provided for both the left and right sides of the 

body and both the pre- and post-study conditions. 

Figure 18 depicts the mean pre- and post-study joint angles of the hip, knee, and ankle 

joints in the sagittal, frontal, and transverse planes of motion. The results indicate that Bob’s 

gait is asymmetrical, with his right side remaining rigid during the stance phase. Furthermore, 

the data does not suggest that the two-week study improved the joint angles. 
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4.39 CASE STUDY G: RESULTS PHASE II - ACTIVITY TRACKING DURING 

THE TWO WEEKS 

The activity tracking component of the study mirrored Phase I; however, Bob was 

equipped with a Fitbit for more precise activity tracking. Figure 19 illustrates the minutes spent 

walking daily over two weeks. 

 

Figure 19: Duration in Minutes of walking using rhythmic haptic cueing over the two weeks 

It is evident from the graph that Bob attempted to adhere to a minimum of 10 minutes of 

walking during Phase II. However, there were a few occasions where he walked for less than 

10 minutes and some instances where he did not go for a walk. Bob explained these occurrences 

in the post-study interview (see next section).  
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Figure 20: Total step count while walking with haptic rhythm for each day 

Figure 20 illustrates the step counts for each walk, which parallels the durations 

demonstrated in Figure 19. Except for Day 2, the step counts are generally proportional to the 

duration. 

 

Figure 21: Mean cadence of walking in steps per minute for each day 
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Figure 21 illustrates the average cadence in steps per minute for each walk. The overall 

average cadence across all 11 days was 88 steps per minute. If the outlying Day 2 is excluded 

from the calculation, the average rhythm is 92 steps per minute. This is lower than that found 

in the gait lab, which confirms Brodie et al.’s (2016) findings that cadence is typically lower 

in the real world than in the laboratory setting. This discrepancy may be attributed to obstacles, 

road crossings, and fatigue, which may impede Bob’s walking speed in his natural 

environment, or the fact that Bob may have performed best in the gait lab as he was not 

observed.  
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4.40 CASE STUDY G: RESULTS PHASE II - POST-STUDY INTERVIEW 

During the post-study interview, Bob discussed the difficulties he experienced during the 

two-week study and his overall experience with the wearable haptic device. 

4.40.1 Issues with strap 

Previously, Bob had difficulty wearing the SPB; thus, a customised Velcro-based strap 

was provided for this study phase. He found it easy to wear the SPB with the Velcro strap; 

however, the glue that connected the SPB to the Velcro strap became loose due to wear and 

tear. Specifically, on Day 2, Bob had difficulty keeping the SPB on his wrist. He returned to 

the lab, and the SPB was reattached with the Velcro strap. 

4.40.2 Adapting to the rhythm 

Bob was able to synchronise his steps to the haptic rhythm. However, he noted that the 

rhythm changed over time and suggested adjusting the pace and locking it in would be 

beneficial. Initially, Bob found it difficult to concentrate and stay in sync with the rhythm, but 

it became more natural as he continued. 

4.40.3 Concluding remarks  

Bob stated that he typically walked outdoors near his home, as it was easier to walk faster 

and naturally than in the shopping centre, thus avoiding crowds. He claimed to have 

incorporated a 10-minute walk into his daily routine during this study and noted that he had 

walked more than usual. He anticipated that he would return to walking less after completing 

the study. Bob expressed his desire to improve his walking, which he had previously been able 

to do unaided until his physiotherapy sessions had ended. He believed participating in this 

study, combined with walking more and walking to the rhythm, had helped him. He recalled 

that during Phase I of the study, he was “chuffed” with his ability to walk better. 
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4.41 CASE STUDY G: DISCUSSION 

This case study aimed to investigate the effect of haptic rhythmic cueing on the gait of 

an individual with brain injury. The study consisted of two phases, each lasting two weeks. In 

Phase I, Bob walked with the help of a metronome, while in Phase II, he used the SPB that 

provided haptic rhythmic cues. The study showed that using the SPB significantly improved 

Bob’s gait speed and cadence. 

The improvement in Bob’s gait speed is consistent with previous studies that have used 

rhythmic auditory or haptic cues to improve the gait of individuals with Parkinson’s disease. 

A meta-analysis conducted by Spaulding et al. (2013) found that rhythmic auditory stimulation 

(RAS) significantly improved gait speed, stride length, and cadence in individuals with 

neurological conditions (e.g. Parkinson’s disease). Similarly, a study by Nieuwboer et al. 

(2007) found that haptic metronomes significantly improved gait speed in individuals with 

Parkinson’s. 

Bob’s cadence was notably lower in the real world than in the laboratory. This finding is 

consistent with Brodie et al.’s (2016) findings that cadence is typically lower in the real world 

than in the laboratory setting. This discrepancy may be attributed to obstacles, road crossings, 

and fatigue, which may impede an individual’s walking speed in their natural environment. 

Future studies should continue to explore how to mitigate these factors and further enhance the 

effectiveness of haptic cueing in real-world settings. 

Bob’s post-study interview indicated that the SPB was easy to use and could synchronise 

his steps to the haptic rhythm. However, he noted that the rhythm changed over time and 

suggested adjusting the pace and locking it in would be beneficial. This is consistent with the 

findings of other studies investigating haptic rhythmic cueing to improve the gait of individuals 

with neurological conditions. Previous studies found that allowing users to adjust the tempo of 

the cueing improved the walking pattern (Schaefer, 2014; Thaut et al., 2007). 

Another notable study finding was that Bob could adapt to the haptic rhythm over time. 

This result aligns with previous studies showing that individuals can learn to entrain their 

movements to external rhythmic cues. This adaptability suggests that long-term use of the 

haptic cueing device may lead to even more significant improvements in gait performance. 

The findings from this study provide valuable insights into the user requirements and 

design considerations of wearable haptic devices for gait rehabilitation. First, the design of the 
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SPB was critical to its usability and acceptability. The initial strap design was uncomfortable 

for Bob, but the customised Velcro strap for Phase II was more comfortable and easier to use. 

However, the glue connecting the SPB to the Velcro strap became loose over time, indicating 

the need for more durable fastening mechanisms for people with neurological conditions. 

Additionally, the ability to adjust the rhythm of the haptic cues could be a valuable feature to 

enhance usability and engagement further. 

Second, the study highlights the importance of considering individual user needs and 

preferences when designing wearable haptic devices. For example, Bob preferred to walk 

outdoors near his home rather than in crowded areas, which suggests that outdoor use cases 

should be considered when designing wearable haptic devices for gait rehabilitation.  

Third, the findings suggest that integrating wearable haptic devices into existing 

rehabilitation protocols could enhance their effectiveness. Bob reported that the device helped 

him maintain his focus and motivation during the exercises. Thus, future studies could explore 

the potential benefits of combining wearable haptic devices with other rehabilitation 

interventions to maximise outcomes. 

In summary, the findings from this case study provide valuable insights into the user 

requirements and design considerations of wearable haptic devices for gait rehabilitation. 

Future research could build on these findings to further refine the design and implementation 

of wearable haptic devices for gait rehabilitation, aiming to improve the effectiveness and 

accessibility of gait rehabilitation.  
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4.41.1 Limitations 

Despite the promising results of this case study, several limitations should be considered 

when interpreting the findings. Firstly, the study was carried out with a single participant, 

which restricts the generalisability of the results to other individuals with brain injury. 

Moreover, the small sample size makes it challenging to draw definitive conclusions regarding 

using the SPB device to improve gait in individuals with brain injury. 

Secondly, the self-managed use of the wearable haptic device was limited to a relatively 

short period. Although this one-year interval provides unique insights into the use of such 

devices, it remains uncertain whether the observed improvements in gait during the study 

would be sustained over an extended period or whether the device would lose its effectiveness 

over time as the user becomes accustomed to the rhythm. 

In conclusion, while the outcomes of this case study are promising, further research 

involving larger sample sizes and longer self-managed use periods would offer valuable 

insights into the broader care context of gait rehabilitation in the community. 
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4.41.2 Conclusion 

Bob experienced a marked improvement in his gait during Phase I of the study, which 

was sustained for a year without further intervention. However, the pre- and post-study gait 

data from Phase II and his physiotherapist’s comments have provided inconclusive evidence 

of whether the second two-week study further improved his walking pattern. Contrary to the 

changes observed in Phase I, the results from the gait lab for Phase II did not demonstrate any 

clear improvements. In summary, the evidence suggests that his walking improved during 

Phase I and was maintained for a year. However, no further progress was observed during 

Phase II. This case study raises several interesting issues related to the use of a wearable haptic 

metronome device and issues regarding the interpretation of quantitative data. 
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4.42 SUMMARY OF KEY FINDINGS 

This section summarises the findings from all the case studies discussed in this chapter. 

All the case studies explored the use of wearable haptic metronome devices. In this chapter, 

RQ1, “How can wearable haptic metronome devices be employed to facilitate lower limb 

rehabilitation in individuals with neurological conditions, while also addressing design 

considerations and limitations?” was investigated. This chapter was divided into seven case 

studies, and the key findings from these studies are summarised below. 

4.42.1 Rhythm perception  

Tentatively, people with prior experience in rhythmic leisure activities may be more 

likely to synchronise their walking with a haptic metronome easily. For example, Rosie and 

Hannah had experience in music and dance, respectively, and found it relatively easy to 

synchronise their steps with the haptic rhythm. Conversely, Tracy and Bob had mixed 

experiences. Tracy mentioned difficulty syncing to the rhythm, whereas Bob initially had a 

problem but was eventually able to synchronise his steps with the haptic rhythm, noting that 

he had to constantly focus on the rhythm for a time until the rhythm felt more natural. 

4.42.2 Varying the rhythm  

Rosie did not alter the rhythm of the study, whereas Hannah chose to change the rhythm 

to accommodate her walking speed. Hannah’s condition caused her walking speed to fluctuate 

daily, so it was beneficial for her to adapt to the rhythm accordingly. On the other hand, Rosie’s 

walking speed and condition were consistent throughout the study, so she did not need to 

modify the rhythm. 

Bob transitioned from his initial perspective in Phase I to a different one in Phase II. 

Initially, he did not want to intervene in the rhythm, preferring that it remain static or alter itself 

without input. 

For Phase II, Bob was likely more acquainted with the device and the experiment, so he 

was willing to modify the rhythm himself if he could recognise the value of the rhythm on the 

device and adjust the speed of the rhythm accordingly. Furthermore, if any precise alterations 

were necessary, he could make them manually. 

In contrast to her success, Tracy had difficulty synchronising her movement to the haptic 

rhythm. She attempted to modify the rhythm by consulting the research team. However, she 

was still uncomfortable with the pace. Her route consisted of some steep hills, which caused 
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her walking speed to fluctuate. Therefore, a steady rhythm was not the most suitable choice for 

her. To deal with this issue, a system should be developed to detect and adjust haptic cueing to 

the individual’s walking pace. This idea will be further explored in the following section. 

4.42.3 Adaptive cueing  

Varying the rhythm to match the walking pace may be difficult for some; however, the 

system could detect the individual’s walking pace and adjust the haptic rhythm accordingly. 

This could improve the user experience, as the person would not have to change the rhythm as 

frequently manually. For instance, if the system could detect Hannah’s walking pace and vary 

the rhythm accordingly, it could enhance her experience. 

It would be more convenient for Tracy and Bob if the system could automatically detect 

their walking pace and adjust the haptic cueing accordingly. 

Using this method, the rate of haptic cueing can be tailored to the situation, such as when 

a person is walking more slowly than usual. The pace of the rhythm can then be decreased 

accordingly. Additionally, when someone is walking up or down a slope, the system will 

automatically detect this change in pace and adjust the rhythm accordingly. 

Further investigation is necessary to create a cueing system that is adaptable and to assess 

the system’s performance in a real-world setting. 

4.42.4 Aesthetics  

Generally, all participants were pleased with the aesthetic of the wearable haptic device. 

However, they provided suggestions on improving its look and feel, such as making it lighter 

(as mentioned by Hannah) and considering different colours (as requested by Hannah). Bob 

liked that the device resembled a watch, while Tracy suggested turning off the colourful 

blinking lights. 

4.42.5 Interaction  

Most users found interacting with the device relatively straightforward; however, some 

issues were raised. For instance, with the SBP, turning the dial to turn the device on or off 

meant that the pace of the haptic rhythm was sometimes unintentionally changed. The double-

tapping required to activate or deactivate the device could have been more user-friendly, 

particularly for those with reduced ability and dexterity. Rosie found the device she was using 

very challenging but had her friend or mother interact with it for her. Rosie’s mother suggested 

a more straightforward user interface with larger buttons. Tracy did not favour the double-
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tapping function to turn on or off the haptic rhythm, as it did not always work. Unable to turn 

off the rhythm sometimes, she would leave it on when she was not walking. 

When Bob was queried about various interaction techniques and modalities, he noted 

that voice interaction would not be suitable for him due to his impaired speech. He added that 

he would have been content with buttons and dials, but in that case, he would have preferred 

the system to be uncomplicated. 

Finally, the interactions with the wearable haptic metronome device can be summarised 

as follows: the device can be turned on or off, the haptic rhythm can be turned on or off, the 

pace of the haptic rhythm (in beats per minute), and its strength can be varied, a display is 

available to show the pace and power of the rhythm, and an auto mode is available to detect 

the walking speed of the user and synchronise the haptic rhythm accordingly. Gesture control 

could be another mode of interaction, but this requires further investigation and evaluation with 

the target user population. 

4.42.6 Haptics  

Rosie was pleased with the intensity of the haptic metronome; however, Hannah favoured 

stronger vibrations to help with her sensory capabilities. The ability to feel the haptic 

metronome is necessary for the system design to succeed. Hannah did not have the same 

sensitivity in both her arms, making it advantageous to alter the haptic strength. Furthermore, 

this could be beneficial if the user places the haptic metronome in different locations on the 

body, allowing them to customise the haptic power according to their preference. 

Tracy was pleased with the strength of the haptic metronome. In contrast, Bob favoured 

more intense vibrations to accommodate his sensory preferences, as it is evident that the haptic 

force should be adequate. 

It would be beneficial for the user to have the ability to select where the haptic metronome 

is placed on the body, as well as to be able to adjust the haptic strength to their preference. 

Regarding the SPB, the vibrations’ power, the beats’ pulse width, and the cadence can vary. 

4.42.7 Wearability  

The haptic metronome device’s wearability depended on the participants’ abilities; 

Hannah could don the device easily, while Rosie struggled with the watch-like strap and needed 

customised straps. 
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Bob had reduced strength in both arms, making using the haptic metronome device 

difficult. A Velcro-based customised strap was designed specifically for him to facilitate its 

use. In contrast, Tracy had better-functioning arms, making wearing the haptic metronome 

device easier using the rubber watch-like strap. 

For individuals with limited capacity, using an elasticated wristband or Velcro-based 

strap may be beneficial in aiding the use of a haptic metronome device on their arm. Other 

potential alternatives, such as slap bands and band-aid-like straps, could also be explored to 

facilitate easy application and removal. 

4.42.8 Customising the strap 

Due to Bob’s reduced upper arm strength and dexterity, he requested a customised strap 

for the SPB. He was given a Velcro-based strap, which he could quickly wear. Unfortunately, 

the glue holding the SPB and Velcro in place became loose due to wear and tear. The strap was 

then fixed, allowing Bob to complete the study. This issue with the strap raises a design 

consideration that the device must be robust enough to endure weather conditions and typical 

wear and tear. 

4.42.9 Placement  

The placement of the haptic metronome device may be determined by two factors, being 

able to sense the rhythm on a particular part of the body and using the device easily. For 

example, a wearable haptic metronome on the wrist makes it convenient and relatively easy to 

put on and use. Hannah suggested she preferred the metronome device closer to her chest to 

feel the rhythm more intensely. It could be recommended that placing the haptic metronome 

on the leg might be advantageous for proprioception and lower limb rehabilitation. 

In this study, the wearable haptic metronome device consisted of both the control unit 

and the vibrator unit united in a single package, making it comfortable for both Tracy and Bob 

to wear on their arms and allowing the control unit to be readily accessible. 

During the interview session, Bob suggested that an alternative placement of the actuator 

unit around the legs could be an option, provided separate vibrator units were used for each 

leg. 

4.42.10 Multi functionality  

If someone is already wearing a watch or bracelet, it may be inconvenient for them also 

to have to wear a haptic metronome as an additional accessory. However, if the haptic 
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metronome could be designed to also function as a watch or be aesthetically pleasing so that it 

could be worn as an accessory, this would be an advantage for the user. 

Bob typically wears a wristwatch on one arm. Wearing the haptic metronome device 

meant he donned two devices on his arms. He pondered if the haptic metronome device could 

tell time, then he could have worn only one device. 

Incorporating inertial sensors in the device would enable it to emulate the functionalities 

of Fitbit, such as measuring step count and cadence, which could facilitate adaptive cueing. 

4.42.11 Efficacy of the devices  

Rhythmic haptic cueing for lower limb rehabilitation has yielded mixed results. For 

instance, Tracy’s gait lab assessment and the comments of her physiotherapist both suggest 

that the two-week study had no discernible impact on her walking pattern. While her 

participation in the study led to her walking more than usual, this extended walking caused 

pain in her feet. 

On the other hand, Bob’s walking pattern has changed according to physiotherapist 

feedback and gait assessment results, though not wholly. Bob could improve his walking speed, 

symmetry, cadence, and step length; however, his gait stability, balance, and fluidity of weight 

transfer from one foot to another remain impaired. 

At the study’s outset, Bob became fatigued after two minutes of walking with the haptic 

rhythm. However, as the experiment progressed, he increased his walking duration, believing 

the activity beneficial. Thus, this study enabled him to establish a routine, fostering a healthier 

lifestyle. 

Rosie and Hannah perceived increased confidence while walking, yet assessing whether 

their walking pattern has changed is complicated. 

Examining just these four case studies does not provide enough evidence to determine 

the effectiveness of rhythmic haptic cueing for lower limb rehabilitation, and thus further 

research is needed. 

