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Abstract

Musculoskeletal disorders (MSDs) are chronic occupational injuries
that are common in lean production due to excessive work or repetition.
They are considered to be the main cause of disability and absenteeism,
reduced production and increased costs. A large number of studies
have shown that most of the discomforts are located in the upper body
area, but few studies have focused on assessing the degree of exposure
in the hand area.

The main objective of this thesis is to develop a low-cost wearable
device in order to prevent and assess the potential exposure risks of
MSDs in the hand. To that end, this thesis includes an evaluation of
ergonomic assessment methods, a prototype development of a low-cost
wearable, and experimental research in order to implement functional
additive manufactured materials to that prototype.

In the evaluation study, seven ergonomic assessing
measurements were selected for comparison and analysis through an
optimised questionnaire and expert interview. It has been concluded
that the Inertial Measurement Units (IMU) method is currently the
most suitable measurement technology for hand MSDs risk
assessment.

For the prototype development, Arduino-based hardware modules
were selected, and a functional prototype for tracking index finger and
thumb movements in real-time is built with the quaternion-based core
algorithm.

Finally, a prototype of the wearable is developed using electrically
conductive materials deposited via Additive manufacturing. Several

XV



conductive filaments are tested, and an optimised method is employed
to avoid cross-contamination effects.
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Resumen

Los trastornos musculo esqueléticos son lesiones crénicas comunes en
las lineas de produccion debido a movimientos repetitivos. Se
consideran como la principal causa de absentismo por bajas, reduccion
de la producciéon y aumento de costes. Un gran niumero de estudios ha
mostrado que la mayor parte de las molestias estan localizadas en las
extremidades superiores, pero pocos estudios se han centrado en la
evaluacion del grado de exposiciéon de la mano a estas lesiones.

El principal objetivo de esta tesis es desarrollar un wearable de
bajo-coste para prevenir y evaluar los riesgos de exposicion potenciales
a estas lesiones musculoesqueléticas en la mano. A tal fin, esta tesis
incluye una evaluaciéon de los métodos de valoracion ergonémica, el
desarrollo de un prototipo de wearable de bajo-coste y una
investigacion experimental para implementar materiales funcionales
en el prototipo mediante Fabricacion Aditiva.

En la parte de evaluacién, se seleccionaron siete metodologias
ergondémicas para compararlas mediante un cuestionario y entrevistas
con expertos. Se concluyé que los sistemas inerciales (IMU) son la
tecnologia maéas adecuada para evaluar las lesiones musculo
esqueléticas en la mano.

Para el desarrollo, se seleccionaron elementos de hardware
basados en Arduino para desarrollar un prototipo que capturaba el
movimiento de los dedos indice y pulgar usando el sistema de
cuaterniones.

Finalmente, se fabricé un prototipo que incorporaba un material
conductor eléctrico depositado mediante Fabricacion Aditiva para
conectar el hardware. Varios filamentos conductores fueron probados
previamente, y se desarrollé6 una metodologia optimizada para evitar
los efectos de la contaminacion cruzada.

X1X






Chapter 1:

Introduction

1.1 Motivation

According to the United States (US) Bureau of Labor Statistics (BLS)
definition for 2018 and prior years, Musculoskeletal Disorders (MSDs)
“include cases where the nature of the injury or illness is sprains,
strains, tears; back pain, hurt back; soreness, pain, hurt, except the
back; carpal tunnel syndrome (CTS); hernia; or musculoskeletal
system and connective tissue diseases and disorders, when the event
or exposure leading to the injury or illness is bodily reaction/bending,
climbing, crawling, reaching, twisting, overexertion, or repetition” [1].
They can lead to peripheral nerve entrapments (e.g. ulnar tunnel
syndrome, carpal tunnel syndrome), peripheral enthesopathies (e.g.
shoulder tendinitis, hand-wrist tendinitis, lateral epicondylitis) and
many other non-specific musculoskeletal pain disorders. MSDs are
relatively diverse disorders that may affect different structures:
tendons, muscles, joints, nerves, and the vascular system. All the
different generic names, such as Repetitive Strain Injury (RSI),
Cumulative Trauma Disorder (CTD), Upper Limb Syndrome,
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Cervicobrachial Disorder, are used to describe nearly the same
problem [2]. Those symptoms are the most common injuries in the
manufacturing sector that generate pain for chronic suffering but
workers are not aware of the fatigue of key body parts until discomfort
or pain appears.

Under the development of global economic industry chains,
modern lean manufacturing strategies have become a prevailing way
of industrial production. When job demands overwhelm an employee’s
mental and/or physical capacity and lead to MSDs, employee health,
comfort, and productivity can be adversely affected [3]. Some studies
revealed that increased musculoskeletal risk symptoms were related
to increases of work pace and lack of recovery time due to Just-In-Time
production, especially in the automotive industry [4].

With respect to the social consequences, main large production
economies are facing problems of chronic musculoskeletal illness,
which lead to a loss in productivity, increasing costs and worker
dissatisfaction. In fact, MSDs are considered as a main factor in
disabilities and absenteeism, reduced production and increased costs
[6]. With regards to economic cost, MSDs led to 3,138,000 lost
workdays in the United Kingdom in the period 2015-2016 [6] and a
total cost of lost productivity of € 240 billion, or up to 2% of gross
domestic product (GDP) in 2015 in the European Union [7]. Such
chronic diseases with low mortality, but high morbidity, impact on the
individuals’ ability to participate in the labour market [7]. For example,
100 million European citizens suffer from chronic musculoskeletal
pain and MSDs [8], including 40 million workers who attribute their
MSDs directly to their work [9]. Therefore, it is widely recognised that
work can lead and contribute to MSDs. Solving such health problems
has always been a topic of great concern to scholars and employers.
Nowadays, numerous approaches which meet a variety of situations
and apply to different techniques have been developed to prevent and
diagnose MSDs.

In order to reduce MSDs risks in the workplace, more proactive
strategies can be adopted, which are roughly divided into three levels
[10]:



1.2 Main contributions of this thesis 3

e Primary prevention includes risk assessment processes,
technical / ergonomics, organisational and person-oriented
interventions.

e Secondary prevention includes the identification and health
monitoring of workers in hazardous work environments.

o Tertiary prevention comprises return-to-work measures.

Risk assessment of MSDs is mainly used as a primary or
secondary preventive measure. Among them, ergonomic risk
assessment is the main intervention and prevention method. However,
mainstream ergonomic risk assessment methods still rely on self-
reporting and expert observations to come to assessment conclusions,
which cannot objectively and effectively identify the true working
physical factors. In recent years, many ergonomic experts have tried
to introduce various measurement techniques to improve the
evaluation results and enable various physical indicators to be
accurately quantified. Most of the measurement technologies come
from other fields and they have shortcomings such as being oversized,
too time-consuming, too limited in measuring objects, or high learning
costs. Moreover, the laboratory measuring equipment also interfere
with the working state and psychological response of the workers,
which cannot accurately reflect the incorrect body posture in the
actual work. Therefore, measurement equipment specifically adapted
to the actual production environment is a practical requirement for
many ergonomic risk assessments.

1.2 Main contributions of this thesis

The main objective of this thesis is to develop a low-cost wearable
device that analyses musculoskeletal disorders in the hand. This
research project has made the following contributions:

e Identify the body parts with high MSDs exposure risks which
have not been catalogued by previous studies.

¢ Develop a new set of measurement assessment tools to evaluate
the ergonomic methods with questionnaire surveys and expert
interviews, from which the appropriate technology is selected.
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e Develop a cross-platform algorithm for sending and receiving
data packets and processing quaternion rotation. Based on this
algorithm, a real-time, low-cost and high-precision prototype
capable of tracking two fingers is developed.

e Explore the electrical characteristics of different brands of
conductive filaments to screen for a filament that is suitable for
use as circuit traces, and establish the relationship between
key printing parameters and the material’s resistivity.

o Experimentally verify the feasibility of the dual-material
printed circuit. A set of experiences and innovative methods of
dual-material printing focusing on conductive materials are
concluded, and the cross-contamination problem is largely
resolved.

e In the end, a functional prototype that implements massive
signal transmission of Microelectromechanical Systems
(MEMS)-type active sensors has been successfully made using
the dual-print methodology.