4.42.12 Data in-the-wild  

In this chapter, Bob and Tracy were provided with sensors to capture data when they 

walked. Capturing such data in the wild is essential for several reasons, including 

understanding their walking pace in real-world settings, measuring the amount of walking they 

do, identifying variations in walking patterns over time, and exploring the potential of remote 
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data collection to provide more meaningful information to physiotherapists. Commercial 

wearables like Fitbit can provide valuable data, but specialised sensors offer additional 

advantages. For example, these sensors can identify when the user is walking, calculate spatio-

temporal gait parameters, and modify haptic rhythms for adaptive cueing. This data can also 

be used to track their progress over time. 

4.42.13 Additional features 

The SPB does not possess the capability to record a log of the haptic rhythm, which is 

regrettable as Bob and Tracy altered the rhythm during the study, yet the device itself failed to 

save these values. To enhance the user experience, one of the technical issues to be considered 

would be maintaining a haptic rhythm log. 

Bob proposed that he would benefit from receiving feedback from the device when he 

was walking in time with the rhythm, which could be a beneficial feature for users as it could 

help them keep in step and improve their gait pattern. 

4.42.14 Recommendations on methods 

The two physiotherapists recommended that the research methods include collecting 

background information related to the demographics and medical history of the participants, as 

this might have implications for the gait pattern. They highlighted the importance of 

background for each case, precisely what type of stroke or brain injury the participant had and 

which part of their brains were affected. 

A physiotherapist suggested conducting perceptual studies to understand the 

participants’ perceptions regarding their walking and gait. 

It was suggested that the duration of the study be increased to a minimum of four to six 

weeks, as the participant had been walking with an impaired gait for many years, and two 

weeks might not be sufficient to retrain their gait. A more extended study period would be 

needed to observe any clinically significant change. 

4.42.15 Need for objective data  

Physiotherapists observed Bob and Tracy’s walking pattern and recommended using a 

clinical gait lab to extract objective gait data and measure balance, stability, effort, and muscle 

tone in Bob’s Phase I study. Subsequent studies discussed in the chapter contained additional 

quantitative data to support physiotherapists’ observations. In clinical practice, however, 

physiotherapists often rely solely on a short subjective assessment and visual observation of 
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the complex dynamic movements of their patients. Inertial sensors or a gait laboratory can 

provide objective data to assist physiotherapists in their practice. 

4.42.16 Methodological analysis and implications for future research 

Firstly, the case studies illustrate the potential of wearable haptic devices in improving 

mobility and gait performance in individuals with neurological conditions such as Huntington’s 

disease, multiple sclerosis, stroke, and brain injury. This finding aligns with previous research 

on the effectiveness of haptic cueing in improving gait and balance in these populations (Ghai 

et al., 2018; Ma et al., 2016). 

Secondly, the case studies highlight the importance of considering individual needs and 

preferences when designing wearable haptic devices. For example, participants in the study 

with experience in rhythmic leisure activities were more likely to synchronise their steps with 

the haptic rhythm, while those without experience found it more challenging. Additionally, 

some participants required a cueing system that adapts to their walking pace, while others did 

not. These findings suggest that the design of wearable haptic devices should be personalised 

to accommodate individual differences and preferences (Sánchez-Ferro et al., 2016). 

However, the case studies also revealed some methodological issues and approaches that 

needed to be revised. For instance, the study showed that some participants needed help to use 

the device due to the complexity of the user interface. Therefore, future studies should focus 

on developing a more straightforward user interface with larger buttons to facilitate the self-

management of wearable haptic devices. Moreover, the study found that the wearable device’s 

design should consider usability from the perspective of caregivers, who are secondary device 

users. This suggests that future studies should involve caregivers in the design process to 

optimise the device’s usability and effectiveness. 

These case studies provided important methodological insights for developing and 

designing wearable haptic devices for individuals with neurological conditions. The studies 

underscore the importance of personalised design and user involvement in the development 

process, which can improve the end-user’s usability, effectiveness, and overall well-being. 

In conclusion, the findings of this study suggest that wearable haptic devices can improve 

gait, balance, mobility, confidence, and overall well-being. However, the design of these 

devices should consider the broader social context and the user’s perceptions to optimise their 

effectiveness. Future studies should investigate the potential benefits of using wearable haptic 
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devices in larger samples and explore ways to optimise the device’s design and functionality 

to suit users’ needs better.  

The subsequent chapter of the thesis centres on RQ2, which pertains to investigating 

wearable sensors to equip clinicians with quantifiable data for rehabilitation purposes. 
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Chapter 5: Development and validation of non-

proprietary software for movement 

analysis using wearable inertial 

sensors 

5.1 INTRODUCTION 

In the preceding chapter, “How can wearable haptic metronome devices be employed to 

facilitate lower limb rehabilitation in individuals with neurological conditions, while 

addressing design considerations and limitations?” (RQ1) was explored. This chapter onwards 

will focus on RQ2, which investigates “How can the use of wearable inertial sensors and 

movement analysis software be optimised for lower limb rehabilitation?”. 

In biomechanics, sports science, and physiotherapy, assessing movement patterns for 

activities such as walking is crucial for informing decision-making related to performance, 

recovery, and the risk of reinjury (O’Reilly et al., 2018). Currently, physiotherapy practice in 

clinical settings relies heavily on the visual assessment of movement quality and subjective 

clinical scales (Hullfish et al., 2019). Both play important roles in treatment selection. 

However, the quality of these assessments can vary significantly depending on the 

physiotherapist’s experience, and interrater agreement is not always as strong as expected 

(Hullfish et al., 2019). An objective and more accurate assessment during physiotherapy 

sessions can improve diagnoses and treatment selection (Al-Amri et al., 2018). It also has the 

potential to provide objective feedback to surgeons on the actual postoperative effects of 

different decisions made during surgery (Nerino et al., 2013). This is particularly important for 

patients undergoing anterior cruciate ligament (ACL) reconstruction. ACL rupture is a 

common sporting injury to the knee that often requires surgery to reconstruct the ligament 

(Bollen, 2000; Granan et al., 2009). This is followed by a lengthy period of rehabilitation, and 
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the ability of these individuals to return to sports varies, with some studies reporting as low as 

a 65% return to their pre-injury activity level (Ardern et al., 2014). The reasons for this are 

multifaceted, but one important factor is that people with ACL reconstruction often compensate 

with biomechanical strategies during rehabilitation, which puts them at risk of reinjury and 

future osteoarthritis (Button et al., 2014; Roos, Button, Sparkes, et al., 2014; Roos, Button, & 

van Deursen, 2014). Therefore, clinicians need tools available in the clinical setting to assess 

biomechanics during tasks that mimic sporting manoeuvres (Andersson et al., 2009; Button et 

al., 2014; Meunier et al., 2007). 

3D motion capture camera-based systems can provide a high-quality body movement 

assessment; however, these systems are expensive, time-consuming, labour-intensive, and 

effectively non-portable (Ahmadi et al., 2014). Data analysis is similarly resource-intensive, 

time-consuming, and requires specialised personnel (Bonnet et al., 2011). These limitations 

restrict 3D motion capture camera-based systems to research settings and are scarce in the 

clinical practice (O’Reilly et al., 2018). However, wearable inertial measurement units (IMUs) 

can offer a similar objective body movement assessment and are relatively much less 

expensive, easier to set up, mobile, and usable by clinicians with minimal training. IMUs 

consist of a triaxial accelerometer, a triaxial gyroscope, and a triaxial magnetometer. Data 

collected by an IMU is processed to calculate the sensor position, speed, and orientation. For 

certain IMUs and software, these results are comparable to 3D motion capture camera-based 

systems (Al-Amri et al., 2018). These characteristics suggest that IMUs have great potential 

for use in clinical practice. The availability of validated and low-cost non-proprietary systems 

could make such systems more affordable and widely used in clinical practice. 

One limitation of existing systems is their complex calibration processes. Hullfish et al. 

(2019) attempted to address this issue by presenting a self-calibrated wearable sensor system 

for measuring only knee joint angles. While they used a single, low-cost wearable inertial 

sensor and a simple calibration process, the system is unsuitable for more complex activities 

such as walking, squatting, and jumping. In addition, they did not demonstrate the use of the 

system in a clinical setting or include any patients in their study. Similarly, Nazarahari et al. 

(2019) proposed a calibration method using multiple wearable IMUs to reduce measurement 

errors due to calibration for gait kinematics. While the proposed calibration method is simpler 

than some existing methods, it requires specific movements, such as hip abduction and 

adduction, to a predefined degree, which may be challenging for people with knee conditions. 
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We have developed non-proprietary software, MoJoXlab (Islam & Al-Amri, 2020), to 

address the aforementioned limitations through an academic-clinical research collaboration. 

MoJoXlab has been designed to provide a more practical system for clinical movement 

analysis. The software can be used with any generic wearable IMU sensor that produces 

quaternion orientation angles. It employs a simple data collection and calibration protocol to 

facilitate the use of wearable IMU sensors for clinical movement analysis as deemed fit by the 

users. It can also be used for diagnosis and prognosis in clinical settings. MoJoXlab implements 

an IMU-to-body calibration method (Grood & Suntay, 1983; Lu & Chang, 2012; Vargas-

Valencia et al., 2016). While previous studies (Vargas-Valencia et al., 2016) have explored this 

method during simple activities such as walking in healthy participants, it has not yet been 

explored during complex activities such as squatting or jumping of interest to clinicians 

rehabilitating people back to sports. Jumping is considered a complex activity within the 

movement analysis domain due to its dynamic nature, making it difficult for even conventional 

gait measurement equipment to measure accurately. Data obtained from wearable IMU sensors 

deviate significantly from 3D motion capture camera-based data due to the large impact on 

ground contact. The proprietary software MVN Analyze (Xsens Technologies) partially 

addresses this issue (Luinge et al., 2012). Currently, it is the only validated software system 

available and has been used in this research as the gold standard. However, it is limited to 

Xsens’ proprietary IMU hardware. Therefore, there is a need to develop a software system that 

can be used with any suitable IMU. 

The purpose of this study was to compare hip, knee, and ankle joint angles calculated in 

the sagittal, frontal, and transverse planes by MoJoXlab (Islam & Al-Amri, 2020) with those 

calculated by MVN Analyze (Xsens Technologies) from movement data collected using 

wearable IMU sensors during walking, squatting and jumping in healthy people in a non-

clinical setting and people with anterior cruciate ligament (ACL) reconstruction in a clinical 

setting. 

  



182 

5.2 METHODS 

A quantitative approach was adopted for this study. Movement data were collected from 

27 healthy participants and 20 with recent anterior cruciate ligament (ACL) reconstruction. In 

each case, participants wore seven MTw2 wearable inertial sensors (Xsens’s proprietary unit) 

to monitor their movement during walking, jumping, and squatting tasks. Hip, knee, and ankle 

joint angles were calculated in the sagittal, frontal, and transverse planes using two different 

software packages: Xsens’s validated proprietary MVN Analyze and MoJoXlab. Results were 

validated by comparing the generated waveforms, cross-correlation (CC) values, and 

normalised root mean square error (NRMSE). CC and NRMSE are discussed further in the 

Data analysis and validation section. 

5.2.1 Research participants and setting 

Ethical approval for this study was obtained from the Wales Research Ethics Committee 

3 (10/MRE09/28). Written informed consent was obtained from all participants before their 

participation. A sample of healthy participants (n = 27) was recruited using the following 

criteria: age between 18 and 60 years and no known neurological, cardiovascular, or 

musculoskeletal conditions. Additionally, 20 participants who had undergone anterior cruciate 

ligament (ACL) reconstruction were recruited from physiotherapy and orthopaedic knee clinics 

in one university health board using the following criteria: age between 18 and 60 years and 

ACL surgery in at least one knee within 6 to 12 months. The participant demographics are 

presented in Table 14. 

Table 14: Participant demographics for healthy and ACL participants, showing the sample size (N), mean age in 

years and standard deviation, the ratio of male to female, mean body height in centimetres and standard 

deviation, mean body weight in kilograms and standard deviation, and ratio of right to a left leg injury for ACL 

participants. 

Participants Sample Age Male/Female Height Weight Injury 

Healthy N = 27 35yrs ± 9 M:F = 2:3 162cm ± 34 72kg ± 13 --- 

ACL N = 20 29yrs ± 9 M:F = 7:3 177cm ± 11 84kg ± 18 R:L = 2:3 
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5.2.2 Study design 

Data collection for all healthy participants (as opposed to those with ACL reconstruction) 

was conducted at the Research Centre for Clinical Kinesiology at Cardiff University. Each 

healthy participant underwent at least one movement analysis session, with all healthy 

participants returning for another session within approximately one week (mean ± standard 

deviation, 4 ± 3 days). Each day, the measurements were repeated twice, once with a 

biomechanics expert putting on the sensors and performing data collection and once with a 

physiotherapist performing the same actions. Thus, a total of four sessions of data were 

recorded for each healthy participant [Day 1 – Experiment 1 (performed by biomechanics 

expert), Day 1 – Experiment 2 (performed by a physiotherapist); Day 2 – Experiment 1 

(performed by biomechanics expert), Day 2 – Experiment 2 (performed by a physiotherapist)]. 

The purpose of having data collected by biomechanics experts and physiotherapists was to 

evaluate any differences in data reliability. The physiotherapist was trained in the data 

collection protocol before the study. In the case of the walking and squatting tasks, data 

reliability was found to be acceptable across all measurement planes. However, in the case of 

the jumping task, data reliability varied across the planes (Al-Amri et al., 2018). 

In this study, the reliability of joint angles measured by MVN Analyze was analysed 

using data collected over multiple sessions and by multiple raters (physiotherapists and 

biomechanics experts). The difference between test-retest conditions for the healthy participant 

group was previously published (Al-Amri et al., 2018). In general, the reliability of sagittal 

plane joint angles was high when measured within a single session by the same rater, with an 

intraclass correlation coefficient ranging from 0.6 to 0.95. However, the reliability of frontal 

plane knee angles and transverse plane ankle angles at the heel strike could have been better. 

For walking and squatting, the reliability of all joint angles measured by MVN Analyze was 

acceptable when compared between raters within a single session, with an intraclass correlation 

coefficient of less than 0.6 across all planes. The reliability of joint angles for jumping varied, 

with some measures having poor reliability and others having excellent reliability. 

For participants with ACL reconstruction, the data collection occurred in a clinic and was 

conducted exclusively by a physiotherapist. For all participants (both healthy and those with 

ACL reconstruction), anthropometric measurements in the first session (to record physical 

dimensions) were taken by a physiotherapist from the right lower limb while the participant 

maintained a standing posture. Seven wearable inertial sensors (MTw2, Xsens Technologies, 

Enschede, Netherlands) were placed according to Xsens’s instructions (Xsens Technologies 
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B.V., n.d.), as shown in Figure 22. The wearable inertial sensors were secured using elastic 

Velcro straps on the central and the halfway point between the greater trochanter and lateral 

epicondyle of the knee on each upper thigh, on the proximal medial surface of the tibia on each 

lower leg, on the dorsum of each foot, and one centrally over the sacrum. Each lower limb 

sensor was placed between the two outermost layers of the strap and attached to the Velcro of 

the inner layer to secure its position and minimise movement. The sacral sensor was placed 

directly over the sacrum, with the upper border of the sensor aligned centrally between the two 

posterior superior iliac spines. The sacral sensor was held in position with medical-grade 

double-sided adhesive tape. 

Where possible, all participants (those with ACL reconstruction and healthy participants) 

performed eight repetitions of the following three activities: over-ground walking, squatting, 

and vertical jumping. Some ACL reconstruction participants were exempted from activities 

they found difficult. For example, only seven participants performed the vertical jump. Before 

performing each activity, the physiotherapist gave the participant a demonstration. The order 

of the activities was randomised across participants but consistent between repetitions within 

participants. Each trial consisted of a walk in a straight line across the laboratory or clinic 

(approximately 8 metres) at the participants’ natural pace. The walking trial was repeated five 

times for healthy participants, and for participants with ACL reconstruction, the walking trial 

was repeated two times. Each walking trial consisted of eight gait cycles of walking. Similarly, 

each jumping or squatting trial consisted of eight jumps and squats. The squat depth and jump 

height were not measured. 

Figure 22: Location of sensors placed on the body and corresponding axes. 
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5.2.3 MoJoXlab 

MoJoXlab is a MATLAB-based freely available motion capture software toolkit (see 

Figure 23) designed to be suitable to use with a range of wearable motion sensors (Islam & Al-

Amri, 2020). MoJoXlab is used in this study to generate joint angles for clinically relevant 

functional tasks such as walking, squatting, and jumping, to validate these joint angles against 

results from the commercially available proprietary software MVN Analyze (MVN Analyze, 

n.d.). The joint kinematics for MoJoXlab is based on the Joint Coordinate System (JCS) 

proposed by Grood and Suntay (Grood & Suntay, 1983). MoJoXlab inputs sensor orientation 

data in quaternions and outputs joint angles in degrees. MoJoXlab’s algorithm involves a static 

calibration step, capturing sensor data for calibration while the participant maintains a standing 

pose (Vargas-Valencia et al., 2016). Data from this step provides a basis for accurately 

measuring joint angles during dynamic movement.  

 

Figure 23: MoJoXlab graphical user interface 

Motivation and goals for developing MoJoXlab 

Motion capture systems like MVN Analyze (Xsens) are often used in research and 

development and commercial applications such as sports training and entertainment 

(Menolotto et al., 2020). However, they can also be valuable tools in a clinical setting, 

particularly for analysing human movement and assessing various conditions that affect 

mobility (Warmerdam et al., 2020). 

A clinical version of the MVN system may be tailored to meet the specific needs of 

medical professionals and researchers, such as by offering enhanced accuracy, ease of use, and 
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data analysis capabilities (Auepanwiriyakul et al., 2020). It may also include specialised 

features and software tools designed to support the analysis of specific types of movements or 

conditions, such as gait analysis, balance assessment, or rehabilitation after injury or surgery 

(Iosa et al., 2016). 

In the absence of suitable clinical movement analysis tools based on wearable inertial 

sensors, the primary motivation behind developing MoJoXlab is to develop a bespoke clinical 

alternative to existing commercial wearable technology-based motion capture systems such as 

MVN. For clinical applications, camera-based applications are used in gait laboratories, but 

the adoption of wearable technology for movement analysis is limited (Mishra & Kiourti, 

2021). A cheaper, non-proprietary, yet accurate and clinician-friendly motion capture system 

for wearable technology could advance the understanding of human movement and its role in 

various medical conditions and support the development of new diagnostic and treatment 

methods (Vijayan et al., 2021). 

To develop a MoJoXlab software system suitable for healthcare, it is important to ensure 

that the system is accurate, easy to use, and reliable (A. Keogh et al., 2021). One way to achieve 

this is to simplify the calibration process and validate the analysis results with patients and 

clinicians in a clinical setting (Al-Amri et al., 2018). This chapter discusses the validation study 

in which the MoJoXlab system calculates joint angles (such as the knee, hip, and ankle) during 

a range of clinically relevant tasks, such as walking, jumping, and squatting. 

By working with clinicians and patients in a clinical setting, we can gain valuable insights 

into the needs and preferences of this target user group and assess the system’s accuracy and 

reliability under real-world conditions (Al-Amri et al., 2018). This can ensure that the bespoke 

MoJoXlab software system meets the high standards of the healthcare industry and provides 

reliable and valuable results for clinicians and patients (A. Keogh et al., 2021). 

Once the calibration and analysis results of the MoJoXlab system have been validated in 

a clinical setting, the next step in developing the system is to design a user interface tailored to 

clinicians’ needs. This involves creating a custom interface that is specifically designed for use 

in a healthcare setting, with features and functionality that are relevant and useful for clinicians 

(A. Keogh et al., 2021). 

A few key considerations are taken into account when developing the bespoke user 

interface for clinician requirements: 
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• Ease of use: The interface should be intuitive and easy to navigate, with clear 

instructions and simple controls (Horsky et al., 2012). 

• Relevant functionality: The interface should include features and tools relevant to 

clinicians and the tasks they need to perform, such as data analysis, report 

generation, and patient management (Kantasiripitak et al., 2020). 

• Customisation options: The interface should allow clinicians to customise certain 

aspects of the system, such as the display settings, data output format, and analysis 

parameters, to suit their specific needs (Routhier et al., 2020). 

By developing a user interface that meets these requirements, the bespoke MoJoXlab 

system can provide an optimal user experience for clinicians and support efficient and effective 

system use in a clinical setting. 

Further development of MoJoXlab will include gait analysis and balance assessment. 

Gait analysis and balance assessment are essential considerations when developing MoJoXlab 

for clinical use. Gait analysis involves studying how a person walks, including the timing, 

sequencing, and symmetry of their movements (Díaz et al., 2019). It can be helpful for 

understanding and treating a range of conditions that affect mobility, such as musculoskeletal 

disorders, neurological conditions, and age-related impairments (Rozanski & Putrino, 2022). 

Balance assessment involves measuring and evaluating a person’s ability to maintain 

balance and stability during various activities (Soubra et al., 2019). It can be used to identify 

potential fall risks and design interventions to improve balance and reduce the likelihood of 

falls (Thomas et al., 2019). 

Improving gait analysis and balance assessment capabilities in MoJoXlab will involve 

developing specialised algorithms and software tools optimised for these tasks. It will also 

improve the accuracy and reliability of the system’s measurements and analysis results to 

provide a more comprehensive understanding of a person’s movement patterns and balance 

capabilities (Díaz et al., 2019). 

By developing gait analysis and balance assessment for MoJoXlab, the system can 

provide valuable insights and support in treating a wide range of conditions that affect mobility 

and balance. 

Commercial camera-based motion capture systems such as Vicon (Oxford, UK) and 

Qualisys (Gothenburg, Sweden) have integrated wearable inertial sensors into their system. 
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Vicon and Qualisys are widely used in clinical settings such as gait laboratories. However, 

several issues make them less favourable options for clinician use: 

• Cost: These are high-end motion capture systems that are highly expensive. 

• Setup: Setting up systems can be complex and time-consuming, requiring the 

installation of multiple cameras (in addition to installing inertial sensors) and the use 

of specialised software tools. Day-to-day operation requires rigorous training.  

• Data analysis: Their software are highly advanced and have a steep learning curve. 

A commercial wearable inertial sensor-based system such as MVN Analyze has the 

advantage of portability and is easier to set up. For example, performing motion capture outside 

gait laboratories in different clinical settings, such as consultation rooms or social care settings, 

is easier. However, it is expensive and has complex calibration and data analysis workflow. In 

the current state of the field, to the best of our knowledge, there are no wearable inertial sensor-

based motion capture systems specifically designed for use in a clinical setting.  

MoJoXlab aims to address this gap and develop an affordable, easy-to-use, bespoke 

wearable inertial sensor-based clinical motion capture system. MoJoXlab aims to support 

clinicians by providing: 

• Reliable results - enhanced precision and accuracy 

• Specialised software tools for analysing data and creating reports 

• Customisation options to suit the specific needs of clinicians and patients 

• Advanced data analysis capabilities 

• Advanced reporting capabilities 

• Customisation features to suit specific requirements 

MoJoXlab development 

MoJoXlab’s joint kinematics is based on the Joint Coordinate System (JCS) proposed by 

Grood and Suntay (Grood & Suntay, 1983). The system uses sensor orientation data in 

quaternions and calculates joint angles in degrees as output. To ensure accurate measurements 

during dynamic movement, MoJoXlab includes a static calibration step where sensor data is 

captured while the participant is standing in (Vargas-Valencia et al., 2016). This data is used 

as a reference for measuring joint angles during movement. 
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The following section provides an outline of how MoJoXlab calculates joint angles using 

quaternion data from inertial sensors placed on the pelvis, thigh, shank, and foot: 

• After the sensors are placed securely on the body in the following positions: pelvis, 

thigh (right and left), shank (right and left) and foot (right and left). A calibration 

process is carried out to establish the reference coordinate system for the pelvis, 

thigh, shank, and foot, along with the orientation of the sensors in each of these body 

segments. 

• Quaternion data input from the inertial sensors on the pelvis, thigh, shank, and foot 

is taken. 

• The quaternion data from each sensor is converted into a rotation matrix, which can 

transform vectors from the sensor’s local coordinate system into the global 

coordinate system defined in the first step. 

• The vectors defining the axes of the thigh, shank, and foot segments are transformed 

from their local coordinate systems into the global coordinate system defined in the 

first step using the rotation matrices. 

• The sagittal, frontal, and transverse planes’ joint angles are calculated using the 

transformed vectors’ inverse cosine function or inverse sine function. 

• The calculated joint angles are output. 

• Joint angles are calculated separately for both sides. The angles are calculated in the 

knee and hip joints’ sagittal, frontal, and transverse planes. And for ankle joint angle 

in the sagittal and frontal planes only. 

The following is a pseudocode algorithm for calculating knee joint angles in sagittal, 

frontal, and transverse planes. Similar algorithms are used for the other joints. 

CalculateKneeJointAngles(quat_pelvis, quat_thigh, quat_shank, quat_foot) 

Input: 

  quat_pelvis: quaternion representing the orientation of the pelvis segment 

  quat_thigh: quaternion representing the orientation of the thigh segment 

  quat_shank: quaternion representing the orientation of the shank segment 

  quat_foot: quaternion representing the orientation of the foot segment 
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Output: 

  sagittal_angle: knee joint angle in the sagittal plane 

  frontal_angle: knee joint angle in the frontal plane 

  transverse_angle: knee joint angle in the transverse plane 

1. Define the reference coordinate system for the pelvis, thigh, shank, and foot, as well 

as the orientation of the sensors in each of these segments. 

2. Convert quat_pelvis, quat_thigh, quat_shank, and quat_foot into rotation matrices 

R_pelvis, R_thigh, R_shank, and R_foot, respectively. 

3. Define vectors v_thigh_sagittal, v_thigh_frontal, and v_thigh_transverse 

representing the thigh segment’s local sagittal, frontal, and transverse axes, 

respectively. 

4. Transform v_thigh_sagittal, v_thigh_frontal, and v_thigh_transverse into the global 

coordinate system using R_thigh. 

5. Define vectors v_shank_sagittal, v_shank_frontal, and v_shank_transverse 

representing the local sagittal, frontal, and transverse axes of the shank segment, 

respectively. 

6. Transform v_shank_sagittal, v_shank_frontal, and v_shank_transverse into the 

global coordinate system using R_shank. 

7. Define vectors v_foot_sagittal, v_foot_frontal, and v_foot_transverse representing 

the foot segment’s local sagittal, frontal, and transverse axes. 

8. Transform v_foot_sagittal, v_foot_frontal, and v_foot_transverse into the global 

coordinate system using R_foot. 

9. Calculate the dot product of v_thigh_sagittal and v_shank_sagittal. 

10. Calculate the dot product of v_thigh_frontal and v_shank_frontal. 

11. Calculate the dot product of v_thigh_transverse and v_shank_transverse. 

12. Calculate sagittal_angle as the negative inverse sine of the dot product calculated 

in step 9. 

13. Calculate frontal_angle as the inverse cosine of the dot product calculated in step 

10. 

14. Calculate transverse_angle as the inverse sine of the dot product calculated in step 

11. 

15. Output sagittal_angle, frontal_angle, and transverse_angle. 
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These are the inverse cosine functions for the knee joint angles (similar mathematical 

functions are used for hip and ankle joint angles): 

𝑘𝑛𝑒𝑒 𝛼 = − arcsin[𝑒2𝑘 . 𝑑𝑐𝑚(𝑡ℎ). 𝑖 ] 

𝑘𝑛𝑒𝑒 𝛽 =  − arccos[𝑑𝑐𝑚(𝑡ℎ). 𝑘    .    𝑑𝑐𝑚(𝑠ℎ)  .    𝑖]   +  𝜋
2⁄  

𝑘𝑛𝑒𝑒 𝛾 = arcsin [𝑒2𝑘   .   𝑑𝑐𝑚(𝑠ℎ)   .    𝑘] 

Where the symbols denote, 

knee 𝛼: knee joint angle in the sagittal plane 

knee 𝛽: knee joint angle in the frontal plane 

knee 𝛾: knee joint angle in the transverse plane 

e2k: unit vector pointing from the thigh segment to the shank segment in the global 

coordinate system 

dcm(th): rotation matrix representing the orientation of the thigh segment in the global 

coordinate system 

dcm(sh): rotation matrix representing the orientation of the shank segment in the global 

coordinate system 

i: unit vector pointing in the global x-axis direction 

k: unit vector pointing in the global z-axis direction 

The first equation calculates the angle knee 𝛼 as the inverse sine of the dot product of 

e2k and dcm(th).i. This dot product represents the projection of e2k onto the sagittal axis of 

the thigh segment (dcm(th).i). The inverse sine of this projection gives the angle between e2k 

and the sagittal axis of the thigh segment. 

The second equation calculates the angle knee 𝛽 as the inverse cosine of the dot product 

of 𝑑𝑐𝑚(𝑡ℎ). 𝑘. 𝑑𝑐𝑚(𝑠ℎ). 𝑖 This dot product represents the projection of dcm(th).k onto the 

frontal axis of the shank segment (dcm(sh).i). The inverse cosine of this projection gives the 

angle between dcm(th).k and the frontal axis of the shank segment. The addition of  𝜋
2⁄  is 

necessary to compensate for the fact that knee 𝛽 is defined as the angle between the frontal axis 

of the thigh segment and the frontal axis of the shank segment, rather than between the sagittal 

axis of the thigh segment and the frontal axis of the shank segment. 

The third equation calculates the angle knee 𝛾 as the inverse sine of the dot product of 

e2k and dcm(sh).k. This dot product represents the projection of e2k onto the transverse axis 

of the shank segment (dcm(sh).k). The inverse sine of this projection gives the angle between 

e2k and the transverse axis of the shank segment. 
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5.2.4 Calibration and data collection 

Kinematic data were collected using wearable inertial sensors from Xsens at a frequency 

of 60 Hz. The sensors were connected to the computer via WiFi, and the data was recorded 

using the Xsens MVN Analyze system (Xsens Technologies). The purpose of using this 

software was to capture the sensors’ data and calculate the joint angles using MVN’s 

proprietary algorithm. These joint angles were then compared to those generated by MoJoXlab, 

which used the raw inertial sensor data to calculate joint angles independently of the MVN 

Analyze system. 

The data from each trial were analysed using proprietary and freely available software 

under evaluation. One exception to this procedure occurred during the calibration phase. The 

participant was asked to stand in a static N-pose for approximately 30 seconds, as the MVN 

Analyze user manual instructed. During this period, the inertial sensors were calibrated within 

the MVN Analyze software, and the resulting calibration data was proprietary and could not 

be extracted. To account for this, additional data were collected by asking the participant to 

maintain a standard standing posture, which was used as a static calibration dataset for 

MoJoXlab. The data for the walking, squatting, and jumping tasks were then collected using 

MVN Analyze. 

5.2.5 Data processing 

As previously mentioned, data from the inertial sensors was saved using MVN Analyze. 

This software calculated gold standard hip, knee, and ankle joint angles. All the data from 

MVN Analyze was exported to mvnx file format, an open XML data format specific to MVN 

Analyze. These files were then imported into the MATLAB software (version 2018b) and 

processed using MoJoXlab to extract the raw sensor data and calculate additional hip, knee, 

and ankle joint angles. 

Joint angles were generated for each activity (walking, jumping, squatting), joint (hip, 

knee, ankle), plane of movement (sagittal, frontal, transverse), and side of the body (left, right). 

However, MoJoXlab’s current algorithm only supports the calculation of ankle joint angles in 

the sagittal and frontal planes. Positive joint angles indicate flexion, abduction, and internal 

rotation in the sagittal, frontal, and transverse planes. 

5.2.6 Data analysis and validation 

In a previous study, the joint angles obtained from MVN Analyze were validated against 

those obtained from a camera-based 3D motion capture system (VICON) (Al-Amri et al., 
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2018). Therefore, in this study, the joint angles generated by MVN Analyze can be used as 

reference values to compare those generated by MoJoXlab. Custom scripts written in 

MATLAB were used to compare and analyse the joint angles calculated by MVN Analyze and 

MoJoXlab. The workflow for data processing, analysis, validation, and visualisation is outlined 

in Figure 24. 

 

Figure 24: Block diagram: Workflow for Data Processing, Analysis, and Validation 

Xsens IMUs were used to capture movement data

The proprietary software MVN Analyze was used to 
perform the calibration step, extract raw motion data 

from the sensors, and calculate joint angles

The data were exported and saved in “mvnx” files

Custom MATLAB scripts were used to extract joint 
angles calculated by MVN Analyze from “mvnx” files 

and save them as “mat” files 

Custom MATLAB scripts were used to extract raw 
sensor data in quaternions from “mvnx” files. MoJoXlab 

was then used to calculate joint angles based on this 
data, which was saved as “mat” files

Custom MATLAB scripts were used to:
1. Visualise the waveforms of joint angles

2. Calculate cross-correlation and normalised root 
mean square error values between the waveforms, and 

plot graphs to illustrate these values.
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To manage the comparison of joint angles calculated by MVN Analyze and MoJoXlab, 

custom MATLAB scripts were used to: 

• Extract the joint angles calculated by MVN Analyze from mvnx files and save them 

as MAT-file (MATLAB’s data format). 

• Extract raw sensor data in quaternions from mvnx files and use MoJoXlab to 

calculate a separate set of joint angles. These joint angles were then saved to a MAT-

file. 

• Visualise the waveforms of joint angles, calculate cross-correlation and root mean 

square error values between the waveforms, and plot graphs to illustrate these values. 

Four trials were collected for each healthy participant during the data collection phase. 

As a result, data from 108 trials was available for the 27 healthy participants. Thirteen of these 

trials were excluded from the analysis due to missing data for one of the activities, leaving 95 

trials available for analysis in the healthy participant cohort. 

In the case of the 20 participants who had undergone ACL reconstruction, only one 

participant returned for a repeat session. All ACL participants performed the walking and 

squatting activities, but only seven performed the jumping activity. Data for 21 walking and 

squatting trials were collected, and eight jumping trials were collected (as previously noted, 

one participant performed a repeat jumping session). Two of the 21 walking and squatting trials 

were excluded due to missing data, resulting in 19 trials used in the data analysis and eight 

trials for the jumping activity.  

The purpose of including two groups of participants (healthy and ACL reconstruction) 

was not to compare the performance of one group to the other but to increase confidence in the 

validation by using a range of participants that had the potential to reveal potential flaws in the 

software. Including healthy participants provided a crucial benchmark, while the participation 

of those who had undergone ACL reconstruction helped establish the software’s reliability. 

Cross-correlation 

Cross-correlation is a widely used technique in signal processing for comparing and 

analysing the similarity between two signals (Gouwanda & Arosha Senanayake, 2011; 

Madigan et al., 2006; Tong & Granat, 1999). It measures the correlation between two signals 

as a function of time lag by taking the sum of the product of the two signals at each time point 

with a time lag. Cross-correlation can be used to find patterns in data, estimate signal 
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properties, determine the relationship between two signals, and improve signal estimation 

accuracy (Challis & Kitney, 1990). It can also be applied to detect the presence of signals in 

noise. In movement analysis, for example, cross-correlation can be used to quantify the 

similarity between two time series data. 

Cross-correlation can be used to measure the similarity between two signals as a function 

of time lag. The cross-correlation between signals x and y is defined as the sum of the product 

of x and y at each time point with a time lag (Jacovitti & Scarano, 1993): 

CrossCorr(x, y) =  t x(t) * y(t + lag),  

The cross-correlation function depends on the time lag, and the time lag at which the 

cross-correlation is maximised reflects the strongest similarity between the two signals. The 

resulting cross-correlation values are presented as a vector. The “coeff” function in MATLAB 

can calculate the cross-correlation coefficient between two signals, which can be interpreted 

similarly to Pearson’s correlation coefficient with values ranging from 0 to 1 (Cross-

Correlation - MATLAB Xcorr - MathWorks United Kingdom, n.d.). A value closer to 1 

indicates a stronger correlation between the signals and, therefore, a higher level of similarity 

(van Lier et al., 2020). 