1.3 Contents and structure of this thesis

The thesis is divided into seven chapters including the present chapter
where the motivation of the project is presented. A brief description of
the remaining chapters is given in the following bullet points:

e Chapter 2 establishes the context of this thesis by summarising
the major relevant studies. The basic concept of
musculoskeletal disorders is described and the ergonomic
assessment methods are introduced. Then the investigation of
additive manufacturing techniques and its related functional
materials is presented.

e Chapter 3 introduces seven popular ergonomic methods. Each
method is evaluated with a questionnaire that takes multiple
factors into account for a quantitative assessment. Combining
the analysis results of the questionnaire with the experts’
points of view, it is possible to select the most suitable
measurement technology for the functional implementation of
this study.
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Using the previously selected technology, Chapter 4 illustrates
the process for developing the prototype. The components are
selected and the circuit structures are established for the
hardware, while for the software the data format and the
algorithm principle are introduced. The feasibility verification
1s carried out.

Chapter 5 focuses on how to use dual-printing technology to
further develop the previous results into a second-generation
prototype that can meet the needs of wearable devices. Firstly,
suitable 3D printing conductive materials were screened out
and their conductivity was studied. Secondly, a set of
methodologies to reduce cross-contamination were given and
the printing experiments were carried out. The prototypes were
designed and successfully manufactured. Finally, the
functional verification was performed.

Chapter 6 describes an experimental methodology for dual-
printing the previous prototype onto a textile. A glove-like
prototype has been fabricated and verified.

Finally, Chapter 7 summarises the main results and
contributions achieved in the project, and suggestions for
future work are proposed.






Chapter 2:
State of the art

2.1 Introduction

In this chapter, the relevant background studies related to each
section of this thesis project are collected. The state of the art is
distributed into two parts. In the first part, the knowledge of risk
factors, prevalence rate on body region about musculoskeletal
disorders (MSDs) and three main classes of ergonomic assessment
methods are presented. In the second part, the family of Additive
Manufacturing techniques, functional materials, and several smart
wearable applications are introduced.

2.2 Musculoskeletal disorders

2.2.1 Risk factors

Previous studies indicate that ergonomic (physical, psychosocial and
organizational) of the workplace may be associated with the
occurrence of MSDs [10]:
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e Physical risk factors, including excessive repetitive movements,
awkward postures, mechanical over load, manual material
handling, exposure time and vibration can increase the risk of
MSDs [10][12][13].

¢ Organizational risk factors such as time constraints, work rate
and workload also affect to the prevalence of MSDs [14].

o Psychosocial risk factors, such as low decision latitude ( the lack
of authority to make important decisions in a company or
institute), high psychological demands, job dissatisfaction,
effort-reward imbalance, high word stress and low social
support may also influence these disorders [13] [14].

Figure 2-1 Unfavourable body postures in preliminary assembly work [17].

It is difficult to individually attribute the cause and effect of MSDs
on specific work activities or particular body region. MSDs present
serious ergonomic problems, particularly in the automotive industry
due to the wide variety of ergonomic high risk tasks including
tightening, picking up, lifting, material handling, as well as the
characteristics of assembly line work [15]. Figure 2-1 shows a common
example of awkward body postures while doing assembly work.
Moreover, a higher prevalence of MSDs among females may be related
to the situation that they are still mainly in charge of housework [16].
Such non-occupational MSDs may be aggravated even the work is not
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the cause. Studies also showed that work aging, smoking, care of
responsibilities are some of the key facts that lead to a high prevalence
of MSDs [5][13][10]. Additionally, some intrinsic risk factors, which
also have a part to play in the onset and deterioration of MSDs, can be
altered while other risk factors cannot, such as genetic predisposition

[7].

2.2.2 Prevalence rate on body region

MSDs prevalence in epidemiology is understood as a proportion of the
patient diagnosed to have musculoskeletal symptoms with the total
number of the population studied, which is commonly used for chronic
disease with a long course [18]. Depending on the occupation, the
workload of each body region is different. Table 2-1 shows eight
epidemiologic studies, which focus on automotive assembly sections,
where the MSDs prevalence of twelve defined body regions is
compared.

Fredriksson et al [12] investigated the influence of a
reorganization of work from lineout to line production in physical and
psychosocial conditions on MSDs in a car-body-sealing department at
an automobile assembly plant in Sweden. Whereas the physical
workload was assessed by questionnaires, direct measurements (The
type of ergonomic assessments are introduced in the next section)
(Physiometer, Aaras and Stranden, 1988) and computer-based
observation registration (PEOFlex, SE Staphorst, Holland), and the
psychosocial conditions by questionnaires and group discussions. The
study group was stablished with 33 women (mean age of 39.1) and 24
men (mean age in 32.5 years). Among 90% of the women and two thirds
of men have been gainfully employed for more than 10 years. More
than half of the women and a quarter of the men have worked at the
sealing department for more than 10 years. In relation to prevalence,
Frederickson discovered that most of the discomforts are located in the
upper body regions, including shoulder (37%), wrist (23%), upper back
(19).

Hussain et al [19] investigated the prevalence of musculoskeletal
symptoms in a group of truck assembly workers in United Kingdom.
This cross-sectional study was carried out using a modified version of
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the Nordic questionnaire and the General Health Questionnaire
(GHQ12). The respondents for the study are 323 truck assembly
workers, where the mean age is 36.5 years and the mean period of
employment is 13.9 years, and a total of 79% (n = 255) of respondents
reported MSDs in one or more of the defined body regions during the
previous 12 months before the study is carried out. They pointed out
that there is a high prevalence of musculoskeletal symptoms in this
group of truck assembly workers, mainly affecting on low back,
shoulders, neck and wrist/hand areas.

Landau et al [17] reported a case study at 256 work stations on an
assembly line for middle class cars manufactured by a globally active
corporation. They wanted to focus on the interaction between age of
the assembly workers and the choice of workplace. They utilised
Workload Screening Procedure (WSP) to classify work demands,
OWAS (OVAKO Working Posture Analysing System) to assess; lifting
and carrying activities, the BkA Method to evaluate unfavorable body
postures and lifting of loads, EN 614-1-European standard to evaluate
ergonomic design of workplaces, National Institute of Occupational
Safety and Health (NIOSH) to obtain recommended of weight limits
(RWL) in jobs, and finally REFA to evaluate load handing. The
respondents for the study were 256 truck assembly workers, where
most (57%) of the workers in the sample had been working for between
2 and 4 years, 31 % of the workers had been working there for 4 years
or more and 9% for more than 10 years. Finally, Landau reports that
age and job strain are not independent variables in their case. Older
workers still complain of lumbar spine symptoms although low
demands job are assigned. This may due to the long-term cumulative
effects and the induced non-occupational multifactorial spine
symptoms. Where low back (39%) is the first, and neck (18%) comes
with the second-high prevalence in the study.

Anita et al [20] conduct another study to determine the prevalence
of musculoskeletal symptoms and the association with awkward
posture among automotive assembly line workers in Malaysia. They
use Standardized Nordic Questionnaire (SNQ) and Rapid Upper Limb
Assessment (RULA) to obtain and estimate the results. The
respondents for the study were 232 assembly workers, where the
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median age was 24 years (from 20 to 52), and half of the respondents
were at their early working career stage (less than 3 years). A total
prevalence of musculoskeletal symptoms among all body regions was
78.4%. They concluded that the highest percentage of complaints
followed by low back, shoulder, wrist/hand, neck. The prevalence of
MSDs increases as the RULA action level and job rotation increases.

Nur et al [21] also investigated the prevalence of MSDs among
assembly workers in several automotive manufacturing companies in
Malaysia. Similarly, they used Standardized Nordic Musculoskeletal
Questionnaires (NMQ) to collect data. The respondents for the study
were 152 assembly workers with the age between 25 -44 years old
(92.1%), where 39.5% of the respondents has working experiences
between 6 -10 years, 25.7% of the respondents with experiences more
than 10 years, and 24.3% of the respondents has working experiences
between 3 -5 years. A total of 76.97% among respondents reported
MSDs in any defined body regions during the last 12 months. Nur
reported the workers in the automotive manufacturing companies are
exposed to the risk of MSDs especially on the upper limb region, where
repetitive task is associated with the prevalence of MSDs pain and
discomfort.