The cross-correlation between MoJoXlab and MVN Analyze was calculated for each 

joint angle waveform to test for similarity. Before calculating the cross-correlation coefficient, 

the waveforms were first normalised to have a mean of zero and corrected for the polarity (Yoo 

& Han, 2009). The cross-correlation coefficient was then calculated from 0 to 1, with values 

closer to 1 indicating a strong correlation (van Lier et al., 2020). 

Cross-correlation is a statistical measure widely used in movement analysis to quantify 

the similarity between two time series data. It can be used to identify patterns and relationships 

between time series data. In movement analysis, cross-correlation has various applications, 

including the analysis of inertial sensor data for joint angles, the analysis of position and 

velocity data from camera-based systems, the analysis of muscle activation from 

electromyography data and the comparison of time series data for different movement tasks 

(Nelson-Wong et al., 2009). 

One of the key benefits of using cross-correlation for movement analysis is its ability to 

capture the time-dependent relationships between two time series. Time series data in the 

movement analysis domain can be complex and contain nonlinear relationships, which can be 

challenging to identify using traditional statistical techniques, such as t-test, ANOVA or 
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correlation coefficient measures such as Pearson’s correlation coefficient (Mullineaux et al., 

2001). Cross-correlation, on the other hand, allows for the analysis of the time-dependent 

relationships between two time series data sets, which can provide valuable insights into the 

similarities and differences between the two data sets (Mullineaux et al., 2001). 

Another advantage of cross-correlation in movement analysis is its flexibility in handling 

different data types, such as time series data from inertial sensors or camera-based 3D motion 

capture systems. Cross-correlation can be applied to a wide range of data types, including 

continuous data, such as position and velocity, and discrete data, such as the presence or 

absence of a particular movement. This flexibility allows for analysing various movement tasks 

and data types, providing a comprehensive view of the similarities and differences between 

two time series data sets (Nelson-Wong et al., 2009). 

In addition to its ability to capture time-dependent relationships and handle different 

types of data, cross-correlation has the advantage of being a widely used and well-established 

statistical measure. It has been widely used in various fields, including engineering, biology, 

and psychology, and has been extensively studied and validated. This makes it a reliable and 

trustworthy tool for movement analysis and allows for comparing results between different 

motion capture systems and algorithms (Mullineaux et al., 2001). 

In summary, cross-correlation is a valuable tool for movement analysis due to its ability 

to capture time-dependent relationships, handle different data types, and its well-established 

status as a statistical measure. Its wide range of applications and flexibility make it a valuable 

tool for quantifying the similarity between two time series data sets in the movement analysis 

domain. 

While cross-correlation is widely used in movement analysis, it has some limitations. 

One limitation of cross-correlation is that it is sensitive to changes in the mean and variance of 

the two data sets being compared. This means that if one data set has a different mean or 

variance than the other, it can affect the cross-correlation coefficient and produce misleading 

results. To address this issue, it is common to normalise the data sets before calculating the 

cross-correlation coefficient, but this may not always be sufficient to eliminate the influence 

of mean and variance differences (Amblard et al., 1994; Mullineaux et al., 2001; Sidaway et 

al., 1995). 

Another limitation of cross-correlation is that it only measures the linear relationship 

between two data sets. It cannot capture nonlinear relationships between the data, which can 
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sometimes be important. For example, if the relationship between two data sets is nonlinear, 

cross-correlation may not accurately capture the similarity between the data sets (Amblard et 

al., 1994; Mullineaux et al., 2001; Sidaway et al., 1995). 

One alternative to cross-correlation for measuring the similarity between two time series 

data sets is the normalised root mean square error (NRMSE). The NRMSE measures the 

difference between two data sets, with a lower NRMSE indicating a higher degree of similarity. 

Unlike cross-correlation, the NRMSE is not sensitive to changes in the data sets’ mean and 

variance, making it a more robust measure of similarity in cases where the data sets have 

different means and variances. Additionally, the NRMSE can capture linear and nonlinear 

relationships between data sets, making it a more versatile tool for analysing time series data 

(Mullineaux et al., 2001; Sidaway et al., 1995). 

Normalised root mean square error 

Root mean square error (RMSE) is a measure of the difference between two data sets 

that is frequently used in time series analysis to evaluate the accuracy of a model or forecast. 

It is calculated as the square root of the mean squared error (MSE) between the predicted and 

actual values. 

Mathematically, the RMSE is defined as: 

RMSE = sqrt (mean ((predicted - actual) ^2)) 

where “predicted” and “actual” represent the predicted and actual values, the mean is 

taken over all data points. The RMSE is commonly used in regression analysis and time series 

forecasting to assess a model’s accuracy and measure the difference between two data sets by 

calculating the error. 

Normalised root mean square error (NRMSE) is a variant of the RMSE that is normalised 

by the range of the data, which enables the comparison of RMSE values across different data 

sets with different scales. The NRMSE is defined as:  

NRMSE = RMSE / (max(actual) - min(actual))  

where “RMSE” is the root mean square error and “max(actual)” and “min(actual)” 

represent the maximum and minimum values of the actual data, respectively. The NRMSE 

ranges from 0 to 1, with a lower NRMSE indicating higher similarity between the predicted 

and actual values. 
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The NRMSE differs from the RMSE in that it is normalised by the range of the actual 

data, which enables the comparison of RMSE values across data sets with different scales. This 

is useful in cases where the data sets have different units or are measured on different scales, 

as the NRMSE allows for a fairer comparison of the model’s accuracy. In contrast, the RMSE 

needs to be normalised and depends on the scale of the data, making it challenging to compare 

RMSE values across data sets with different scales (Mullineaux et al., 2001). 

This study uses NRMSE to measure the error in joint angle values between MVN 

Analyze and MoJoXlab. Because of the wide range of joints, tasks, and participant groups, it 

would be difficult to compare RMSE values across the dataset meaningfully. The normalised 

version of root mean square error (NRMSE) addressed this issue. This produces values within 

0 - 1, where values closer to zero indicate a lower error (better agreement) between the joint 

angle waveforms (Bonnet et al., 2012; Khurelbaatar et al., 2015; Liu et al., 2014; Tong & 

Granat, 1999). 

Normalised root mean square error (NRMSE) can be used in the movement analysis 

domain to measure the similarity between two time series data sets. In movement analysis, 

NRMSE can be used to evaluate the difference between two time series data as a measure of 

error. If the error value is low, it indicates that the two signals are similar (Mullineaux et al., 

2001; Sidaway et al., 1995). For example, the NRMSE value between MVN Analyze and 

MoJoXlab for a given joint and task indicates the difference or error between the joint angles 

calculated by the two systems from the raw inertial sensor data. 

NRMSE can be used to compare the similarity between the joint angles of two different 

movement tasks or to compare the similarity between the joint angles measured by two 

different inertial sensor systems. By comparing NRMSE values between different data sets, it 

is possible to determine which data set is most similar to the other (Mullineaux et al., 2001; 

Sidaway et al., 1995). 

Overall, NRMSE is a widely used tool for comparing the similarity between different 

time series data sets in the movement analysis domain. It allows for comparing data sets with 

varied scales and provides a quantitative measure of the difference between two sets. 
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5.3 RESULTS 

This section presents the results of comparing joint angles between MVN Analyze and 

MoJoXlab. 

5.3.1 Waveforms 

This section presents the joint angle waveforms generated by MVN Analyze and 

MoJoXlab, across all movement planes (sagittal, frontal, and transverse), joints (hip, knee, and 

ankle) and tasks (walking, squatting, and jumping). 

Figures 25 - 27 show representative joint angle waveforms from the data set of healthy 

participants. 

Figure 25 illustrates that the knee angles for both walking and squatting are nearly 

identical, with only a slight variation. The range of angles appears consistent throughout the 

graphs, albeit with a minor offset observed between MVN and MoJoXlab for certain 

parameters, such as the hip angle during walking, ankle angle during squatting, and hip angle 

during jumping. In Figure 26, the knee angles exhibit a similar pattern, showing minimal 

differences between them. However, there is a slight offset observed in hip angles. Specifically, 

the hip angle during squatting appears to have a more pronounced offset compared to other hip 

angles. As for ankle angles, there is a resemblance between the jump angle and the others, but 

offsets become noticeable when comparing walking and squatting angles. In Figure 27, the 

angles appear consistent and generally well-matched. However, it's worth noting that for knee 

angles, the MoJoXlab data consistently indicates higher angles during walking and squatting 

activities compared to the MVN data. 
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Figure 25: Representative sagittal plane joint angle waveforms from the healthy participant data set are shown. 

Waveforms for hip (top row), knee (middle row), and ankle (bottom row) joint angles obtained from MVN 

Analyze (blue) and MoJoXlab (orange) for a walk (left), squat (centre), and jump (right) tasks are depicted. The 

y-axis represents joint angles in degrees, and the x-axis represents data samples across the entire waveform. 

 

Figure 26: Representative frontal plane joint angle waveforms from the healthy participant data set are shown. 

Waveforms for hip (top row), knee (middle row), and ankle (bottom row) joint angles obtained from MVN 

Analyze (blue) and MoJoXlab (orange) for a walk (left), squat (centre), and jump (right) tasks are depicted. The 

y-axis represents joint angles in degrees, and the x-axis represents data samples across the entire waveform. 
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Figure 27: Representative transverse plane joint angle waveforms are shown for the healthy participant data set. 

These waveforms depict the joint angles for the hip (top row) and knee (bottom row) obtained from MVN 

Analyze (shown in blue) and our custom software MoJoXlab (shown in orange) during a walk (left column), 

squat (centre column), and jump (right column) tasks. The y-axis represents the joint angles in degrees, and the 

x-axis represents the data samples across the entire waveform. 

The joint angle waveforms from individuals with ACL reconstruction, shown in Figures 

28 - 30, represent the data set.  

In Figure 28, most of the graphs exhibit similar patterns. However, there are noticeable 

offsets in the hip angle during walking and squatting activities and in the ankle angle during 

squatting. In Figure 29, compared to previous figures, there appears to be a relatively higher 

offset, particularly noticeable in the knee and ankle angles during squatting. Additionally, the 

hip angle during jumping also shows a significant offset. In Figure 30, except for the hip angle 

during walking, the other graphs exhibit a relatively higher magnitude and vertical offset 

difference. 
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Figure 28: Representative sagittal plane joint angle waveforms were selected from the data set of participants 

who underwent ACL reconstruction. These waveforms, which were obtained from MVN Analyze (blue) and our 

custom software MoJoXlab (orange), depict the hip (top row), knee (middle row), and ankle (bottom row) joint 

angles during walking (left), squatting (centre), and jumping (right) tasks. The y-axis represents the joint angles 

in degrees, and the x-axis represents the data samples collected across the entire waveform. 

 

Figure 29: Representative frontal plane joint angle waveforms were selected from the data set of participants 

who underwent ACL reconstruction. These waveforms, which were obtained from MVN Analyze (blue) and our 

custom software MoJoXlab (orange), depict the hip (top row), knee (middle row), and ankle (bottom row) joint 

angles during walking (left), squatting (centre), and jumping (right) tasks. The y-axis represents the joint angles 

in degrees, and the x-axis represents the data samples collected across the entire waveform. 
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Figure 30: Representative transverse plane joint angle waveforms were selected from the data set of participants 

who underwent ACL reconstruction. These waveforms, which were obtained from MVN Analyze (blue) and our 

custom software MoJoXlab (orange), depict the hip (top row) and knee (bottom row) joint angles during 

walking (left), squatting (centre) and jumping (right) tasks. The y-axis represents the joint angles in degrees, and 

the x-axis represents the data samples collected across the entire waveform. 

5.3.2 Validation results 

This section presents the validation results for the joint angle waveforms using cross-

correlation and normalised root mean square error. The MoJoXlab joint angle waveforms are 

compared to waveforms generated by MVN Analyze for healthy individuals and those who 

have undergone ACL reconstruction. Cross-correlation and normalised root mean square error 

values are calculated for each task, each joint, and each plane. The results are presented in two 

parts. First, the cross-correlation values for both groups are shown. Then, both groups’ 

normalised root mean square error values are presented. 
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Figure 31: The mean cross-correlation values between MVN Analyze and MoJoXlab for healthy (black) and 

those undergoing ACL reconstruction (white) are presented graphically for visualisation and overall comparison 

purposes. Values close to 1 indicate a very high correlation. The values for the various activities are represented 

by different symbols: circles for the walking task, squares for the jump task, and diamonds for the squat task. 

The plane abbreviations are as follows: Frnt for frontal, Sag for sagittal, and Tran for transverse. 

The mean cross-correlation values for all participants (both healthy individuals and those 

who have undergone ACL reconstruction) are very high (CC > 0.95) for the sagittal plane 

across all joints and tasks. For healthy participants, the frontal plane exhibits high cross-

correlation values (CC > 0.83) across all tasks. In contrast, the frontal plane for ACL 

reconstruction participants exhibits slightly lower cross-correlation values (CC > 0.78) across 

all tasks. Similarly, the transverse plane for healthy participants exhibits high cross-correlation 

values (CC > 0.83) across all tasks. In contrast, the transverse plane for ACL reconstruction 

participants exhibits slightly higher cross-correlation values (CC > 0.84) across all tasks. 
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Figure 32: The normalised root mean square error values between MVN Analyze and MoJoXlab for healthy 

participants (black) and those who have undergone ACL reconstruction (white) are presented graphically for 

visualisation and overall comparison purposes. Values close to 0 indicate a very low error. The values for the 

various activities are represented by different symbols: circles for the walking task, squares for the jump task, 

and diamonds for the squat task. The plane abbreviations are as follows: Frnt for frontal, Sag for sagittal, and 

Tran for transverse. 

The normalised root mean square error for the sagittal plane is relatively low compared 

to the other planes for all participants (healthy individuals and those who have undergone ACL 

reconstruction) across all tasks, with NRMSE < 0.1. The frontal plane for healthy participants 

exhibits relatively low normalised root mean square error values (NRMSE < 0.17) across all 

tasks. In contrast, the frontal plane for ACL reconstruction participants exhibits higher 

normalised root mean square error values (NRMSE < 0.35) across all tasks. Similarly, the 

transverse plane for healthy participants exhibits relatively low normalised root mean square 

error values (NRMSE < 0.22) across all tasks. In contrast, the transverse plane for ACL 

reconstruction participants exhibits higher normalised root mean square error values (NRMSE 

< 0.39) across all tasks. 

To summarise, for the sagittal plane across all joints and activities for healthy and ACL 

reconstruction participants data, the cross-correlation coefficient and normalised root mean 

square error is: 0.99 ± 0.01 and 0.04 ± 0.03, respectively. Similarly, for the frontal plane, these 

values are 0.88 ± 0.05 and 0.18 ± 0.08. For the transverse plane, considering only the hip and 
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knee joints, the cross-correlation coefficient and normalised root mean square error are: 0.85 ± 

0.03 and 0.23 ± 0.07, respectively.  



207 

5.4 DISCUSSION 

MoJoXlab has been validated against the proprietary MVN Analyze software, previously 

validated against the VICON-based optical motion capture system, considered the “gold 

standard” in clinical settings (Al-Amri et al., 2018). Al-Amri et al. (2018) found that joint angle 

waveforms obtained from MVN Analyze showed excellent similarity with sagittal plane 

waveforms obtained by the VICON system and acceptable similarity for frontal and transverse 

planes across all three tasks. The current validation study demonstrates that MoJoXlab can be 

used to calculate joint angles for movement analysis with wearable inertial sensors that report 

data in quaternions. Furthermore, MoJoXlab has a simpler calibration procedure than the 

commercial proprietary MVN system as MoJoXlab involves fewer steps for calibration, 

making the data collection process smoother and potentially more convenient for some 

purposes in clinical settings. Importantly, this study has established MoJoXlab’s accuracy for 

most everyday clinical purposes and demonstrated that MoJoXlab could be used in a clinical 

setting by clinicians performing the data collection.  

Complex tasks such as jumping are very challenging to analyse accurately with wearable 

inertial sensors. However, MoJoXlab has been shown to accurately calculate joint angles for 

such tasks, indicating its potential for analysing other complicated, clinically relevant tasks and 

exercises.  

The following sections discuss validation results between MoJoXlab and MVN Analyze 

in greater detail. 

5.4.1 Cross-correlation 

For all joints, across all tasks and participants (both those who have undergone ACL 

reconstruction and healthy individuals), the sagittal plane exhibits a very high correlation, with 

a mean cross-correlation above 0.95. This indicates that MoJoXlab generates sagittal plane 

joint angle waveforms highly similar to those produced by MVN Analyze. The sagittal plane 

reflects joint angles for flexion and extension of the joints, which are most interesting to 

clinicians in assessing recovery and potential risk factors for injury to the ACL (Lu & Chang, 

2012). This plane’s reduced range of motion is often associated with incomplete recovery and 

poor neuromuscular control. For example, reduced knee flexion during landing from a jump 

has been linked to higher peak moments at the knee joint (Leppänen et al., 2017). Similarly, 

the frontal plane is also important to clinicians as it reflects abduction and adduction of the 
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joints, which are considered risk factors for re-injury, poor neuromuscular control, and 

incomplete recovery (Cheng & Pearcy, 1999; Lu & Chang, 2012). In the case of frontal planes, 

the cross-correlations are also high for all joints: values across all tasks and participant groups 

for ankle joints greater than 0.84, hip joints greater than 0.78, and knee joints being greater 

than 0.83. 

In the case of the transverse plane, MoJoXlab can calculate joint angles for the hip and 

knee joints only. In this plane, the cross-correlation values across all tasks and participant 

groups for the hip are greater than 0.83, and for the knee joints, they are greater than 0.83. 

Overall, the representative waveforms (Figures 4 – 9) and the high cross-correlation 

values (Figure 31) suggest that the MoJoXlab software can produce joint angles comparable to 

those produced by the commercial MVN Analyze software. 