Zare et al [14] assessed the ergonomic physical exposure,
organizational and psychosocial factors in a truck assembly plant for
two different cycle times A (11 min) and B (8 min). The
musculoskeletal symptoms were evaluated by a modified version of the
Nordic Musculoskeletal Questionnaire. Due to the cycle time A was
performed in advance and the cycle time B was carried out after the
new workstations and organization were established seven months
later. Additional workers were employed for the B cycle by the
operators and tested together with the same respondents. Therefore,
the respondents were divided into two groups to have four group of
results from a to d in Table 2-1. All the subjects in this study were men,
with a mean age of 42.0 years for cycle time A and 38.1 years for cycle
time B. The mean length of work experience in the current job was
16.0 years for cycle time A and 13.0 years for B. Zare demonstrated
that the physical risk factors mainly involving the upper limbs were
significant among truck assembly workers (67%, 35%, 55%, 36% on
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shoulder region for each groups of cycle time and respondents, and
53%, 40%, 45%, 36% on upper arm region for each groups of cycle time
and respondents in Table 2-1). Additionally, they discovered that low
degree of decision freedom (also called decision latitude) and high
psychological demands were common psychosocial risk factors among
subjects, good quality social support reduced the strain. Effective
interventions are not only engineering solutions but also
organizational and administrative adaptations.

Lee et al [18] investigated the prevalence of MSDs among Korean
auto workers in a mission assembly plant (a line which carries heavy
metal part). The research was conducted by focus group interview,
self-administered questionnaire and survey on musculoskeletal
symptoms. There were 137 male respondents (average age was 34.1
years) participated in the survey. This study shows that MSDs
symptoms and serious pain were reported in neck, shoulder, back and
fingers, which were statistically related to various demographic
factors, such as age, stature, stretching, and work satisfaction.

Fazilah et al [22] investigated the prevalence of MSDs and
ergonomic risk factors among the production workers at a selected
automotive component manufacturer in Malaysia. Data were collected
by conducting structure interviews using Cornell Musculoskeletal
Discomforts Questionnaire (CMDQ). Respondents were 40% from the
total number of production assembly team members, who worked in a
different shift, including normal shift (13%), day shift (41%) and night
shift (46%), while the exact number of sample size and respondent age
are not mentioned in this study. They reported that a higher risk of
MSDs was found followed by low back, upper back, right shoulder and
right wrist. It is also suggested that special attention should be paid
to not only on physical aspect, but also on psychosocial aspect in
production team members because the exposure level is high for
vibrations, work pace and stress in most of the workstations.

Table 2-1 shows MSDs prevalence on body regions based on the
above mentioned eight studies. The body regions are generally
distributed in neck, shoulders, upper arm, upper back, lower back,
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elbow, forearm, wrist, hand/palm, finger, upper back, low back, hips,
knees, ankles/feet.

Summing up, numerous studies have demonstrated the exposure-
response relationships between risk factors and major body regions.
The comparison reveals that low-back region is in the highest rate
among half of the eight studies. Next comes to neck region, then
shoulder/upper limb and the hand/wrist region is on the fourth
position. Differences among studies can be explained by the type of
country, type of the job, ages, assessment methods, period of
employment or work cycle time.

However, there is a serious lack of quantitative data regarding
epidemiology studies of MSDs on elbow and hand regions [23]. It has
been discovered that repetitive tasks, with short work cycles involving
quick arm and hand movements, as well as force-demanding tasks are
high related to risk factors [24][25], where awkward wrist postures is
considered a risk factor lead to carpal tunnel syndrome [26][25]. Due
to the overlaying effect of work properties and environments, several
risk factors often occur concurrently, and synergistic effects have been
proofed [27].
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2.2.3 Assessment methods

On the purpose of evaluating potential MSDs exposures to risk factors,
ergonomic specialists use one or multiple ergonomic assessment
methods in physical, psychophysical, physiological, and biomechanical
demands. The measurement techniques can be identified and
categorized under the three main groups that have conventionally
been used among earlier studies [28][29]: self-reports, observational
methods, and direct measurements.

Self-reports: The experience of ergonomic assessment is
originated from this group of method. Self-reports, including
rating scales, questionnaire, checklists or interviews, are
commonly used for simple and quick evaluations which do not
require a high accurate result. In self-report, workers may be
asked to estimate the prevalence of postures, the frequency of
movements and the presence of levels of force or other physical
agents [30]. Figure 2-2 shows a typical self-report
questionnaire, named Nordic Musculoskeletal Questionnaire.
However, they are not always reliable and could lead to biased
interpretation [31][32]. For example, those workers who are
suffering from severe low back or neck pain, have a higher
probability to report longer durations or frequencies of
physical load in comparison with those workers from the same
occupational groups who are pain free [33][34]. Although this
type of methods is doubtful for quantification of the absolute
level of exposure [35], the target group at comparatively higher
risk can be identified for more detailed analysis using other
types of methods [36]. Their levels of reliability and validity
are reportedly too low for use as the basis for ergonomics
Intervention [37].
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SHOULDER

How 10 snewer the questionnaire: By shoulder trouble is meant ache,
pain or discomiort in the shaded area. Please concentrale on this area.
gmmmvmmmmwmdmm}m
is a separale queslionnaire for neck trouble.
Please answer by pulting & cross in the appropniate box — 0ne Cross
lor each question. You may be in doubt as to how 10 answer, dbul please
g0 your best anyway.

9. Have you ever had shoulder trouble (ache.
pain or discomiort)?

1 No 2 Yes

It you answered Mo tc Question 9, do not answer
the questions 10—17

10. Have you ever hurt your shoulder in an
sccident?
1 Neo 2 Yes. my right shoulder
3 Yes. my left shoulder
4 Yes. both shoulders

11. Have you ever had 10 change jobs or
duties because of shoulder trouble?

No 2 Yes

-

12. Have you had shoulder trouble during the
last 12 months?
1 No 2 Yes. in my nghl shoulder
3 Yes. in my left shoulder
4

Yes, in both shoulders

H you No to Quest
answer the questions 13—17.

1 12, do not

13. Whal is the total length of ime that you
have had shoulder trouble during the last

12 months?

t 7 1=7 days

2 © 8—30 days

3 . More than 30 days, bul not every day
4 _ Every day

Tl

14. Has shoulder trouble caused you to
reduce your activity during the last 12
months?

a Work activity (at home or away from

home)?
1 No 2  Yes
b. Leisure activity?

1 No 2 Yes

15 What is the totsd length of ime 1hat
shouider trouble has prevented you from
doing your normal work (at home or away
Irom home) during the lest 12 months?

0 days

1—7 days

8230 days

More Ihan 30 days

B WK -

16. Have you been seen by & doctor, physio-
lherapist, chiropractor or other such person
because of shoulder trouble during the
last 12 months?

1 No 2 Yes

17. Have you had shoulder trouble at any time
dunng the last 7 deys?

1 No 2 Yes, in my right shoulder
30 Yes. in my left shouider
4 . Yes, in both shouiders

Figure 2-2 Neck and shoulder sections of the Nordic Musculoskeletal Questionnaire
(NMQ) [38].
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e Observational methods: This type of methods is carried out
with the help of field observation or video recording. Field

observation may be done either by expert checklists or by more
detailed recording of work components and actions observed by
the researcher [30]. Some field observational techniques allow
only postural assessments of various body segments, while the
majority provide the assessment of several critical physical
exposure factors, such as posture, load/force, movement
frequency, duration, recovery, vibration, etc. [39]. Field
observations are practical and able to be performed with low-
cost equipment, but still cannot avoid subjective bias in terms
of intra- and inter-observer variability when choosing among
different categories of exposure. They are better to assess static
(posture held) or repetitive (simple pattern) jobs [28]. For
prescribing acceptable exposures limits for respondents or
determining a priority order for intervention across a range of
tasks, these methods output overall exposure factor indices or
scores. In which epidemiological data upon which these scoring
systems are based is limited particularly with respect to how
different factors should be weighted [39]. Figure 2-3 shows an
example of simple observational assessment, widely known as
RULA.

On the other hand, video records provide reproducible
evaluations and complete details for highly dynamic movements
at a time, due to the reusable video memory or by dedicated
computer software. More precise dimensions, such as velocities,
rotation angles, movement distance and accelerations are
captured and analysed in real time or post-processing for a set
of tasks. However, video-based observational techniques
require substantial cost and expertise for effective operation.
These methods may be time consuming and also have problems
such as camera blind area, or limited perspective, which may
increase the data error. Basically this type of techniques are
more suitable for use in recording and analysing simulated
tasks, rather than for conducting practical assessments in the
workplace [39]. Table 2-2 introduced a brief comparison of most
common observational methods.
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Figure 2-3 Worksheet of rapid upper limb assessment [40].
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e Direct measurement: Despite those abundant ergonomic
estimation results reported by self-report and observational

methods, more quantitative, objective, and accurate data is
urgently required. In order to overcome the limitations,
ergonomists also use other solutions for more precisely
measuring the physical demands by means of different devices
that can be directly attached on the human body for the
measurement of exposure variables.