Previous research comparing software to calculate joint angles using wearable inertial 

sensors is limited. Hullfish et al. (2019) investigated knee joint angles in the sagittal plane only 

for seven healthy participants, comparing their inertial sensors with an optical motion capture 

system. Their cross-correlation values ranged from 0.84 to 0.99. In comparison, the results 

from this chapter show a mean cross-correlation range of greater than 0.95 for the sagittal plane 

across all participant groups, activities, and all joints. For other planes, the cross-correlation is 

generally greater than 0.83, except for the frontal plane for ACL reconstruction participants, 

where the values are greater than 0.78. 

These results further extend previous work in healthy participants, which reported high 

agreement between joint angle waveforms in the sagittal plane for systems using inertial 

sensors and optical motion capture systems (Robert-Lachaine et al., 2017; J.-T. Zhang et al., 

2013). Other studies have compared data obtained from Xsens inertial sensors against optical 

systems for walking (Ferrari et al., 2009; van den Noort et al., 2013), squatting (Bonnet et al., 

2011, 2013), and jumping (Setuain et al., 2015). However, the results from this chapter extend 

previous work by including more challenging dynamic tasks such as squatting and jumping 

and by validating MoJoXlab for people living with ACL reconstruction in addition to healthy 

individuals. 

5.4.2 Normalised root mean square error 

In general, cross-correlation as a similarity measure is blind to both constant vertical 

offsets and differences in amplitude. Constant vertical differences are irrelevant for the study 

(since they correspond to differences in arbitrary origins of measurement), but differences in 
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amplitude are important because they would represent entirely different joint angle ranges. To 

address this, it is valuable to use a complementary measure of similarity highly sensitive to 

amplitude differences. In particular, the root mean square error (RMSE) corresponds to a single 

number representing the Pythagorean distance in a high-dimensional space between the two 

waveforms and is highly sensitive to amplitude, frequency, and offset differences. The results 

are presented as Normalised Root Mean Squares (NRMSE), where the RMSE is divided by the 

range in each case to allow meaningful comparison of root mean square errors between 

different activities and joints. 

As previously noted, the cross-correlation values for the sagittal plane showed very high 

agreement between the waveforms generated by the two systems. Similarly, the NRMSE 

values obtained for the sagittal plane also show very low error (NRMSE < 0.1) across all tasks, 

joint angles, and participant groups. The combination of low NRMSE values and very high CC 

values suggests that MoJoXlab can generate joint angle waveforms in the sagittal plane that 

are highly comparable to those produced by the commercially available MVN Analyze 

software. 

In the case of frontal planes, the joint angles for healthy participants show lower error 

values (NRMSE < 0.17) than those for the ACL reconstruction participants group (NRMSE < 

0.35). Similarly, in the case of transverse planes, the joint angles for healthy participants show 

lower error values (NRMSE < 0.22) than those for the ACL reconstruction participants group 

(NRMSE < 0.39). Thus, the NRMSE values for the ACL reconstruction participants group for 

both frontal and transverse planes are higher than those for the healthy participant group. The 

error values for healthy participants’ joint angles in frontal and transverse planes are within the 

reasonably accepted range of 0.2. The combination of high CC and low NRMSE values for all 

healthy participants across all tasks and joints suggests excellent agreement between MoJoXlab 

and MVN Analyze. 

To summarise, the results for the ACL reconstruction participant group in the sagittal 

plane show high CC and low NRMSE values, indicating excellent agreement. The CC values 

for the ACL reconstruction participants are also high for the transverse and frontal planes, 

confirming agreement on waveform pattern similarities between MoJoXlab and MVN 

Analyze. However, the underlying reasons for the slightly higher range of NRMSE error values 

for the ACL reconstruction participants group in frontal and transverse planes need further 

investigation. 
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5.4.3 Understanding the differences in waveforms 

One potential factor contributing to the difference in accuracy between healthy and ACL 

patients may be the different sites where data were collected. The laboratory measured both 

static calibration steps and functional tasks for the healthy participant group. However, for the 

ACL reconstruction participant group, the calibration step was conducted in the consultation 

room within the clinic, and some of the activities took place outside the consultation room in 

the corridor or a different room. The different locations for data collection for some tasks may 

account for the difference in the waveforms between the two participant groups. 

The clinic data collection physiotherapist noted that external magnetic interference was 

affecting the sensor data. In principle, as the two software programs use the same raw sensor 

data, one might expect that any magnetic interference would equally affect the outcome of joint 

angle waveforms for the two systems. However, MoJoXlab and MVN Analyze handle 

magnetic interference differently. Currently, MoJoXlab has no special software or algorithm 

to compensate for magnetic interference from the environment, a limitation of the current 

version of MoJoXlab. In contrast, Xsens claims that MVN Analyze has special software to 

compensate for environmental magnetic interference. The mechanisms MVN may use for such 

compensation have not been made public, and their purported effectiveness has not been 

independently validated (Paulich et al., 2018). In practice, when using MoJoXlab in clinical 

settings, it would be advisable to avoid potential sources of magnetic interference as much as 

possible (de Vries et al., 2009). 

One of the major limitations of this study is the small sample size for the ACL 

reconstruction participant group. While 95 trials were available for analysis in the healthy 

participant group, there were fewer trials for the ACL reconstruction participants, with 19 

available trials for the walking and squatting tasks and only 8 for the jumping task. This 

disparity in the number of trials available for analysis between the healthy and ACL 

reconstruction participant groups could have contributed to the observed differences in the 

results. To better compare data from healthy and ACL reconstruction participants, further work 

would be needed to collect more data from individuals with ACL reconstruction. 

One limitation of the current study is the small number of participants in the ACL 

reconstruction group. This small sample size may affect the reliability of the data, as there may 

be more variability and random error present in the results. Additionally, it may impact the 

ability to generalise the findings to a larger population, as a larger sample size would more 

accurately represent the population. Despite this limitation, the study’s results may still provide 
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valuable insights and contribute to the existing body of knowledge in the field. It is important 

to carefully consider the study’s limitations and interpret the results in the context of the sample 

size. Future research with a larger sample size may further validate and expand upon the current 

study’s findings. 

5.4.4 Further work 

This chapter compares the validation results of the joint angle waveforms generated by 

MoJoXlab with those produced by the proprietary MVN software. Further research is 

necessary to validate the various gait parameters, such as stride length, cadence, step width, 

and gait symmetry, that MoJoXlab will be able to calculate in the future. 

It would be beneficial to explore strategies that allow MoJoXlab to deal more effectively 

with external factors, such as magnetic interference, that can impact calibration. Although 

MoJoXlab can utilise any sensor that provides quaternion data, the inertial sensor data in this 

study were acquired using Xsens’s inertial sensors. Further research is needed to demonstrate 

the compatibility of MoJoXlab with inertial sensors from various manufacturers. 

The current version of MoJoXlab is designed for offline data analysis and visualisation. 

Data must be collected using separate software and then imported into MoJoXlab for analysis. 

As of the time of writing, MoJoXlab does not have the capability to collect data using wearable 

inertial sensors. The next chapter will discuss further development of the MoJoXlab user 

interface to enable clinicians to collect movement data using wearable inertial sensors and 

perform analysis within the same system. 
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5.5 CONCLUSION 

In this chapter, “How can the use of wearable inertial sensors and movement analysis 

software be optimised for lower limb rehabilitation?” (RQ2) was investigated. This study has 

shown that a variety of clinically relevant functional tasks, such as walking, squatting and 

jumping, can be measured using wearable inertial sensors in both lab and clinical settings by 

clinicians (in this case, physiotherapists) using non-proprietary software.  The non-proprietary 

MoJoXlab software has been validated against commercial MVN Analyze software, which was 

previously shown to be as accurate as a camera-based 3D motion capture system. Validation 

results suggest that MoJoXlab can calculate joint angles comparable to proprietary MVN 

Analyze software across people with ACL reconstruction and healthy people for tasks such as 

walking and more complex tasks such as squatting and jumping. Thus, MoJoXlab has the 

potential to provide clinicians with accurate movement analysis of their patients across multiple 

joints and planes of motion and to provide analysis of complex tasks and exercises that are 

clinically relevant. It also has the potential to enable clinicians to benefit from using wearable 

inertial sensors in their practice to capture movement data of their clients and objectively track 

changes over time. Increasing adoption of such software and sensors in clinical practice could 

allow better decision making around exercise prescription, monitoring patient progress over 

time, tailoring advice and feedback and improving the rehabilitation process. In the next 

chapter, the accuracy and reliability of MoJoXlab when used with different sensor systems 

were analysed to investigate RQ2 further. 
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Chapter 6: Evaluation of MoJoXlab with 

different wearable sensor system  

6.1 INTRODUCTION 

In the preceding chapter, MoJoXlab, software for movement analysis, underwent 

validation compared to Xsens’s proprietary software, MVN. However, the validation study 

exclusively used Xsens’s proprietary inertial sensors. To achieve widespread adoption of 

MoJoXlab, it is imperative that it can accommodate sensors from various manufacturers. It is 

worth noting that each sensor manufacturer has distinct software for data collection and output 

file formats (Zhou et al., 2020). MoJoXlab endeavours to support multiple sensor 

manufacturers presently available in the market. 

With this in mind, the present chapter investigates RQ2, “How can the use of wearable 

inertial sensors and movement analysis software be optimised for lower limb rehabilitation ?” 

This chapter compares sensor data from two manufacturers, Xsens and X-IO Technologies’ 

NGIMU, to determine the feasibility of using open-protocol sensors in clinical practice. 

Xsens’s proprietary sensors were evaluated alongside NGIMU sensors, which use an open 

protocol conducive to custom software development. In addition, NGIMU sensors are 

relatively more affordable than Xsens’s and other proprietary sensor manufacturers’ offerings. 

They have also been previously leveraged in movement analysis research (Auepanwiriyakul et 

al., 2020; Pierleoni et al., 2019; Piitulainen et al., 2021; Rantalainen et al., 2020; J.-T. Zhang 

et al., 2013). 

Prior research that compared inertial sensors has used either goniometer-based 

measurements (Gao et al., 2016), simulation-based techniques (Harindranath & Arora, 2018), 

or compared sensors with established motion capture systems (Al-Amri et al., 2018). 

MoJoXlab was previously validated using Xsens’s sensors in conjunction with Xsens’s 

commercial software (Islam et al., 2020a) and, consequently, with a VICON-based optical 

motion capture system (Al-Amri et al., 2018). Specifically, this chapter compares NGIMU 

sensors with the previously validated MoJoXlab software (Islam & Al-Amri, 2020). 
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This study collected data from 15 healthy participants who performed various lower-limb 

activities relevant to clinical applications while wearing two sensor sets. The activities were 

selected based on input from three senior clinicians. Both sensor systems captured data for the 

same activities, but due to using different software for data collection, the resulting time series 

signals were out of sync, resulting in a lag between them and unequal signal lengths. In contrast 

to the previous chapter, where data was captured using a single software package (Xsens’s 

MVN), the issue of data synchrony, lag, or unequal lengths was absent. As such, a different 

method for comparing similarities is more appropriate. The dynamic time warping method is 

used for this purpose, as cross-correlation and root mean square error methods are unsuitable 

in this context. Dynamic time warping has been employed in movement analysis applications 

and can provide a similarity metric even when signals are out of sync or have varying lengths 

(Błażkiewicz et al., 2021; Gao et al., 2016). 

The preceding chapter demonstrated how MoJoXlab calculated joint angles for three 

clinically relevant activities: walking, squatting and jumping. In the present chapter, MoJoXlab 

is deployed to conduct movement analysis of additional activities, including knee exercises 

while seated and supine. The data collected in this study adds to a repository of movement 

analysis databank that employs two distinct sensor systems for nine different clinically relevant 

activities. This databank can be leveraged for several purposes, such as advancing the 

development of MoJoXlab, creating algorithms for lower limb movement analysis, supporting 

activity recognition tasks, and training machine learning models.  
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6.2 AIMS AND OBJECTIVES 

Assessing lower limb movement during physical activities, such as walking, squatting, 

and sports exercises, are crucial in physiotherapy practice. These movements are typically 

rapid, dynamic, complex, and of short duration, making it difficult to observe multiple joints 

simultaneously on both sides of the body. Consequently, the current approach involves visual 

assessment by clinicians, which is subjective and prone to variability among clinicians. 

Wearable inertial measurement units (IMUs) can provide objective data on patient 

movement in such cases, allowing for detailed information on performance and resulting in 

objective scoring of movement quality. Sensors are typically attached to a body segment to 

measure acceleration, orientation, and movement direction. The resulting data can be used to 

calculate joint kinematics. 

The objectives of this study are to: 

• Demonstrate the generalisability of MoJoXlab’s algorithm by performing lower 

limb movement analysis using data from various sensor manufacturers. 

• Show that MoJoXlab can be used with low-cost, open-protocol IMU sensors, 

reducing the barrier to entry of IMU sensors in clinical settings. 

• Compare and validate data obtained from low-cost, open-protocol IMU sensors 

(NGIMU sensors as a representative example) against expensive, proprietary IMU 

sensors (Xsens). 

• Demonstrate that MoJoXlab can perform clinical movement analysis for various 

activities and clinically relevant exercises based on a list of activities provided by 

three senior clinicians. 

• Create an open databank to develop further algorithms related to lower limb 

movement analysis, which will help refine MoJoXlab’s existing algorithms and 

support the use of a minimum number of sensors required to capture exercise data. 

This databank will simplify the data collection procedure and lower the barrier to 

entry for such technologies in clinical settings. 
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6.3 METHODS 

This study involved placing two sets of seven sensors, totalling 14, in parallel on the 

lower body of each participant. The sensors were attached in pairs on the feet, calves, thighs, 

and pelvis using an adjustable strap, as illustrated in Figure 33. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Both NGIMU and Xsens sensors were used in this study. These commercially available 

sensors differ in cost and software capabilities. NGIMU, produced by X-IO Technologies in 

the UK, is a low-cost sensor with an open protocol and freely available data capture software. 

However, it lacks the ability to generate joint angles. Nonetheless, its user-friendly nature, easy 

to setup and has a simpler data collection protocol making it a suitable candidate for clinical 

settings. Furthermore, the open protocol of NGIMU sensors allows easier integration into 

custom software such as MoJoXlab compared to Xsens sensors. As such, NGIMU sensors are 

a proxy for other open protocol IMU sensors. In contrast, Xsens sensor data was collected using 

Figure 33: Locations of sensors for lower limb body and sensor axes, sensors were stacked in all 

positions, except for the pelvis position, where they were positioned side by side to enhance comfort 

during lying down. 
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Xsens MT Manager software, which is limited to data acquisition and does not allow for 

generating joint angles. 

Data were collected at a sampling frequency of 50 Hz and exported as CSV files from 

both Xsens and NGIMU software. The dataset is openly accessible to the public (Islam, 2023). 

Custom Python scripts were developed to pre-process the collected data. Subsequently, joint 

angles for each set of sensors were calculated using MoJoXlab. 

The study compared the performance of MoJoXlab in calculating joint angles using data 

obtained from NGIMU sensors and Xsens sensors for each activity and exercise. The 

comparison and validation of the data were carried out using dynamic time warping. 

Similar to the previous chapter, this study also employed a quantitative approach. Data 

on lower limb movement was collected from 15 healthy participants, who wore 14 inertial 

sensors - seven Xsens MTw2 sensors and seven NGIMU sensors. These sensors were used to 

monitor movement in six clinically relevant activities and three clinically relevant exercises. 

Table 15 provides a complete list of the activities and exercises and briefly describes each. 

Joint angles at the hip, knee, and ankle were calculated for both sensor systems in the sagittal, 

frontal, and transverse planes using MoJoXlab. The validity of the results was ensured by 

comparing the generated waveforms and employing the dynamic time warping method. 
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Table 15: Activities and exercises 

Activity Description 

Basic Activities 

Walking Walking on a straight line without carrying any objects. 

Sitting and relaxing 
Sitting on a chair and relaxing without engaging in any activity, 

maintaining an upright posture with support from the chair’s backrest. 

Standing Standing stationary without any leg movement. 

Lying down (supine position) 
Lying down flat on the back in a supine position on a hospital bed 

without any movement. 

Jumping 
Standing on both feet, slightly bending the knees, and then jumping 

upwards and landing on the same spot. 

Squatting 
Starting from a standing position, bending the knees and moving down 

as far as possible. 

Exercises 

Seated active knee 

extension/flexion 

While sitting on a chair, extend and flex the left leg to make it parallel to 

the ground and then return it to the original position. Repeat the same 

process for the right leg. 

Seated assisted knee 

extension/flexion 

While sitting on a chair, place the left leg over the right leg, and then 

extend and flex the left leg to make it parallel to the ground while resting 

it on the right leg. Repeat the same process for the right leg. 

Heel Slide 
While lying down in a supine position flat on the back, bend the knees 

slowly to slide the heels towards the buttocks. 

 

6.3.1 Research participants 

This study received ethical approval from The Open University Human Research Ethics 

Committee (HREC/2019/3237/Bennasar), and written informed consent was obtained from all 

participants before their participation. A total of 15 healthy participants were recruited using 

convenience sampling according to the following criteria: aged between 18 and 60 years 

without any active lower limb disability or injury.  

Table 16 presents the demographic characteristics of the participants. 

Table 16: Participant demographics of healthy individuals including sample size, mean age with standard 

deviation, gender ratio, mean body height with standard deviation, and mean foot size with standard deviation. 
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Sample Age Male/Female Height Foot Size 

N = 15 44yrs ± 13 M:F = 7:8 171.5cm ± 9.6 27.8cm ± 3.5 

 

6.3.2 Study design 

Data collection was conducted in the Pervasive Lab at The Open University campus. 

Each of the 15 participants performed all activities described in Table 15 while wearing both 

sensor systems simultaneously. To ensure data consistency and quality, the same individual 

(the author) placed the sensors on participants and collected data for all participants. The author 

has prior training and experience in working with inertial sensors for movement analysis, and 

the data collection protocol and sensor placement followed those used in previous studies (Al-

Amri et al., 2018; Islam et al., 2020a). 