(a)

Figure 2-4 (a) Electromyography (EMG) sensors placed on the back; primary
components of a desktop EMG system including (b) sensors and input module; and (c)
main amplifier [48].

With the impact of many novel technologies, intelligent
electronic components came into sight of ergonomic assessment
studies. These methods range from simple, hand-held devices
for the measurement of the range of joint motion to electronic
goniometers that provide continuous recordings of the
movement across joints during the performance of a task [39].
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Figure 2-5 Industrial Lumbar Motion Monitor™ in real automotive workplace [49].

Some of the direct measurements methods provide
lightweight portable devices for the measurement of body joint
angles such as finger, wrist and forearm rotation together with
corresponding system for computerized data analysis [50].
Others have been further developed for the simultaneous
recording [51], myoelectrical activity recording [48] (Figure 2-4)
and muscle fatigue [52], electronic exoskeleton such as Lumbar
Motion Monitor [53][49] (Figure 2-5), or whole-day ambulatory
monitoring of occupational work based on accelerometer sensors
[54][55]. In addition, another type of direct measurement, has
been developed for collecting posture data using optical, sonic or
electromagnetic markers to specific anatomic points on the
participant and are used with corresponding scanning units
track the position and orientation in three dimensions [37],
which is frequently used in film industry. However, equipment
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cost, considerable expertise, data storage, usability in the field
and data analysis time and error drifting over time can be a
hindrance among some of the accelerometer sensors and
gyroscope sensors [30][48] generally prevent them from using
on large numbers of subjects or for long data collection.

Moreover, the attachment of non-ergonomic hardware
device directly to the subject may result in discomfort and some
modified work behaviours may occur [39]. For instance, most of
the existing devices are using miscellaneous cables, which can
result in distraction or discomfort sensations due to fear or risk
that wires hook up with elements of the work environment.
Table 2-3 introduced a brief comparison of most common direct
methods.

There is no limitation to strictly use one single method to
assess the risk factor. In fact, ergonomic expert tends more to
redundant strategies composing multiple types of
measurements to achieve the job. Manghisi et al. [56] developed
a semi-automatic RULA evaluation software based on the
Microsoft Kinect v2 depth camera, in order to detect awkward
postures in real time and in off-line analysis.



23

2.2 Musculoskeletal disorders

aanssaxd
duis pesodwLrodns 31m UOTJOUW JOFUTLY

SI0SUdS 2anssaad 90I0JTU) PUE SIOSUDS

pue puey ‘ISTIM JO JUSWDINSBOJA] UOIJOW ZZ SUI)eIodIoour 9A0[3 JYSTOMIYST]  9AO0[L)ISQA)) [tc]
seansodxa uoyng pue apis 03 pardde $8dJ0] JUSWSINSBAUL
90J0J JoSUTJ JO UOT)BUTULISIO(] SUIPI02aI SIOSUSS YIIM dsnowr Jeinduro)) 90101 [L<]
uoryeoridde 9010] pue UOISUL) so[osnw SUISIOIOXS
9[oSNUI UT UOTJBLIBA JO UOTJBWI)SH WOoIJ AJTATIOR [BOLIJOS[0AW JO SUTPI0IDY HINA [ze]
JuoW30S SWIO)SAS
Apo( B JO SUOI}BIS[OI0B PUB SOIIIO0[OA  SJUSWIZSS APOQ UO SISYIBW JO UOTJBIISTSOX guruueods
‘s1ueWe0RdSIpP JO SJUSUWIDINSBIA 01joUBWOI)09[d J10 J1tuos Teornnd( oanjsod Apog [L€]
squury seddn AJ1ARIS JO QUI[ 91} 0} 90USISJO1
pue 3yoeq ‘peay a3 JO JUSWIOAOW  [[JTM WOPSSIJ JO SO9L30P 0M] UL JUSWSAOUT
pue saanjsod Jo JusWSINSBOA P00 187} SI910WOIS[90R [RIXB-LL], SI8}9UWOUI[OU] [ec]we]
soanysod
Aymwex)xe Joddn Jo juewsdedsip aanjsod Juro( pIooar 03 SI9JOWOISIO) pue  AI}OUWOTUOS
Je[n3ue JO JUOWSINSBOJ\ SI919WOTU0S JTU0I)09[0 due[d [enp 10 o[SUIlg OTUOIII™[H [ogc]
uorjour
pue aanjsod 3yoe(q JO JUSWSSISSY J1930WIOTUO0S JTUO0I}08[d [BIXBLI], NIN'T [ec]
uorjoung soanjesJ urep\ anbruyogJ, 9ouaIoJoy

‘[6g] woay pejdepe spoyjewr J0al1lp Jo sefdwrexs ¢-z a[qel,



24 Chapter 2: State of the art

2.2.4 Direct measurements for the human hand

The human hand is composed of a thumb, index finger, middle finger,
ring finger, little finger, and palm, which includes the thenar eminence,
the hypo thenar eminence, and creases [58]. The fingers contain 19
bones of distal phalanges, middle phalanges, and proximal phalanges,
and metacarpal bones. Thus, the fingers have metacarpophalangeal
(MCP), proximal interphalangeal (PIP), and distal interphalangeal
(DIP) joints in sequence from the proximal to distal part, whereas the
thumb has carpometacarpal (CMC), MCP, and interphalangeal (IP)
joints. Figure 2-6 clearly depicts an illustration of anatomical human
hand. Moreover, a major function of the CMC joints is to form the
hollow of the palm, in order to conform the shape of the object being
handled [59]. In contrast to the immobile CMC joints of the fingers,
the first CMC joint is mobile, and the neutral state is defined when
the thumb is positioned on the radial side of the palm, maintaining
contact with the second metacarpal [60]. Table 2-4 shows the range of
motion (ROM) on each fingers measured from different studies.
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\ { )

Distal phalanx —— () L
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Figure 2-6 Anatomical drawings of the bones of the right hand (palmar view) [61].

This complex anatomy and the limited space in hands for
hardware placement in comparison with other body regions, lead to
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the existence of very few devices that directly measure hand
movement. Following we summarized the state of the art of these
devices. [62][63].

Regarding optical systems, Baker et al. [64] used a maker-based
motion analysis system, known as VICON™ motion measurement
system, to capture digit movements during typing and calculate digit
angles, angular velocities, and angular accelerations for comparing the
ergonomic differences between a standard keyboard and an ergonomic
keyboard (Figure 2-7).

However, the occurrence of occlusions is one of the major problems
in real workplace. Reconstructed joints may encounter critical errors
in specific postures [65] or be occluded by the workstation. In addition,
direct daylight conditions could also affect to the accuracy of the optical
cameras [66] and the large device arrangement is hardly applied to the
real sites which are in compact layout or the work type with frequent
and wide range of movements.

Wang et al. [62] used CyberGlove®, which is supported by
incorporating 18 flex sensors and Uniforce pressure sensors as the core
technique for presenting a calibration approach for hand motion
capture (Figure 2-8). In this study they indicated a satisfying sensor
resolution of approximately 1lc, repeatability +3° and maximum
nonlinearity of 0.6% from official CyberGlove specification [67].
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Figure 2-7 The VICON™ motion capture set-up [64].

Hand Pose Raw Sensor Linear Calibration ~ Full LMC-GPR SPGPs M=100

Figure 2-8 FK hand shape accuracy evaluation using different calibration methods. 4
commonly used hand poses are shown. The cross-coupled stretching effects (e.g. rIM
ABD in “pointing” pose) are fixed by LMC-GPR and its SPGPs approximation [62].

Sama et al. [75] developed a low power and low-cost hand motion
capture glove by utilising a set of flex sensors, gyroscopes and
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accelerometers (Figure 2-9). Their prototype provides Bluetooth-based
wireless node and has an estimated average working duration of 14
hours with a total cost around 150 € and low power consumption of
113 mW.

BLUETOOTH MODULE
TRANSCEIVER

Figure 2-9 The 3dID glove and the gateway [75].

In terms of data loss through wireless node, the prototype has an
acceptable packet loss (4.83%) distance of 5 meters between the gate
way and the glove. However, the data accuracy is not clearly
mentioned in the study.

Kitano et al. [63] presented a wearable finger motion
measurement system using 9-axis inertial and geomagnetic sensors
that works with the Euler angle system (Figure 2-10). The estimation
error is within 4 millimeters. However, the practicability of the
prototype is still needed to be improved for a real workplace in terms
of the size of the wires and printed circuit board.
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Figure 2-10 Finger motion (Left: Actual, Right: Measured) [63].

The majority of commercially available wearables are
manufactured based on high-volume—low-mix economics and their
designs are not tailored to specific requirements (e.g., body shape,
aesthetic preference, etc.) of the users. Customization of wearables
(e.g., hearing aids and prosthetics) using traditional manufacturing
techniques often incurs high cost, which is passed on to the end user
[76].

In short, for measuring instruments used in industrial production
line scenarios, there are more requirements in terms of comfort, safety,
and durability. Although the existing products have certain
measurement accuracy guarantees, there are still disadvantages such
as oversize, irrational design, and physical wiring. Therefore, research
and development of a new generation of ergonomic measurement
equipment is a work direction that can meet better user’s expectations.

2.3 Additive Manufacturing

2.3.1 Introduction

Additive Manufacturing (AM), commonly known as 3D printing, is a
booming technology that enables the computerized 3D solid model to
be directly transformed to the final complex shape by adding materials
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layer upon layer [77][78]. Figure 2-11 shows a common AM printing
result that how layer height affects to the object’s surface resolution.

CAD model Layered model

Figure 2-11 Front view of the object in typical AM process. (Left: Virtual 3D model in
software, Right: Actual printing result)

Additive manufacturing has been widely applied in different fields,
such as biomedical [79], biomechanical, construction [80], art [81], fast
prototyping [82], electronics [82], aerospace [82] and military [83], due
to the possibility of easily manufacturing customized products.
Wohlers Associates envisioned that about 50% of 3D printing will
revolve around the manufacturing of commercial products in 2020 [84].

2.3.2 AM printing technologies

Charles Hull developed the first AM technology in 1986 in a process
known as stereolithography (SLA). Since then, subsequent
developments such as powder bed fusion, fused deposition modelling
(FDM), inkjet printing and contour crafting [78] were developed. This
section briefly introduces the most important AM groups created by
the American Society for Testing and Materials [85], all of them aimed
to satisfy different materials, precisions, printing conditions, and
workplaces.

e Powder bed fusion (Figure 2-12): Powder bed fusion processes
consist of thin layers of very fine powders, which are spread and
closely packed on a platform. The powders in each layer are
fused together with a laser or an electron beam. Subsequent
layers of powders are rolled on top of previous layers and fused
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together until the final 3D part is built. The excess powder is
then removed and if necessary, further processing and
detailing such as coating or infiltration are carried out. Powder
size distribution and packing, which determine the density of
the printed part, are the most crucial factors to the efficacy of
this method [78]. Selective Laser Sintering (SLS), Selective
Laser Melting (SLM), Direct Metal Laser Sintering (DMLS) are
AM processes under the Powder Bed Fusion family.

Powder
Feeder

Laser Scan
System with
Heaters

Recoater

Build

\ Platform

Q Printed
/ -

Overflow bin

Figure 2-12 Schematic of an SLS printer [86].

e Material Jetting (Figure 2-13): It is one kind of inject printing
whereby printheads are used to dispense droplets of a
photoreactive ink that solidifies under ultraviolet light onto a
substrate layer-by-layer. Wax-based inks and liquid
suspensions are the two main types of inks in the market. The
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particle size distribution of ceramics, viscosity of the ink and
solid content, as well as the extrusion rate, nozzle size and
speed of printing, are factors that determine the quality of
inkjet-printed parts [87].

Material
Container

UV Curing
Light

Inktjet
Print Heads

Part
Support
Material

Build
Platform

Elevator

Figure 2-13 Schematic of a Material Jetting printer [86].

Vat polymerization (Figure 2-14): Stereolithography is a kind
of AM process which belongs to Vat Polymerization family. It
uses UV light to initiate a chain reaction on a layer of resin or
monomer solution. The monomers (mainly acrylic or epoxy-
based) are UV-active and instantly convert to polymer chains
after activation. After polymerization, a pattern inside the

resin layer is solidified in order to hold the subsequent layers
[78].
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Figure 2-14 Schematic of an SLA printer [86].

o Material extrusion (Figure 2-15): Among AM devices, material
extrusion is one of the fastest, lowest-cost, easiest-to-use and
widely available techniques available on the market for AM
printers [88] due to the expiry of key patents that lead to
economy-friendly printers. In order to avoid conflict on
protected acronyms, people use FDM, Fused Filament
Fabrication (FFF), or Fused Layer Modelling (FLM) to name
this additive manufacturing process that belongs to the
material extrusion family.
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Figure 2-15 Schematic of a typical FDM printer [86].

The raw material used in material extrusion is supplied by
a solid filament in a spool. The filaments are pushed into an
extrusion head by a Direct Driver (setting on the top of the
hotend) or Bowden Driver (away from the hotend), heated and
molten in a specific chamber called “hotend”. While the driver
is continuously suppling the solid filament into the extrusion
head, a certain pressure is created inside the hotend, then the
semi-liquid thermoplastic material is squeezed out of an orifice
of a nozzle at the bottom of the head. Thus, the print head keep
moving and traveling along the digital path controlled by a 3D
printing software on a PC while selectively deposit the filament
on a heated bed or the top of previously printed layers. Finally,
the shaped material is solidified at room temperature after
printing to form each layer of the object till the last. During
material deposition, it is of great importance that the extrusion
of hot polymer melts and the traveling printing head is well



2.3 Additive Manufacturing 35

concerted to each other. Furthermore, the molten extruded
polymer must be deposited precisely. Any deviation will end up
as an optical defect on the final part. The first layer of material
is extruded on the printing platform, which also can be heated.
Further layers are deposited directly on cooled down, solidified
polymeric material. To ensure that there is a good connection
between the existing layer and the new deposit layer, molten
filaments are extruded with some contact pressure and overlap.
The process is similar to a polymer welding process. The quality
of weld lines between each layer is responsible for the
mechanical and optical properties of the printed part. [89][4, 8,
22, 23]

2.3.3 Functional materials for AM in wearables

The development of AM technology has inspired the wearable
designing field by the freedom of appearance and structure format. A
wearable 1s a smart device that can be worn by a consumer and is
composed of sensors that allow human physical activity and behaviour
to be monitored [90].

Researchers are currently trying to develop wearables where AM
technologies are used in the electronic part of the wearable [91]. As
showed in Figure 2-16, several soft electronics for wearables are
manufactured using a direct writing technique in order to deposit
AgTPU on a textile substrate and a pick-and-place technique to mount
integrated circuit (IC) chips during the printing process [92].

An nScrypt tabletop series 3D direct write dispensing system was
used to deposit a stretchable silver conductor directly onto an elastic
band in order to create Radio Frequency Identification (RFID)
antennas [93]. Similarly, a glove with an embedded programmable
heater, combining a 3D printer and the injection of liquid metal was
developed to form the liquid-based circuit components [94], the
schematic and electronics fabrication process is shown in Figure 2-17.
However, most of those researches require high-cost equipment or can
hardly be applied to office or household usage.
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Figure 2-16 Wearable soft electronics fabricated by hybrid 3D printing: a) image of
textile-mounted printed strain sensor and microcontroller circuit. b,c) Images of real-
time function of the wearable strain device (identified with arrows) at modest and
maximum joint bending, respectively, along with the corresponding LED readout. d)
Image of plantar sensor array. e) Illustration of sensor array readout in the absence
of applied pressure and f) upon the application of pressure by a human foot [92].

Due to the expiration of key patents, new functional materials are
being developed for extrusion devices. Current commercial filaments,
such as Acrylonitrile Butadiene Styrene (ABS) or Polylactic Acid (PLA),
are hardly to meet specific functional requirements [95]. Aiming on
this, the addition of nanomaterials into polymers for printing could
enable the creation of high-performance functional composites [82].
Thus, researchers have focused on developing further composite
materials mixed with several additives, fillers or reinforcements. A
study from Tekinalp et al. [96] successfully reinforced composites
made from carbon fiber and ABS resin feedstock and samples
fabricated through FDM and compression-molding, which have been
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evaluated and shows a significant increase in strength and stiffness.
Moreover, a new attempt of nanomaterials was used to mix into the
host matrix. The nanocomposites reveal many attractive properties,
such as good thermal conductivity, enhanced fire performance,
excellent strength and lightweight [97].