During data collection, body height and foot size were measured for all participants in a 

standing posture. Seven MTw2 wearable inertial sensors from Xsens Technologies were 

attached to the body in accordance with the official instructions, as depicted in Figure 33. Seven 

NGIMU wearable inertial sensors from X-IO Technologies were placed adjacent to the Xsens 

sensors for each body part. The wearable inertial sensors were attached using elasticated Velcro 

straps on each upper thigh, each lower leg, the dorsum of each foot, and one centrally over the 

sacrum. Each lower-limb sensor was positioned between the two outermost layers of the strap 

and fixed to the Velcro of the inner layer to secure its position and minimise movement. The 

sacral sensor was placed directly over the sacrum with the upper border aligned centrally 

between the two posterior superior iliac spines and secured using medical-grade double-sided 

adhesive tape. 
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Before performing each activity, the author gave the participants a demonstration. The 

order of activities was kept consistent across all the participants. The following instructions 

were then provided for each activity and exercise: 

• Standing: Participants were instructed to remain standing for one minute. 

• Walking: Participants were asked to walk in a straight line at their regular pace for 

one minute in the corridor adjacent to the Pervasive Lab. Due to limited space in the 

corridor, participants walked in laps until one minute was reached. Participants 

started on one side of the corridor, walked till the end of the corridor, turned back, 

walked to the other side, turned back, and continued walking in laps. 

• Squatting: Participants were asked to squat eight times. 

• Jumping: Participants were asked to jump eight times. 

• Sitting: Participants were asked to sit on a chair and relax for one minute. 

• Active knee extension and flexion exercise: Participants were asked to perform 

seated exercises for both legs, extending and flexing the knees eight times each, 

starting with the left leg. 

• Assisted knee extension and flexion exercise: Participants were asked to perform 

seated exercises for both legs, extending and flexing the knees eight times each, 

starting with the left leg and with assistance. 

• Lying down: Participants were asked to lie in supine position on a provided mattress 

for one minute. 

• Heel slide exercise: Participants were asked to perform an exercise for both legs, 

sliding the heel along the floor eight times each, starting with the left leg. 

6.3.3 Data analysis 

MoJoXlab was used to generate joint angles from the movement data collected by the 

two sets of wearable inertial sensors. Dynamic time warping was employed to compare and 

validate the joint angles generated by the two sets of sensors. 

As outlined in the preceding chapter, MoJoXlab is a freely available motion capture 

software toolkit (Islam & Al-Amri, 2020). MoJoXlab employs data derived from wearable 

inertial sensors, expressed in quaternions, to calculate joint angles, expressed in degrees. This 

chapter applies MoJoXlab to determine joint angles for the nine clinically relevant activities 
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and exercises in Table 15. Previous studies have verified MoJoXlab’s efficacy by comparing 

it to commercial, proprietary software, such as MVN Analyze (Islam et al., 2020a). 

6.3.4 Calibration and data collection 

Kinematic data were collected at a sampling rate of 50 Hz using Xsens’s MTw2 and X-

IO’s NGIMU wearable inertial sensors. All sensors were connected to the computer through 

WiFi technology. The Xsens MT Manager system (Xsens Technologies) was used to record 

data from Xsens’s MTw2 sensors, while NGIMU’s open-source software recorded data from 

NGIMU sensors. MoJoXlab used the raw inertial sensor data from both sensor systems to 

calculate joint angles, resulting in two sets of joint angles for each activity corresponding to 

each sensor system. 

To compute joint angles using MoJoXlab, a calibration process is necessary. For this 

study, the static calibration dataset was collected during the standing activity, where 

participants were asked to maintain a standard standing posture, as described in a previous 

study (Islam et al., 2020a). 

6.3.5 Data processing 

Inertial sensor data obtained from Xsens MT Manager and NGIMU Open-Source 

Software were exported to comma-separated value (CSV) files and used as input for MoJoXlab 

to calculate joint angles for the hip, knee, and ankle joints in each activity. Joint angles were 

generated for each joint, each plane of movement (sagittal, frontal, transverse), and each side 

of the body (left, right). However, MoJoXlab’s algorithm only supported joint angles in the 

sagittal and frontal planes for the ankle joint. Positive joint angles represented flexion, 

abduction, and internal rotation in the sagittal, frontal, and transverse planes, respectively 

(Islam & Al-Amri, 2020). 

6.3.6 Data analysis and validation 

A prior research study has validated the joint angles derived from MVN Analyze against 

those obtained from VICON’s camera-based 3D motion capture system (Al-Amri et al., 2018). 

In the preceding chapter, joint angles produced by MVN Analyze served as the reference values 

to assess the joint angles computed by MoJoXlab. It is worth noting that MoJoXlab’s accuracy 

has been confirmed through comparison with gold-standard software (Islam et al., 2020a). 

This chapter uses MoJoXlab to produce joint angles from two distinct sensor systems 

and subsequently compares and examines the resultant joint angles using custom scripts written 
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in Python 3.8.8 with Spyder IDE version 5.1.5. The data processing, analysis, validation, and 

visualisation workflow is shown in Figure 34. 

 

Figure 34: Block diagram - Workflow for data processing, analysis, and validation. 
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Custom Python scripts were employed to compare joint angles generated by MoJoXlab. 

These scripts were designed to perform the following functions: 

• Visualise joint angle waveforms. 

• Calculate the dynamic time warping distance between the waveforms. 

• Plot graphs corresponding to the calculated distance. 

In the previous chapter, the generated joint angle waveforms were validated using cross-

correlation, and normalised root mean square error, as described in Islam et al. (2020). 

Although these methods are commonly used for comparing and measuring the similarity 

between two signals, dynamic time warping may be more appropriate in certain situations 

(Gaspar et al., 2017; Meszlényi et al., 2017). Specifically, when recording data for the same 

activities using two different sensors and software systems, the signals may be out of sync, 

have a lag between them, and have different lengths. In such cases, the dynamic time warping 

method is useful for assessing the similarity between two signals, particularly when they have 

different lengths (Błażkiewicz et al., 2021). Cross-correlation and normalised root mean square 

error are unsuitable for signals of differing lengths; thus, dynamic time warping was used. 

6.3.7 Dynamic time warping 

Dynamic time warping is a similarity metric frequently used in signal processing to 

evaluate the similarity between two time series signals that may have different lengths. The 

dynamic time warping method generates an optimal match as a distance measure between the 

two signals under the comparison (Błażkiewicz et al., 2021). 

 

Figure 35: Comparison of dynamic time warping matching and Euclidean matching. The red and blue signals 

display similar patterns but have certain differences. The dynamic time warping method can calculate a 
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similarity metric between them as a distance measure. (Image source: XantaCross, CC BY-SA 3.0, via 

Wikimedia Commons)  

Let x and y be two time series signals of length p and q, respectively. Then, x and y can 

be represented as x = x1, x2, x3 …. xp and y = y1, y2, y3, …. yq. The dynamic time warping 

algorithm generates a matrix of dimensions p-by-q, where each matrix element is a distance 

measure between the two signals, expressed as d (xi, yj). The Euclidean distance between two 

points xi and xj is given by 𝑑(𝑥𝑖 , 𝑦𝑗) =  √(𝑥𝑖 − 𝑦𝑗)2. An optimal warping path is computed 

through the matrix that minimises the total cumulative distance between the points to measure 

the optimal match between the two signals. The cost function gives the optimal match: DTW(x, 

y) = min (√∑ 𝑤𝑘
𝐾
𝑘=1 ), where wk is the matrix element (i, j)k that belongs to the k-th element of 

a warping path W, which is a contiguous set of matrix elements representing a mapping 

between x and y (Błażkiewicz et al., 2021). 

A distance measure of zero indicates that the two signals are exactly similar, and values 

closer to zero indicate high similarity, while values farther away from zero indicate less 

similarity. This chapter applies the fastdtw implementation of the dynamic time warping 

algorithm, which is available as a Python package (Salvador & Chan, 2007). The fastdtw 

program outputs a distance measure and the optimal warping path. While the dynamic time 

warping distance is always positive, the similarity metric values range from -1 to +1 in the case 

of the cross-correlation coefficient. A zero value indicates no correlation, while a value of +1 

indicates a maximum correlation (Gaspar et al., 2017). However, for dynamic time warping, 

the high similarity is only indicated by values closer to zero, with zero indicating no distance 

or exact match (Błażkiewicz et al., 2021). 

This chapter employs two metrics to compare the two sensor systems derived from 

dynamic time warping values. Normalised Dynamic Time Warping (NDTW) is a commonly 

used similarity metric in the time-series data analysis (E. J. Keogh & Pazzani, 2000). NDTW 

calculates the minimum distance required to align two time-series data, accounting for 

differences in their time scales by computing the sum of squared differences between 

corresponding points of the two time series (E. J. Keogh & Pazzani, 2000). To adjust for 

differences in the length of the two series, the distance is divided by the length of the path 

required to align them, resulting in a normalised distance value representing the similarity 

between the two time series (E. J. Keogh & Pazzani, 2000).  

NDTW = DTW / (length of optimal warping path) 
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A lower normalised distance value indicates a higher similarity between the two time 

series. The technique for converting an unnormalised distance metric into a normalised 

similarity measure, constrained within the range of 0 to 1, is a well-established method (Myers 

et al., 1980). This method involves determining the highest feasible value of the distance metric 

between two time series, which depends on the length of the template and the maximum value 

of each sample (Myers et al., 1980). This value is then used to standardise the distance metric, 

resulting in the normalised similarity measure. In the context of dynamic time warping, the 

maximal value is established based on the length of the template, resulting in a normalised 

similarity measure that ranges between 0 and 1 (Myers et al., 1980). 

DTW Similarity Metric = 1 - 
DTW

( max value of time series)
* (length of optimal warping path)  
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6.4 RESULTS 

This section presents the findings comparing the sensor data obtained from two systems. 

Specifically, the comparison was conducted on the raw quaternion signals, followed by 

comparing the joint angles between the Xsens and NGIMU systems. 

6.4.1 Sensor data 

This subsection compares the raw quaternion signals acquired from two sensor systems 

(Islam, 2023). Normalised dynamic time warping values were computed for the quaternion 

signals to facilitate comparing the two sensor systems. 

 

Figure 36: Boxplot displaying the mean sorted normalised dynamic time warping values obtained from 

comparing quaternions between Xsens and NGIMU sensors across all sensor positions and participants. The 

green dotted line denotes each participant’s mean normalised dynamic time warping values. In contrast, the 

orange solid line represents each participant’s median normalised dynamic time warping values. 

Figure 36 displays a boxplot graph of the normalised dynamic time warping values for 

the quaternion signals obtained from the two sensor systems, sorted by mean values across 

participants. The plot provides an overview of the distribution of these values, with mean 

values generally below 0.001. In addition, Figure 37 shows the dynamic time warping 

similarity metric values, with all mean values greater than 0.8, indicating high similarity. The 
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distribution suggests a high degree of similarity in quaternion signals between the two sensor 

systems for the same activity, participant, and sensor position. 

 

Figure 37: Boxplot displaying the mean sorted dynamic time warping similarity metric values obtained from 

comparing quaternions between Xsens and NGIMU sensors across all sensor positions and participants. The 

green dotted line denotes each participant’s mean values. In contrast, the orange solid line represents each 

participant’s median values. 
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Figure 38: Boxplot displaying the mean sorted normalised dynamic time warping values obtained from 

comparing quaternions between Xsens and NGIMU sensors for each sensor position. The green dotted line 

denotes each participant’s mean normalised dynamic time warping values. In contrast, the orange solid line 

represents each participant’s median normalised dynamic time warping values. 

Figure 38 presents a boxplot displaying the normalised dynamic time warping values for 

the quaternion signals obtained from the two sensor systems, sorted by their mean values across 

each sensor position. The plot offers an overview of the distribution of these values, with mean 

values generally observed to be below 0.001. Additionally, Figure 39 depicts the dynamic time 

warping similarity metric values, with all mean values greater than 0.8, indicating high 

similarity. The distribution implies high similarity in quaternion signals between the two sensor 

systems for each position. 
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Figure 39: Boxplot displaying the mean sorted dynamic time warping similarity metric values obtained from 

comparing quaternions between Xsens and NGIMU sensors for each sensor position. The green dotted line 

denotes each participant’s mean values. In contrast, the orange solid line represents each participant’s median 

values. 

Further investigation of the comparison between the raw quaternion signals obtained 

from the two sensor systems was conducted through visual inspection of the waveforms, as 

presented in Figures 40 - 43. These figures depict the raw quaternion signals for both Xsens 

and NGIMU sensors for the Pelvis and left side of the body, Thigh, Shank, and Foot sensor 

positions. As the results for the right side of the body were similar to those of the left side, they 

were not included to avoid redundancy. These quaternion signals were taken from a 

representative participant, P11, to understand the typical pattern of these signals better. 
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Figure 40: Comparison of raw quaternion signals (q0, q1, q2, q3) between Xsens and NGIMU sensors for the 

pelvis joint. 

 

Figure 41: Comparison of raw quaternion signals (q0, q1, q2, q3) between Xsens and NGIMU sensors for the 

left thigh joint. 
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Figure 42: Comparison of raw quaternion signals (q0, q1, q2, q3) between Xsens and NGIMU sensors for the 

left shank joint. 

 

Figure 43: Comparison of raw quaternion signals (q0, q1, q2, q3) between Xsens and NGIMU sensors for the 

left foot joint. 
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Figures 40 - 43 indicate that the quaternion signals are visually similar, supporting the 

dynamic time warping values. For example, Figure 40 shows that the quaternion signal for the 

pelvis joint follows a similar pattern for both sensor systems across the four quaternion 

components. A noticeable lag between the two signals is observed in some cases; the signals 

exhibit a vertical offset in others. For sensors on the left thigh in Figure 41, the signals appear 

less visually similar to those for the pelvis sensors. Although the two signals follow a similar 

pattern, the vertical offset is considerably larger than in Figure 40. Similarly, Figure 42 and 

Figure 43 show that the left shank and left foot sensors follow a similar pattern but exhibit a 

vertical offset between the two signals. The signals exhibit some visual similarities despite 

being placed side by side on each body position and measuring the same activities. Still, the 

issue of a vertical offset between the two sensors persists. 

In the next sub-section, the dynamic time warping values for the quaternions are 

compared with the dynamic time warping values for the joint angles.  
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6.4.2 Joint angles 

This section analyses the joint angles calculated by MoJoXlab from two different sensor 

systems, Xsens and NGIMU. 

 

Figure 44: Comparison of dynamic time warping similarity metric values between quaternions and joint angles. 

Figure 44 compares the dynamic time warping similarity metric values for the raw 

quaternion signals and the joint angles. The results demonstrate that the values are nearly 

identical for both, thus validating the similarity between the quaternion signals and joint angles 

calculated from the two sensor systems. 
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Figure 45: Boxplot of mean sorted normalised dynamic time warping values for joint angles obtained from 

Xsens and NGIMU sensors across joint types. Mean values are denoted by the green dotted line, while median 

values are represented by the orange solid line. 

Figure 45 displays the distribution of mean sorted normalised dynamic time warping 

values for comparing joint angles between Xsens and NGIMU sensors across the three lower 

limb joints, namely the Hip, Knee, and Ankle. The results indicate low mean and median 

dynamic time warping values, remaining within 0.3 to 0.6. Figure 46 illustrates the dynamic 

time warping similarity metric values for the same three joints, which demonstrate high 

similarity, with values ranging from 0.8 to 0.9. 
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Figure 46: Boxplot of mean sorted dynamic time warping similarity metric values for joint angles obtained from 

Xsens and NGIMU sensors across joint types. Mean values are denoted by the green dotted line, while median 

values are represented by the orange solid line. 
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Figure 47 presents the mean sorted normalised dynamic time warping values for 

comparing Xsens and NGIMU sensors across all body joints, planes, and sides. The joints are 

sorted by their mean values. Figure 48 displays the dynamic time warping similarity metric 

values across joint-plane-side categories. The results indicate that the ankle joints exhibit 

higher accuracy than the hip and knee joints. Moreover, there is less variation in the distribution 

of the hip joint compared to the other joints. The body’s left side demonstrates more similarity 

than the right. Additionally, the sagittal and frontal planes exhibit more similarity than the 

transverse planes. 

 

Figure 47: Displays the normalised dynamic time warping values for joint angle comparisons between Xsens 

and NGIMU sensors, sorted by mean values across all joints, planes, and sides. The joints are identified by the 

following abbreviations: A for the ankle, H for the hip, and K for the knee. The planes are identified by S for 

sagittal, F for frontal, and T for transversal. L identifies the sides for left and R for right. 
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Figure 48: Displays the dynamic time warping similarity metric values for joint angle comparisons between 

Xsens and NGIMU sensors, sorted by mean values across all joints, planes, and sides. The joints are identified 

by the following abbreviations: A for the ankle, H for the hip, and K for the knee. The planes are identified by S 

for sagittal, F for frontal, and T for transversal. L identifies the sides for left and R for right 
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The waveforms of the joint angles were examined to gain insight into the dynamic time 

warping values for comparing joint angles. Figure 49 through Figure 51 display the joint angles 

for the same representative participant, P11. Since the graphs for the right side of the body 

show similar patterns to those for the left side, only the graphs for the left side are presented to 

avoid redundancy. 

 

Figure 49: Joint angles generated by MoJoXlab for Xsens and NGIMU, for Ankle joint, showing the sagittal and 

frontal planes for the left side. 
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Figure 50: Joint angles generated by MoJoXlab for Xsens and NGIMU, for Hip joint, showing the sagittal, 

frontal, and transversal planes for the left side. 
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Figure 51: Joint angles generated by MoJoXlab for Xsens and NGIMU, for Knee joint, showing the sagittal, 

frontal, and transversal planes for the left side. 

The waveforms of joint angles were examined to investigate the dynamic time warping 

values for comparing joint angles. Figure 49 illustrates the joint angles computed by MoJoXlab 

for both Xsens and NGIMU sensors for the Ankle joint of participant P11. All the activities 

performed by P11 are shown in the waveform. Likewise, Figure 50 displays the joint angles 

for the Hip joint and Figure 51 for the Knee joint. These graphs reveal that the dynamic time 

warping values correctly suggest similarity in the joint angles between the two sensor systems. 

Certain portions of the graphs indicate that the two signals follow a similar pattern. For 

instance, in the 10,000 to 15,000 samples range, P11 was walking and occasionally exhibited 

high variations in that region. However, the two signals differ considerably, particularly 

regarding vertical offsets in both positive and negative directions. The lag between the two 

signals is more pronounced than in the comparison of quaternions.  

The results of this study indicate that MoJoXlab was able to generate accurate joint 

angles from the NGIMU wearable inertial sensors. However, further investigation is necessary 

to determine the specific requirements for MoJoXlab to support NGIMU sensors. MoJoXlab’s 
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current algorithm can theoretically generate joint angles from any sensor system that measures 

quaternion orientation. The comparable raw quaternions from the two sensor systems shown 

in Figure 40 to Figure 43 suggest that the calculated joint angles should also be comparable. 

Nevertheless, visible differences in joint angles between the two sensor systems indicate that 

MoJoXlab’s algorithm needs to be modified to support NGIMU sensors. This study did not 

modify MoJoXlab’s algorithm, which was validated with Xsens’s sensors. These findings 

highlight the need for further investigation into MoJoXlab’s ability to support alternative 

inertial sensors other than Xsens. Although the comparison of dynamic time warping values 

suggests that MoJoXlab generates comparable joint angles regardless of sensor systems, minor 

details, such as how to account for vertical offset and differences in the period between 

different sensor systems, need to be addressed. 

The following section discusses the results of this study in further detail.  
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6.5 DISCUSSION 

The present study aimed to compare the raw quaternion signals and joint angles 

calculated from two different sensor systems, Xsens and NGIMU, to investigate the 

interchangeability of these systems in measuring joint angles during human movement. The 

results from comparing raw quaternion signals and joint angles showed a high similarity 

between the two sensor systems. This suggests that the Xsens and NGIMU systems can be used 

interchangeably to measure joint angles during human movement. 

However, the vertical offset between the two sensors remains, which may be due to 

differences in sensor placement or the sensor’s measurement properties. This finding is 

consistent with previous studies that have reported sensor placement as a critical factor 

affecting the accuracy and reliability of the sensor data (Vargas-Valencia et al., 2016). 

Placing multiple inertial sensors close to each other can lead to interference, 

misalignment, and noise in the sensor data. This can result in inaccuracies and reduced data 

quality. To address these issues, calibration, sensor fusion, strategic placement, and noise 

filtering techniques are used to improve the accuracy and reliability of the measurements. To 

minimise the effect of sensor placement on sensor data, future studies should investigate the 

optimal sensor placement for each sensor system and provide guidelines for sensor placement 

in different applications. Additionally, future studies should investigate the cause of the vertical 

offset between the two sensors and explore ways to minimise it, such as through sensor 

calibration or algorithm modification. 

The use of dynamic time warping similarity metric values proved useful in comparing 

sensor data in the present study. This finding is consistent with previous studies that have used 

dynamic time warping to compare different sensor systems (Błażkiewicz et al., 2021; Gaspar 

et al., 2017). Dynamic time warping allows for comparing time series data with different 

lengths and temporal alignments, making it a suitable method for comparing sensor data 

collected from different sensor systems. 

The present study’s findings have important implications for developing movement 

analysis software that supports multiple sensor manufacturers. The development of non-

proprietary wearable inertial sensor-based movement analysis software such as OpenSense (Al 

Borno et al., 2022) and OpenSenseRT (Slade et al., 2022) is an important step towards 

providing clinicians with accessible and cost-effective tools for movement analysis. However, 
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these systems are currently limited in their ability to support multiple sensor systems, and 

further investigation is required to identify specific requirements for each sensor manufacturer.  
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6.6 LIMITATIONS 

The current study has several limitations that warrant attention when interpreting the 

findings. Although the study compared joint angles generated by the two sensor systems for 

various movements, it did not compare the results of specific activities such as walking, 

jumping, or squatting. Furthermore, the study only examined joint angles and did not compare 

other movement parameters such as range of motion, speed, stride length, or gait symmetry. 

Therefore, future research should explore the similarity of other movement parameters to 

determine MoJoXlab’s reliability in analysing various aspects of human movement. 

Moreover, the current study did not investigate the effect of sensor placement on the 

observed vertical offset between the two sensor systems. Further research is needed to identify 

this offset’s cause and devise strategies to reduce it. Additionally, the study only included 

healthy participants performing predetermined movements. 

Lastly, the current study employed dynamic time warping similarity metric values as the 

sole measure to compare sensor data. While this metric is useful for measuring the similarity 

between two signals, it does not provide information on the absolute accuracy of the joint angle 

measurements. Therefore, future research should examine the accuracy of MoJoXlab’s joint 

angle measurements by comparing them with gold standard methods such as motion capture 

systems. 
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6.7 CONCLUSION 

In this chapter, “How can the use of wearable inertial sensors and movement analysis 

software be optimised for lower limb rehabilitation?” (RQ2) was investigated. 

The study demonstrated that MoJoXlab’s algorithm applies to various sensor 

manufacturers, including low-cost, non-proprietary, open-protocol wearable inertial sensors. 

This study also expanded on MoJoXlab’s capabilities for conducting clinical movement 

analysis for various activities and exercises while creating a databank for developing lower 

limb movement analysis algorithms. 

Data were collected from 15 healthy participants who performed various clinically 

relevant activities and exercises using two sets of sensors (Islam, 2023). The dynamic time 

warping analysis showed relatively low values, and the signals appeared similar visually, 

suggesting that the data can be used for algorithm development. This dataset can serve as a 

basis for further development of MoJoXlab to reduce the number of sensors required. 

Currently, MoJoXlab uses seven sensors to calculate joint angles for three joints on both sides 

of the body. However, if the clinician is interested in fewer joints, using a smaller number of 

sensors would save time, resources, and money. 

In conclusion, the study finds that the current iteration of MoJoXlab can conduct 

movement analysis using quaternions from sensors of any manufacturer. However, the 

accuracy of the resulting joint angles is not yet appropriate for clinical applications from all 

sensor manufacturers, and currently, only Xsens and NGIMU sensors are supported. Additional 

research and development are necessary to support multiple sensor manufacturers.  

A user study was started to develop MoJoXlab’s user interface but could not be 

completed to a degree worth reporting due to the pandemic. The next chapter will revisit this 

thesis’s research questions, discuss the research outcomes, and highlight the contributions to 

knowledge made by this work. 
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Chapter 7: Conclusions 

This thesis aims to clarify user requirements in two related but contrasting design 

domains. Firstly, to better understand aspects of the design space for lower limb rehabilitation 

using wearables for individuals affected by neurological conditions. Secondly, to investigate 

user requirements for wearable inertial sensors designed to provide objective movement 

analysis data for healthcare professionals, including physiotherapists and orthopaedic 

surgeons, to monitor patient progress and enhance clinical decision-making. Recall that the 

central research question guiding this thesis is: 

“How can wearable devices support lower limb rehabilitation and clinical practice?” 

This primary research question is further subdivided into the following sub-questions: 

Research Question 1: How can wearable haptic metronome devices be employed to 

facilitate lower limb rehabilitation in individuals with neurological conditions, while 

addressing design considerations and limitations? 

Research Question 2: How can the use of wearable inertial sensors and movement 

analysis software be optimised for lower limb rehabilitation? 

In the next two sections, we revisit these research questions, provide answers, and 

articulate contributions to knowledge. 
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7.1 FINDINGS FOR RESEARCH QUESTION 1 

The findings in this section are based on a series of exploratory formative user studies 

conducted with individuals with neurological conditions and empirical studies conducted with 

individuals living in residential care and in the community (Chapter 4). 

Chapter 4 highlights the design considerations for haptic perception variations among 

individuals with neurological conditions. Specifically, it identifies design considerations for 

individuals with reduced arm function due to neurological conditions and the constraints on 

interaction techniques with wearables. Additionally, it discusses the choice of bipedal or 

monopedal rhythm for synchronising stepping with rhythmic haptic cueing. 

It identifies design requirements for automated measuring walking pattern features, such 

as the number of steps and cadence. The study also identifies a range of physical and sensory 

abilities that affect the suitability of rhythmic haptic cueing for lower limb rehabilitation among 

individuals with neurological conditions. The study demonstrates a novel application of 

wearable haptic devices for lower limb rehabilitation among individuals with Huntington’s 

disease and functional neurological disorders. 

It identifies design requirements for adaptive haptic cueing for rhythmic haptic cueing 

for lower limb rehabilitation. It also highlights the potential benefits of objective data in clinical 

movement analysis for lower limb rehabilitation purposes. 

These findings informed further design and development of wearable devices for lower 

limb rehabilitation among individuals with neurological conditions in both care home settings 

and the community, whether self-managed or supervised. 

Empirical studies conducted with individuals living in residential care and the 

community provided insights into the suitability of using activity trackers to understand 

walking patterns for individuals with neurological conditions. Detailed case studies were 

conducted with brain injury and stroke survivors who self-managed using wearable haptic 

devices for lower limb rehabilitation. The studies demonstrated improvements in walking 

patterns among individuals with neurological conditions such as brain injury, Huntington’s 

disease, and multiple sclerosis. In a case study with a brain injury survivor, the improvement 

in the walking pattern was observed to be sustained after a one-year interval. Additionally, 

rhythmic haptic cueing as an intervention increased physical activity levels among individuals 

with neurological conditions. Finally, multiple sclerosis and Huntington’s disease case study 
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participants reported increased confidence and could walk without a stick and take longer 

walks than usual. 
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7.2 FINDINGS FOR RESEARCH QUESTION 2 

To address this research question, a validation study was conducted to evaluate the 

effectiveness of MoJoXlab. This non-proprietary software system analyses clinical movement 

data obtained through wearable inertial sensors (as outlined in Chapter 5). The results indicate 

that MoJoXlab can be used with wearable inertial sensors to calculate joint angles for clinical 

movement analysis comparable to those obtained from proprietary commercial software. 

Furthermore, this approach can facilitate the convenient and precise collection of objective data 

across various complex tasks, such as walking, squatting, and jumping, for individuals who 

have undergone knee surgery, including anterior cruciate ligament reconstruction surgery, 

thereby improving the quality of care provided by physiotherapists. 

In Chapter 6, a study was conducted to assess the compatibility of MoJoXlab’s algorithm 

with various wearable inertial sensor manufacturers, including low-cost, non-proprietary, 

open-protocol sensors. The study also examined the software’s ability to analyse clinical 

movement data for various lower limb exercises and activities while developing a databank for 

lower limb movement analysis algorithms. Data were collected from 15 healthy participants 

who performed various clinically relevant activities and exercises using two sets of sensors. 

Dynamic time warping analysis indicated low values, and the signals appeared similar visually, 

suggesting the data can be used for algorithm development. The dataset can serve as a basis for 

future development of MoJoXlab to reduce the number of required sensors. Currently, 

MoJoXlab uses seven sensors to calculate joint angles for three joints on both sides of the body. 

However, fewer sensors could save time, resources, and money if clinicians are interested in 

fewer joints. The study concludes that MoJoXlab’s current iteration can conduct movement 

analysis using quaternions from sensors of any manufacturer. However, the accuracy of the 

resulting joint angles is only suitable for clinical applications from some sensor manufacturers, 

and currently, only Xsens and NGIMU sensors are supported. Additional research and 

development are necessary to support multiple sensor manufacturers. For example, the earlier 

validation study can be repeated to support other sensor manufacturers.   
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7.3 CONTRIBUTION TO KNOWLEDGE 

While the preceding section presented a synopsis of the findings and outcomes of this 

thesis, the current section aims to summarise the key contributions of this research. These 

contributions are classified into two categories: first, contributions to understanding the design 

space of wearable haptic metronome systems for lower limb rehabilitation, and second, 

contributions to the user requirements and design considerations for the effective use of 

wearable sensor systems and clinical movement analysis software for lower limb rehabilitation 

applications. 

7.3.1 Contribution to knowledge about wearable haptic metronome systems 

In the case of the first research question, which focused on wearable haptic cueing 

systems, the primary aim, as detailed in Chapter 3, was to explore and understand the impacts, 

implications, and potential uses of the technology being studied rather than test hypotheses or 

establish firm causal relationships. Accordingly, contributions based on the findings include 

design considerations, guidance and requirements. These include design considerations for 

individuals with reduced arm function due to neurological conditions and the associated 

constraints on interaction techniques; design guidance on the choice of bipedal vs mono-pedal 

rhythms for synchronising stepping with rhythmic haptic cueing; and design requirements for 

the automated measurement of walking pattern features, such as step count and cadence.  

The thesis has contributed a complementary series of case studies illuminating the potential of 

haptic cueing for a variety of clinical conditions and in a range of settings. These include case 

studies of improvements in walking patterns among individuals with neurological conditions 

including brain injury, Huntington’s disease, and multiple sclerosis; detailed case studies of a 

brain injury and a stroke survivor who self-managed using wearable haptic devices for lower 

limb rehabilitation. Notably, the study found that the brain injury survivor improved walking 

pattern sustained after one year, despite limited use of the wearable haptic cueing device.  

The thesis has also identified a range of physical and sensory abilities that affect the 

suitability of rhythmic haptic cueing for lower limb rehabilitation among individuals with 

neurological conditions and allowed a first demonstration of the use of wearable haptic devices 

for lower limb rehabilitation among individuals with functional neurological disorders. 
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The thesis has identified the potential benefit of adapting cueing rhythm to individual 

walking pace, with associated design requirements for adaptive systems of this kind. 

7.3.2 Contribution to knowledge about wearable sensor systems and clinical movement 

analysis software systems 

The contributions to knowledge in this domain are focused on the optimisation of 

wearable inertial sensors and movement analysis software for lower limb rehabilitation. This 

thesis compares the joint angle waveforms generated by two software programs, MVN Analyze 

and MoJoXlab (Islam & Al-Amri, 2020), for healthy individuals and those who have 

undergone ACL reconstruction. It identifies the user requirements and design considerations 

for the effective use of MoJoXlab software in a clinical context. It uses cross-correlation and 

normalised root mean square error to compare joint angle waveforms generated by MVN 

Analyze and MoJoXlab (Islam et al., 2020b). The findings suggest high cross-correlation 

values between the two software programs for the sagittal plane across all joints and tasks and 

high cross-correlation values for the frontal and transverse planes in healthy individuals across 

all tasks.  

This thesis contributes to understanding clinical movement analysis software in 

supporting different sensor manufacturers. It presents a databank for further algorithm 

development for the human movement analysis (Islam, 2023). The findings can be used to 

improve sensor systems’ accuracy and reliability and inform the design of software programs 

for clinical use. This thesis highlights the importance of considering user requirements and 

design considerations in developing new sensor systems and software programs for 

rehabilitation. 
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7.4 LIMITATIONS OF THE STUDY AND FUTURE DIRECTIONS 

This section explores limitations and potential avenues for future research in the context 

of the doctoral work presented. 

7.4.1 Limited number of research participants 

Individuals living with neurological conditions, as investigated in this doctoral work, are 

a population of high-risk and vulnerable patients. To ensure the safety of the research 

participants, clinicians were consulted to evaluate the suitability of each potential candidate. 

This rigorous screening process resulted in a limited number of participants available for the 

study. Additionally, some candidates withdrew from the research study for personal or health 

reasons. For instance, one suitable candidate had to withdraw from the study because of the 

relapse of their condition, which subsequently led to hospitalisation. This event occurred before 

the participant’s involvement in the research study, and therefore, the research work did not 

contribute to the participant’s deteriorating condition. 

Considering the aforementioned factors, the sample size for the three-week long 

qualitative case study in Chapter 4 was restricted to two research participants. Likewise, only 

two research participants were included in the mixed methods case study in Chapter 4, which 

required travelling to the Oxford Gait Lab on two separate occasions. Given the logistical 

challenges associated with this study, most of the shortlisted candidates could not participate. 

Considering the restricted number of research participants in this doctoral study, it is 

challenging to extrapolate the results to other patient groups or neurological conditions. 

Therefore, further research is necessary to comprehensively explore the potential of wearable 

haptic devices in supporting and rehabilitating individuals with neurological conditions. For 

instance, a separate investigation could be planned to assess the efficacy of wearable haptic 

devices for a larger cohort of participants with specific conditions such as multiple sclerosis or 

Huntington’s disease, potentially with a control group in the study design. 

7.4.2 Lack of a control group 

As previously noted, the limited number of participants for this study made it challenging 

to include a control group. In Chapter 4, the participants were asked to walk with a haptic 

rhythm for two to three weeks, engaging in more physical activity than previously. This 

increase in physical activity levels alone could improve walking patterns, making it difficult to 

isolate the potential effects of enhanced motivation, increased activity, the Hawthorne effect, 
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placebo effects, and cueing in independently assessing the efficacy of rhythmic haptic cueing 

as a therapeutic intervention for lower limb rehabilitation, as further discussed below. 

Nevertheless, cueing was associated with increased physical activity levels for all participants 

in these case studies. In future studies with a larger participant pool, including a control group 

would be essential to enable rigorous investigation of the efficacy and effectiveness of 

rhythmic haptic cueing. 

7.4.3 Placebo effect 

In Chapter 4, the qualitative studies revealed that participants reported increased 

confidence to walk independently and for longer distances when using the wearable haptic 

metronome devices. However, the potential placebo effect of these devices on improving 

confidence cannot be discounted. Further research is necessary to understand better the 

psychological factors underlying self-confidence and motivation in walking rehabilitation. 

7.4.4 Hawthorne effect 

Two case studies described in Chapter 4 involved gait analysis in the Oxford Gait Lab, 

where research team members, expert physiotherapists, and technical experts were present 

during data collection. However, the presence of observers and competition between 

participants may have influenced the results obtained. Participants asked questions such as 

“How did I do?” and “Did I do better?” which could affect gait analysis data. To address these 

issues, wearable inertial sensors can be used for gait analysis in future studies. These sensors 

can provide comparable results to clinical gait lab facilities and are mobile and easy to set up. 