Liquid-state interconnect
4 Substrate ' =UESIEE
—
. o~ o (://I
Conductive liquid
Liquid

Solid-state ICs - Liquid-state temperature sensor k
ﬂm
Liquid-state electric heater |
- e [

a b
“ Conductive liquid \ |
i e Layer fabrication
Solid-state @
passive components
Imaged from bottom
(o
‘ | M

“5mm

¥y

Liquid-state passive circuits TR 6 £, A Conductive liquid injection
RN I S / Fabrication of
™~ S o2 4 / the next layer

>
PDMS and epoxy resin

. . /
',ﬂ\ ’,' \’ d Electrical component
Liquid-state anterina /‘/\,” PDMS |Epoxy resin E
».  Liquid metal 4

Component assembly

e C
' Resistor | =
-
o
i o
: 2

dh

Embedding components

Figure 2-17 The multilayer schematic of a 3D printed smart object which integrates
advanced IC chips and other solid state components, as well as liquid-state circuit
components and liquid metal interconnects [94].

Not only to enhance the mechanical and chemical properties,
researchers are starting to focus on electrical properties as well. In
recent years, several studies have developed electrically-conductive
compounds for extrusion devices based on a matrix of PLA or
Thermoplastic Polyurethane (TPU) mixed with conductive powders.
These commercial materials feature low resistivity (in ohm cm) and a
reasonable cost per gram, as well as different stiffness values (12-150
USD). Various vendors and researchers are attempting to utilise
conductive metal-based and carbon-based nanocomposites to replace
traditional copper wires. Based on the reviewed study by Diogo et al
[98], the prevailing type of conductive polymer matrix appeared in the
commercial market is categorized as follow:
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Carbon Nanotubes (CNT): CNT are well known for their
optimal mechanical, electrical and thermal properties. But the
aggregation in polymeric solutions of CNT is possibly causing
blockages at the nozzle and flux instability while printing [98].
Graphene (Gr): this type of polymer matrix has been widely
used in some novel electronic applications, for instance, sensors,
trackpads, or electromagnetic. Graphene exhibits a range of
exceptional properties such as low resistivity, excellent thermal
conductivity, high electron mobility, and optical transparency.
Due to the structural rigidity and poor liquid-phase processing
capability of graphene sheets, low mechanical performance
(including strength, toughness and resiliency) is the most
challenging shortcomings for Gr-based polymers to overcome.
Carbon Black (CB): carbon Black is a form of paracrystalline
carbon that is formed by the accumulation of spherical or chain
particles with an average diameter of 5 to 30 nm. It is
commonly filled with ABS (CB-ABS) for printing basic
capacitance. Moreover, CB is also used with graphene and
copper as a better conductive composite, which was developed
and used to embed LED as horn antennas [99] with
extraordinary electrical properties and certain flexibility.
Carbon Fibers (CF): it is popular in aerospace, civil engineering,
military, racing, and other competitive sports products due to
its properties of high tensile strength and flexural strength,
light weight, etc. CF has been utilized to fill with conductive
silicon rubbers (CSRs) for developing better electrical and
mechanical properties. Huang et al. (2018) [100] found an
anisotropic electrical and mechanical behaviour, in which the
volume resistivity at the orientation direction was 6.8 times
lower than that at perpendicular direction in particular.

More importantly, all of them are intended to be used with low-

cost 3D extrusion printers without any particular add-on. Nonetheless,

as far as the authors know, existing studies 3D-print the conductive

filament so as to connect simple passive electronics, while in the

literature there aren’t references where these materials are used for

connecting MEMS sensors.
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2.4 Conclusions

This chapter covers the two big knowledge areas to achieve the aim of
this project, that is, to develop a wearable device that incorporates new
AM functional materials for tracking worker’s hand movements in an
automotive assembly plant so as to subsequently analyse if the worker
1s exposed to WMSDs. After depicting the current status of both fields
several conclusions are obtained:

e MSDs present a major occupational healthcare problem in
automotive manufacturing industry. However, although
important, the hand region is undervalued in terms of MSDs
exposure risks and its consequences among most of the
epidemiology studies. Designing measurement device for hands
1s a challenge due to the flexibility of range of movement, the
skeleton complexity and limited space in fingers and palm.

e Comparing the three types of ergonomic assessments from
different researches, direct measurement is becoming a trend
and 1s more frequently used by experts. An intelligent
electronic measurement device is suitable for the situations
that require objective measuring result and high accuracy,
while sufficient expertise and funds are needed for preparation.

e Current direct measurement tools are hard to apply for
tracking fingers movements in real workplace, in terms of sight
occlusions, data drift, unreasonable size, and short duration.

e Among most of the studies focusing on hand measuring, a
glove-like pattern is widely accepted and considered as a
wearable device. However, those prototypes are still
incorporating copper wires and standard Printed Circuit Board
(PCB), which constrain the development of user-friendly
devices for being used in real industrial environments.

e The material extrusion technology has met the demands of
customization of wearable device and specific ergonomic
demands for individuals. There are remarkable advantages in
terms of high reliability, cost-effective, good freedom of
designing and modifying. Moreover, numerous functional
printing materials are able to be printed by dual-extrusion 3D
printers, including conductive filaments. Such kind of
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conductive nanopolymer materials inspire the potential of
developing and 3D printing MEMS electrical elements.



Chapter 3:

Assessment of ergonomic
methods

3.1 Introduction

In order to find a reliable and practical methodology for measuring and
analysing the hand region, an evaluation of several ergonomic
methods is carried out in this chapter. Due to each assessment method
features advantages and drawbacks, there is no optimal universal
method for all body regions. Herein, several criteria arranged by the
steps to follow in the measuring process will be formulated in a
questionnaire. Later on, several interviews based on the questionnaire
will be carried out with ergonomic specialists to know their preference,
requirement and expectation on the ergonomic methods will be
determined. Finally, the design principles for hand region wearable
measurement will be summarized, and one feasible technology will be
selected.

41
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3.2 Selection of the ergonomic methods

The first step is the selection of the ergonomic methods that specialist
will evaluate in a subsequent step. For this step, seven of the
prevailing ergonomic methods are selected:

1) Assessment of Repetitive Tasks (ART) Tools

2) Rapid Upper Limb Assessment/Rapid Entire Body Assessment
(RULA/REBA)

3) Biomechanical Assessment (BA)

4) Optoelectronic Systems (OES)

5) Electro Goniometer (EG)

6) Accelerometry (ACC)

7) Inertial Measurement Unit (IMU).

These methods are selected mainly based on a combined
consideration of fully covered on self-report, observation, and direct
measurement from various reviewing studies ([101], [48], [102], [37]
and [103]. Only those representative methods which frequently
mentioned or used in studies are considered. These methods are
described in the following subsections.

3.2.1 Assessment of Repetitive Tasks (ART)

ART tool was developed by the Health and Safety Executive (HSE) in
UK for estimating repetitive tasks usually behaved on assembly,
production, processing, packaging, and storing works [104]. This
method focuses on the posture of the upper limb, neck and trunk by
scoring the level of exposure to identify the risk factors and its
potential incentives to MSDs.

The ART process involves: completing the task description form,
following the flow chart or assessment guide to make an assessment,
and, finally, completing the score sheet.

The task description form, as can be seen in Figure 3-1, includes
first, the measurement of frequency and repetition of movements,
secondly the force measurement, thirdly the identification of awkward
postures, and the last stage are additional factors such as breaks,
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workplace, duration, etc. For each stage, the levels of risk for each risk
factor, are classified by understandable coloured traffic lights. With
the task score determined by completing the score sheet, significant
risks are able to be identified.

e
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Figure 3-1 The frequency/repetition stage of ART [104].



44 Chapter 3: Assessment of ergonomic methods

The task scores and exposure scores help to prioritise those tasks
that need most urgent attention and help check the effectiveness of
any improvements [104]. Figure 3-1 shows the flow chart that a risk
assessment expert subjectively evaluate while the subjects are doing
their tasks.