Participants can be evaluated in their homes, where they can be more relaxed. There will be 

fewer observers and no scope for direct competition between participants. Additionally, these 

sensors can measure movement patterns in natural, real-world conditions instead of controlled 

lab conditions, addressing the logistic issue of transporting participants to and from the clinical 

gait lab.  
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7.5 CONCLUDING REMARKS 

This doctoral dissertation encompasses several years of extensive research into wearable 

technologies for lower limb rehabilitation. The research question was approached from various 

perspectives. The investigation resulted in several challenges and unanticipated discoveries 

that have contributed to the advancement of knowledge in a rapidly gaining significance. 

This research extends previous work in this area at The Open University. The research 

direction was influenced by gaps in the literature and motivated by the goal of promoting 

societal good. The work in the first part of the thesis has expanded upon previous research by 

achieving a better understanding of the design space for wearable haptic metronome devices 

across a wider range of neurological conditions, moving the technology beyond the laboratory 

and into the clinic and community settings. Participants were exposed to the intervention for 

longer than in previous research, either under self-management or with supervision from 

clinicians or carers. The user requirements and design considerations identified in this work 

can provide valuable insights for designing and developing wearable technologies for lower 

limb rehabilitation. 

The work in the second part of the thesis has resulted in the development of MoJoXlab 

(Islam & Al-Amri, 2020). This non-proprietary software enables clinicians to conduct clinical 

movement analysis using wearable inertial sensors that yield results comparable to those of 

existing commercial systems. 

This doctoral research has revealed several new directions for future research in wearable 

technologies for clinical applications. Advancements in this area have the potential to enhance 

the quality of life for individuals with neurological conditions and support clinicians in 

delivering improved care.
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Participant Information Sheet

Synchronising gait to a haptic rhythm produced by a wearable 

device: A Pilot study 

We invite you to take part in a research study
Before you decide whether to take part, it is important for you to understand why the

research is being done and what it will involve.

Please take time to read the following information carefully. Discuss it with friends

and relatives if you wish.

You are free to decide whether or not to take part in this study.

Ask us if there is anything that is not clear or if you would like more information.

Important things that you need to know
We want to find out if  rhythmic haptic cueing (like gentle vibrations from a phone

vibrator)  can  affect  gait  (walking  pattern)  for  people  with  neurological  and

neurodegenerative conditions such as Stroke, Brain Injury, Spinal Injury, Parkinson’s,

Huntington’s, Multiple Sclerosis, etc.

You will be able take part in the study if you:

o had been diagnosed with the conditions mentioned above for more than 6

months ago (and you have returned home),

o can walk independently or assisted for at least 10 metres,

o you would like to improve your quality of walking for everyday activities. 

You will undergo a simple pre-screening to assess eligibility for the study.

We will ask you to come to a gait analysis facility twice, once at the beginning of the

study and once at the end of the study (refreshments and travel expenses will be

provided).

We will provide you with a  wearable device (in most cases wrist-worn) that  we will

ask you to use to walk for five minutes or more, for about five days a week, for a total

of two weeks. We will show you how to use the device.

The devices have been used in previous studies and do not involve any risks to your

health.

You can stop taking part in the study at any time.

What is the purpose of the study?
Previous studies have verified that vibrating devices on the arms or legs can help individuals

to focus on rhythms when walking, resulting in improved coordination, reduced cadence, a

reduction in forward leaning, and reduced plantar flexion. 

The  aim  of  this  experiment  is  to  investigate  the  effect  of  rhythmic  haptic  cues  (RHC)

delivered  by  a  wrist-worn  device  over  a  two-week  period  upon  gait  and  physical

coordination.

The apparatus consists of a device (typically wrist-worn) that produces a haptic cue (like a

gentle vibration from a phone vibrator) together with  wearable sensors to measure activity

and gait.



294 

 

 

 



295 

 

 



296 

 

 

 

 

Synchronising gait and coordination to a haptic rhythm produced by a smartwatch 

Study Information Sheet 

Previous studies have verified that vibrating devices on the arms and legs can help individuals 

to focus on rhythms when walking, resulting in improved coordination, reduced cadence, a 

reduction in forward leaning, and reduced plantar flexion.  

The aim of this experiment is to investigate the effect of rhythmic haptic cues (RHC) delivered 

by a smartwatch over a two week period upon gait and physical coordination. 

The apparatus consists of two haptic bracelets that can be attached to the ankles that emit a 

haptic cue, a pre-programmed smartwatch that also emits a haptic cue, and a smartphone 

that will record when the smartwatch is used for cueing during short walks outside.  

You will be video-recorded walking naturally without the haptic bracelets, with the haptic 

bracelets, and again without the bracelets to establish baseline measurements. 

 

You will then be trained in the use of the smartwatch and smartphone. You will be asked to 

take it home with you and to find a safe place to walk near your home using the watch whilst 

walking for around 5 minutes a day over 2 weeks, ideally logging a total of 10 days activity.  

 

A follow-up session at the lab will be used to record any changes in how you walk.  

 

Each lab session is expected to last between 1-1.5 hours although you will be encouraged to 

take breaks and may do so whenever you wish. 

 

Data  

All data associated will be anonymised and your anonymity maintained throughout and stored 

securely according to the University’s data protection and retention protocols. The  data  will  

be  anonymised  at the point of data aggregation, which will be within  five  working  days  from 

the  date  of  final data collection (after the post-test). You  have  the  opportunity  to  have  

any  supplied  data  destroyed  on  request,  up  to  the point  of  data aggregation.  All data is 

confidential, and in compliance with the Data Protection Act and Freedom of Information Act. 

 

Confidentiality  

Your confidentiality will be protected at all times and your name will not be used to identify you 

in any published documentation, unless you indicate otherwise on the consent form.  

 

Voluntary Participation 

Your participation is entirely voluntary and you are welcome to withdraw from the study at any 

time up to the point of data aggregation (see above). Please merely inform either member of 

the research team listed below.  

 

Ethics  

The Open University’s Human Research Ethics Committee have approved this project. 

  
Project Contact 
Dr Simon Holland  simon.holland@open.ac.uk 07946 538133 

 
Alternative Contact  
Dr Blaine Price  b.a.price@open.ac.uk  07887 560777 
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Project Title: Rhythmic haptic cueing using wearable devices for people with different neurological conditions 
Date Created: 02/08/18 Review Date: 16/08/2018 Version No. 2 
 
Research Team: Riasat Islam, Dr Simon Holland, Prof. Blaine Price, Dr Paul Mulholland 

OU HREC Ref: HREC/3000/Islam  Page 1 of 4 

Participant Information Sheet 
 

 

 

 

Rhythmic haptic cueing using wearable devices for people with 

different neurological conditions 
 

We invite you to take part in a research study 
• Before you decide whether to take part, it is important for you to understand why the 

research is being done and what it will involve. 

• Please take time to read the following information carefully. Discuss it with friends 

and relatives if you wish. 

• You are free to decide whether or not to take part in this study. 

• Ask us if there is anything that is not clear or if you would like more information. 

Important things that you need to know 
• We want to find out if rhythmic haptic cueing (like gentle vibrations from a phone 

vibrator) can affect gait (walking pattern) for people with neurological and 

neurodegenerative conditions such as Stroke, Brain Injury, Spinal Injury, Parkinson’s, 

Huntington’s, Multiple Sclerosis, etc. 

• You will be able take part in the study if you meet the inclusion criteria (see section 

below Why Have I Been Invited?): 

• You will undergo a simple pre-screening to assess eligibility for the study. 

• We will ask you to come to a gait analysis facility twice, once at the beginning of the 

study and once at the end of the study (refreshments and travel expenses will be 

provided). 

• We will provide you with a wearable device (in most cases wrist-worn) that we will 

ask you to use to walk for 10 minutes, for about five days a week, for a total of two 

weeks. We will show you how to use the device. 

• The devices have been used in previous studies and do not involve any risks to your 

health. 

• You can stop taking part in the study at any time. 

What is the purpose of the study? 
Previous studies have verified that vibrating devices on the arms or legs can help individuals 

to focus on rhythms when walking, resulting in improved coordination, reduced cadence, a 

reduction in forward leaning, and reduced plantar flexion.  

The aim of this experiment is to investigate the effect of rhythmic haptic cues (RHC) 

delivered by a wrist-worn device over a two-week period upon gait and physical 

coordination. 

The apparatus consists of a device (typically wrist-worn) that produces a haptic cue (like a 

gentle vibration from a phone vibrator) together with wearable sensors to measure activity 

and gait. 

Why have I been invited? 
You have been invited because you are aged 18+ and fit the inclusion criteria below. 
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Participants must: 

o be living with neurological or neurodegenerative conditions such as  Stroke, Brain 

Injury, Spinal Injury, Parkinson’s, Huntington’s, Multiple Sclerosis or similar. 

o Had been diagnosed with the conditions mentioned above for more than 6 months 

ago 

o have impaired walking gait pattern 

o be able to walk independently or assisted for at least 10 metres 

o would like to improve your quality of walking for everyday activities 

Do I have to take part? 
Your participation is entirely voluntary, and you are welcome to withdraw from the study at 

any time up to the point of data aggregation (within 1 year of data collection). Please merely 

inform any member of the research team listed below. 

 

What will happen if I decide to take part? 
If you decide to take part in the study, you will be asked some questions as part of pre-

screening to assess your eligibility for this study. 

The study has 3 stages and will span for about two weeks. 

Stage 1:  

If you are eligible for this study, we will ask you to come to a gait analysis facility, where we 

will measure your gait and later on show you how to use the wrist-worn device and explain 

how to proceed with the rest of the study. 

 

Stage 2:  

We will provide you with a wrist-worn device to use to walk at a location convenient to you. 

For each day of the trial you are requested to walk naturally for at least five minutes with the 

device, synchronising your steps with the haptic beat provided. You should walk for at least 

five days a week for two weeks. You will be provided with a diary, to note down when you 

started your walk, when you finished, what route you took, and any comments. 

Stage 3:  

Once the two weeks walking period is complete, we will ask you to come back to the gait 

analysis facility again to measure any changes in your gait. 

Are there any possible disadvantages or risks from taking part? 
We have used the same device and protocol for previous similar studies with no hint of any 

problems. The device uses less power than a mobile phone and there are no known risks 

associated with the device. 

What are the possible benefits of taking part? 
There are no direct benefits of taking part in the study, except contributing to research 

whose outcomes may benefit those with gait impairment due to neurological or 

neurodegenerative conditions in the future.  

Will my taking part in the study be kept confidential? 
Your confidentiality will be protected at all times and your name will not be used to identify 
you in any published documentation. 
  

What will happen to my data? 
All data will be anonymised and your anonymity maintained throughout and stored securely 

according to the University’s data protection and retention protocols. Data collected will be 

anonymised within 1 year of data collection. Personally identifiable information such as 
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consent form will be disposed of after 5 years and anonymised data will be archived after 10 

years. You have the opportunity to have any supplied data destroyed on request, up to the 

point of data aggregation.  Your personal data will be kept confidential, and in compliance 

with the data protection regulations. 

 

What will happen to the results of this study? 
We will use the results in publications, presentation, videos and similar media to inform the 

research community and relevant stakeholders. You may be provided with a summary of the 

results of the study if you mention that on the consent form. 

 

Who is organising and funding the study? 
The study is being funded by both the Goldcrest Charitable Trust, The Open University and 

organised by The Open University with assistance from PJ Care, Neurological Care Centre. 

 

Who has reviewed the study? 
The study has been reviewed by The Open University Human Research Ethics Committee. 

 

Further information and contact details: 
If you would require further information please contact, 

 
Riasat Islam   riasat.islam@open.ac.uk 07377 677003 
 
Dr Simon Holland  simon.holland@open.ac.uk 07946 538133 
 
Prof. Blaine Price  b.a.price@open.ac.uk  01908 653 701 
 

What if I experience problems? 
If you face any clinical emergency due to this study you can contact our clinical research 

partner, 

Dr Allan Perry, 

Consultant Clinical Neuropsychologist, 

Director of Clinical Services, 

PJ Care 

Allan.Perry@pjcare.co.uk 

07766 996254 

 

If you face any technical issues during the course of the study please contact,  

Riasat Islam    riasat.islam@open.ac.uk 07377 677003  

 

If you have a concern about any aspect of this study, you can ask to speak to Dr Holland or 

Professor Price, The Open University. 

 

If you believe that you have been harmed in any way by taking part in this study, you have 

the right to pursue a complaint and seek any resulting compensation through The Open 

University who are acting as the research sponsor. Details about this are available from the 

research team. If you would like to pursue a complaint via a channel other than through the 

research team, you may contact the Open University Human Research Ethics Committee. 

To do so, you can submit a written complaint to: 
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The Research Ethics Committee  

The Open University 

Walton Hall 

Milton Keynes  

MK76AA 

Phone: 01908 274066 

Email: research-rec-review@open.ac.uk 

 

Thank you for considering taking part in this research study. 

 
 
Data Protection 
 
The Open University is the Data Controller for the personal data that you provide.  
 
The lawful reason for processing your data will be that conducting academic research is part of 
the Open University’s public task. (The consent we request from you relates to ethical 
considerations) 
 
We share certain information you have given to us with our research partners such as PJ Care, 
Oxford Gait for research purposes only. We may use software and third parties to transcribe the 

audio and video data recordings. 
The lawful reason for these transfers is that it is part of our public task to conduct academic 
research. Where we use a third party to provide a service, it is in our legitimate interest to 
manage our operations effectively. They will only be given personal data in order to carry out a 
specific activity, and we have contractual arrangements to safeguard their use of your personal 
data.  
 

Personally identifiable data will be anonymised within 1 year of data collection. Consent forms 
will be kept in a secure cabinet in the department for up to 5 years. Audio and video recordings 
will be kept in a secured server in the department for 5 years and will be deleted afterwards. 
Anonymised research data will be stored for 10 years and archived afterwards.  
 
You have a number of rights as a data subject: 
 

• To request a copy of the personal data we have about you 

• To rectify any personal data which is inaccurate or incomplete 

• To restrict the processing of your data 

• To receive a copy of your data in an easily transferrable format (if relevant) 

• To erase your data 

• To object to us processing your data 
 
If you are concerned about the way we have processed your personal information, you can 

contact the Information Commissioner’s Office (ICO). Please visit the ICO’s website for further 
details. 
 
 
http://www.open.ac.uk/research/ethics/ 

 



301 

  



302 

 

  



303 

 

  



304 

Appendix IV: Consent forms 

 

 

Date Created: 16/11/17        Reviewed 12/2/2018 Version No. 4 
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Rhythmic haptic cueing for walking: Huntington’s disease pilot study 

Expert consent Form 

 Please Initial 

I have read and understood the information provided on the information sheet 

(version 3, reviewed 11/1/2018), and have had any queries answered to my 
satisfaction. 

 

 

I understand that I can contact the researchers listed at any time if I have 

additional questions now or in the future. 
 

 

I understand that I can withdraw from the study at any time up to the point of 

data aggregation, as detailed on the study information sheet provided (version 

3, reviewed 11/1/2018).  
 

 

I have understood that my confidentiality will be protected at all times and my 

name will not be used to identify me in any published documentation, 
 

 

I am happy for still images or video footage captured to be used in 

publications, presentations and media on the condition that my image is 

anonymised (this generally involves blurring your face or anything that is 
required to ensure your image is anonymous). 

 

 

I do not want any of the still images or video footage captured to be used in any 

publications, presentations or media. 

 

I would like to receive a summary of the results of the study  

 

 

I (or on behalf of), _____________________________________________________  

(print name) confirm that I have understood and consent to participate in this experiment.  

Email/Phone:  _________________________________ 

Participant:  Sign __________________________________ Date ______________ 

 

Name of Researcher  _______________________________________ 

 

Sign __________________________________ Date ______________ 
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Rhythmic haptic cueing for walking: Huntington’s disease pilot study 

Consent Form 

 Please Initial 

I have read and understood the information provided on the information sheet 
(version 3, reviewed 11/1/2018), and have had any queries answered to my 

satisfaction. 

 

 

I understand that I can contact the researchers listed at any time if I have 
additional questions now or in the future. 

 

 

I understand that I can withdraw from the study at any time up to the point of 
data aggregation, as detailed on the study information sheet provided (version 

3, reviewed 11/1/2018).  

 

 

I have understood that my confidentiality will be protected at all times and my 
name will not be used to identify me in any published documentation, 

 

 

I am happy for still images or video footage captured to be used in 

publications, presentations and media on the condition that my image is 

anonymised (this generally involves blurring your face or anything that is 

required to ensure your image is anonymous). 

 

 

I do not want any of the still images or video footage captured to be used in any 

publications, presentations or media. 

 

I would like to receive a summary of the results of the study  

 

 

I (or on behalf of), _____________________________________________________  

(print name) confirm that I have understood and consent to participate in this experiment.  

Email/Phone:  _________________________________ 

Participant:  Sign __________________________________ Date ______________ 

 

Name of Researcher  _______________________________________ 

 

Sign __________________________________ Date ______________ 
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Rhythmic haptic cueing using wearable devices for people with different neurological 

conditions 

Consent Form 

 
Please Initial 

I have read and understood the information provided on the information sheet 

(version 1, reviewed 02/08/2018), and have had any queries answered to my 

satisfaction. 

  

I understand that I can contact the researchers listed at any time if I have 

additional questions now or in the future. 

  

I understand that I can withdraw from the study at any time up to the point of 

data aggregation (within 1 year of data collection), as detailed on the study 

information sheet provided (version 1, reviewed 02/08/2018). 

  

I have understood that my confidentiality will be protected at all times and my 

name will not be used to identify me in any published documentation, 

  

I am happy for still images or video footage captured to be used in 

publications, presentations and media on the condition that my image is 

anonymised (this generally involves blurring your face or anything that is 

required to ensure your image is anonymous). 

  

I do not want any of the still images or video footage captured to be used in any 

publications, presentations or media. 

 

I would like to receive a summary of the results of the study 

 

 

 

I _____________________________________________________  

(print name) confirm that I have understood and consent to participate in this experiment.  

Email/Phone:  _________________________________ 

Participant:  Sign __________________________________ Date ______________ 

 

Name of Researcher _______________________________________ 

 

Sign __________________________________ Date ______________ 
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