3.2.2 Rapid Upper Limb Assessment (RULA) and
Rapid Entire Body Assessment (REBA)

The RULA method was developed by McAtamney et al. [43] in 1993
for evaluating the posture of the neck, trunk and upper limbs along
with muscle function and the external loads on the body (see Figure
2-3 on Section 2.2.3). Ergonomic investigation is conducted by coding
an action list which contains a set of fixed body angles, and obtaining
the scores for judging whether a movement is acceptable or risky.

This REBA assessment method was developed based on RULA by
Hignett and McAtamney [46]. Apart from the same postures taken
from RULA, this method extended it by visually evaluating the
positions of the legs, awkward position in upper limbs and considering
postural loading factors [101]. Figure 3-2 shows an example of the
REBA method. The ergonomist will follow the steps to evaluate the
tester and obtain several region scores to fill table A, table B and table
C in order. Then with the table value and additional steps, score A,
score B and score C will be carried out. At last, the final REBA score
will be obtained by summing up table C score with activity score.
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3.2.3 Biomechanical Assessment (BA)

Biomechanical Assessment (BA) is a kinetic analysing system focus on
human body limbs. Using motion capturing devices, experts collect
and process movements data. The basic data are commonly later used
for mathematical modelling, such as inverse kinematics analysis and
finite element analysis. This method tends to utilize algorithms to
obtain key biomechanical metrics, such as joint torque, joint reaction
force, major muscle forces around the joints, and muscle activity.
Apart from direct measurements, researches on the relationships
between joints movements and its forces, and between body regions
and machine are also included in BA. Currently, several computerized
software packages such as Three-Dimensional Static Strength
Prediction Program (3DSSPP, Figure 3-3) [106], OpenSim [107],
Visual 3D [108], and AnyBody [109] are available to estimate joint
loadings and are proven to have the potential of processing motion
data captured by remote sensing [110]. Figure 3-3 shows an operating
interface of 3DSSPP.
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Figure 3-3 A lifting posture entered in the 3D SSPP window
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3.2.4 Optoelectronic Systems (OES)

It is a motion capture system that needs a distributed camera network
system to track human movement. This movement can be achieved
either by marker-based system or by marker-less system.

Task Visual Analysis

Virtual Workplace

CurrentWorkplace
Virtual Current Workplace Virtual Proposal Workplace

Figure 3-4 Real task, virtual task ergonomic evaluation and Motion Capture System
laboratory workplace [111].

The marker-based approach relies on sensors attached to the
human body; a receiver processes the signals from these sensors to
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reconstruct the shape of the body and detect its movements [112] [113].
VICON for instance, used some infrared cameras that are pointed to a
working space. This system requires a certain room scale space,
multiple cameras with resolution up to 2048x1088 [114], a three-axes
grid on the ground for global frame of reference, an acquisition system
for recording and saving synchronous video data, moreover, several
processes such as makers configuration, initialization, camera
calibration, world coordinate system alignment, background
subtraction, skeleton body modelling, and post-processing are needed
[115] [116]. The price of a complete marker-based system can reach
around 55,000 EUR.

These cameras transmit the movement of the markers to a
computer where a distributed estimation algorithm is set up to track
human motion used an information-weighted consensus filter (ICF) as
a distributed estimation algorithm to track human motion in a camera
network inside the sensing range. Figure 3-4 shows a laboratory

workplace set up of mark-based systems study.

Figure 3-5 A ConvNet-based marker-less motion capture algorithm reconstructs joint
angles of multiple people performing complex motions in outdoor settings, such as in
this scene recorded with only three mobile phones: (left) 3D pose overlaid with one
camera view, (right) 3D visualization of captured skeletons [102].

The maker-less approach uses affordable, unobtrusive devices
ranging from a webcam and digital single-lens reflex (DSLR) camera
to video recorders and depth sensing cameras, and uses
computationally intensive techniques to recognize depth information
in 2D projection from recorded images [117]. This type of systems is
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more focus on the image detection method and algorithm development.
For example, a study presented an approach unites a discriminative
image-based joint detection method with a model-based generative
motion tracking algorithm through a combined pose optimization
energy (Figure 3-5) [118]. The price of a complete commercial marker-
less system, as Kinect for instance, can be around 5,000 EUR. Figure
3-6 shows a study of angles precision comparison between marker-
based system and marker less system.

Hip Hip Hip Knee Ankle Ankle Ankle

AR InEx FE FE InEv InEx DP
Mean mkl (cdeg) 34 46 374 —-216 16 —6.1 936
SD mkl (deg} 3.7 9.6 1.3 4.0 33 86 3.8
Mean mb (deg) 5.6 32 16.8 —20.9 —04 —106 426
SD mb (deg) 6.3 116 74 322 10.2 37.3 223
Mean RMSD (deg) 141 216 176 11.8 7.0 128 7.2
SD RMSD [deg) 23 5.3 35 25 36 7.0 18
Min RMSD (deg) 9.6 7.7 6.4 8.1 34 53 30
Max RMSD (deq) 173 347 29.0 16.0 13.8 29.4 11.0
RMSD % range of motion 91.5 1296 447 183 548 88.2 331

Each joint rotation RMSD % of the marker-based range of motion is reported. Each joint rotations mean, standard deviation (SD}, minimum (Min} and maximum {Max)
values are also reported: Abduction- Adduction (AA), Flexion-Extension (FE), Internal- External Rotation (InEx), Inversion-Eversion (InEv}, Dorsi-Plantarflexion (DP).
doi:10.1371/journal.pone.0087640.1001

Figure 3-6 Description of root mean square distance (RMSD) values between angles
calculated with the two techniques (marker-less (mkl) and marker-based (mb)); mean,
standard deviation, minimum (Min) and maximum (Max) RMSD values are reported
[115].

3.2.5 Electro Goniometer (EG)

Electro goniometers are one of the most popular instruments in
laboratory measuring and clinical monitoring. It uses a strain gauge
spring connected to two rigid bodies in order to determine both active
and passive Range of Motion along one single axis. It is used to
measure local (internal) joint angles during human movement by
attaching it across two or more joint segments. The corresponding
angular output can then be used for quantitative clinical evaluation
[119].
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Figure 3-7 Placement of EG [119].

3.2.6 Accelerometry (ACC)

Accelerometers measure acceleration, direction, and angles (with more
than one accelerometer) through a linearization technique. This
system integrate an accelerometer sensor into comfortable garments
or directly attached to the human body [120] for actively monitoring
multi-axis angles in real-time. By combining sensors with actuators,
wireless communication modules and signal processing units,
different viable real-time wearable health monitoring systems could
be developed for various applications such as activity monitoring, fall
detection, gait pattern and posture analysis [102]. Figure 3-8 shows an
application of measuring knee angle using smartphone integrated
with accelerator sensors.
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Figure 3-8 Experimental set-up using the isokinetic dynamometer and smartphone
placed at the anterior medial surface of the tibia [121].
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3.2.7 Inertial Measurement Unit (IMU)

The microelectromechanical technology has significantly reduced the
size of electronic components and allow the development of small and
wearable devices. The Inertial Measurement Unit is one of these
applications, integrating sensors together, such as accelerometers,
magnetometers, and gyroscopes. It is able to measure acceleration,
velocity, orientation, and the Earth's gravitational forces and magnetic

e

Figure 3-9 (a) Configuration of the IMU data glove showing individual IMU’s
for each finger joint. (b) Integration of the IMU data glove into a two-layered
glove structure [122].
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fields in real time. However, the cumulative drift error, a difference
between the actual position and system detected position is the main
deficiency. Growth of quadratic error in position and linear error in
velocity occurs due to constant error of acceleration in the time of
integration. On the contrary, quadratic error in velocity and growth of
cubic error in position appears because of constant error of gyroscope
[123]. To mitigate drift error, MEMS based low cost system provides a
new approach. These capabilities have raised significant interest
among researchers aiming to measure postures and body motions in
various contexts, from daily activities (e.g. walking, running and
sitting) to complex work-related tasks (e.g. climbing, hammering and
lifting) [101]. Figure 3-9 shows an application of IMU sensor-based
data glove for clinical finger movement analysis.

3.3 Questionnaire: criteria

The suitability of each method is evaluated through several questions
grouped by timing, that is, the evaluation of how good this method is
before, during, and after the ergonomic measuring. The structure of
assessing metrics is built and optimized according to a workload
evaluating guideline of an American aircraft company, which named
as Assessment of Crew Workload Measurement Methods, Techniques
and Procedures [124]. Questions require to fill some basic information
such as target body region and work attribute, and a yes/no answer or
followed a five-level Likert Scale from negative (1) to positive (5)
(Figure 3-10). As showed in Table 3-1, Table 3-2 and Table 3-3, each
metric is explained with a combination of description, example
scenarios and after reading this information of each metric the expert
has to answer their corresponding question.
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3.3.2 While measuring
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3.3 Questionnaire: criteria

3.3.3 After measuring
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3.4 Expert interview
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Subsequently, this questionnaire is distributed among three experts.
One of the experts is a professional who works for a company that is
involved in ergonomics in the product design cycle. She is also a
lecturer in ergonomics. The second expert is a PhD in mechanical
engineering who did this PhD in the motion capture field and now
works in a research centre with these systems. The third expert
worked for a research centre with motion capture systems and now is
lecturer on motion capture systems at and engineering university. All
of them are asked to fill out only those questionnaires that they
considered themselves experts on. Results are listed in the Table 3-4.
Additionally, the experts are interviewed to answer five open
questions (Figure 3-11) after they complete the sheets.

3.5 Results from experts

Results from ART Tools and RULA/REBA, show that observation
methods almost comprehensively cover all the metrics with good
validity, accessibility, practicability and cost-effective (Avg. = 3.7),
except “Movement velocity”, “Vibration” and “Sudden impact” (Avg. =
1.3). Direct measurement systems (OES, EG, ACC and IMU) are the
most objective methods to measure (Avg. = 4.4 on “Numbers”). The
kinetic validity (Avg. = 3.6 on “Movement repetition”, “Body angles”,
“Velocity of movements”, “Vibration” and “Sudden impacts”) and the
reliability (Avg. = 4.1 on “Test-retest” and “Inter-rater”) are also
important features of the four methods. Regarding to the order of
“Operating difficulty” among direct measurements, EG is the easiest
to handle (4.5), then IMU is the next (3.5), whereas OES and ACC are
the hardest two (2 and 2.3). Additionally, IMU and EG approximately
have the same level on “Manual error” with the other methods. From
the interviews with the experts, it is said that although the precision
of the captured repetitive movement depends on the capability of
different products, the market trends still reveal that nowadays
ergonomic experts tend to choose this type of methods to assist or
replace expert observation. However, they evaluate these measuring
data (angles, movements) later based on biomechanical or ergonomic
database meaning that objectivity would slightly reduce somehow.
Then, commercial measurement products are generally with less
learning difficulty and more user-friendly, although prices are higher
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as well. Thus, based on the overall feedback of the questionnaires and
the interviews, we discussed and summarized that the four of the most
requested critical feature demands of WMSDs exposure assessment in
automotive assembly line are: portability, compactness, precision and
the ability to let the user move naturally.

Table 3-4 Scale results of main WMSDs assessment methods. Assessment of
Repetitive Tasks (ART) Tools, Rapid Upper Limb Assessment / Rapid Entire Body
Assessment (RULA/REBA), Biomechanical Assessment (BA), Optoelectronic Systems
(OES), Electro Goniometer (EG), Accelerometry (ACC) and Inertial Measurement
Units (IMU).

ART RULA/

Assessing Metrics Tools REBA BA OES EG ACC IMU
Movement repetition 5 5 5 4.5 4.5 4 2.5
Body loads 4 5 5 1 3 1 1
Body angles 4 4 5 4 4 2.3 4
Velocity of movements 2 1 4 4 4 4 3.5
Duration of movements 4 4 3 4.5 4.5 3.3 2
Vibration 1 1 3 3 2.5 4.3 3.5
Sudden impacts 1 2 1 1.5 2 5 4
Muscles activity 3 3 5 2 3 2.3 2
Lifting 5 5 5 2.5 3 1.3 2.5
Independence 5 5 1 4 3 1 3
Numbers 4 4 5 4.5 4 4.7 4.5
Learning difficulty 5 4 1 1.5 3 2.7 3.5
Physical space 5 5 5 1 4.5 4.7 4.5
Equipment costs 5 5 2 1 3.5 3.7 4.5
Preparation time 4 4 1 1.5 3 3.3 3
Operating difficulty 5 5 1 2 4.5 2.3 3.5
Test time 4 4 3 4 4 3.5 4
Test-reTest 4 4 5 5 3.5 3.7 4
Inter-rater 4 4 5 4.5 3.5 4.3 4
Manual error 3 3 3 4 3 3.7 3
Poriogi S T
Physical collaboration 5 5 4 3 4.5 4.7 4
Safety 5 5 5 5 5 5
Result communication 5 5 5 5 4.3 5
Correlation 4 4 3 5 3.5 3.3 4
Career threat 2 2 4 5 4 4 5
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3.6 Conclusions

According to the findings of the questionnaire assessment, it must be
pointed out that the evaluations are relative within their individual
knowledge. For example, in terms of the expert observation methods,
the metrics of numbers, Test-reTest, Inter-rater, as well as most of the
validity factors have incomprehensible high values. This is because
subjects are divided into the expert observation group and the direct
measurement group, and they answered without getting a bare idea
about the capabilities of the other methods from the other groups. The
actual relationship between these two groups has been understood
from the interview with experts who have the experience across
technologies or methods from both groups. Furthermore,
measurement validity, learning difficulty, price and preparation time,
those metrics may depend on different tasks, and different features
from immensely wide product choices in the current market. Similarly,
in the OES for instance, the effective coverage and resolution involve
the quantity of camera used, which is related to the demands on real
site. Additionally, from the current studies and interviews, the fact is
that more and more experts and researchers apply assessment table
and direct measurements together, merging the advantages of
evaluating convenience and measuring accuracy from multiple types
of methods. We have tried to generalize each metrics as much as
possible for a more objective conclusion.

With respect to the selection of the technology, combined with the
actual demands of automotive assembly plant workplace, it is believed
that IMU 1is the most advisable technique among the present
measurements. On the one hand, self-report and expert observation do
not meet the requirement of positive observing, objective and accurate
results, productivity guarantee, even real time monitoring. As such,
selection is focused on direct measurements. On the other hand,
noticing that nearly all the facilities in the assembly line are made of
metal, OES systems can suffer from “ghost marker” to obstruct the
recognition of the camera. Moreover, poor illumination, occlusion,
expertise requirement, large operating space, high costs on money and
time determine that OES are hardly used on real work site. Likewise,
the EG has the problem of size and weight, which will hamper the
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worker’s activities, especially in the intensive and complex assembly
environment. Regarding to ACC, experts claimed that there is not any
single ACC measurement currently in the market, because of its
critical drift error and poor independence. Additionally, productivity
and cost-effectiveness are commonly undervalued in existing
ergonomic studies [48]. Throughout the analysis of the State of the Art
about direct measurement devices, the IMU system has become
increasingly acceptable, and so has the potential for physical exposure
detection of precise movements in the hand region. Meanwhile, the
IMU have the advantage of being applicable to both indoor and outdoor
settings [48]. Though the system takes advantage of the low cost and
small size of inertial sensors, it can be affected to render erroneous
data from surrounding metal infrastructures or buildings [125].
Summing everything up, it can be said that there is not a perfect
measurement system, but currently IMU is the most suitable.



Chapter 4.

Developing finger motion
capture device

4.1 Introduction

In this chapter, a functional IMU-based motion capturing prototype is
implemented. Section 4.2 briefly introduced the specification of
components and their circuit wiring. Section 4.5 explained the system
framework, and data format selection based on mathematical theories.
Moreover, the programming works are presented in detail. Section 4.6
demonstrated an accuracy experiment to verify the feasibility of the
prototype.

Due to the nature of body displacement in the lower limb
movements, all remaining body movements are rotations of varying
ROM. From another point of view, overuse, high frequency repetition,
excessive range and angular velocity are based on rotation movements.
All manual fatigue exposure factors except bio-mechanical metrics
such as compression or impulsive force, which are not included in our
review, are also dependent on rotational movements. Therefore, only

63
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rotational movements are involved in this study, rather than
displacement movements.

For the early prototype, only two fingers are tracked. Since mostly
human daily hand actions, such as picking and gripping, are done by
the thumb and the index finger, those two of the most essential fingers
are adopted. Additionally, the length of each phalanx of a volunteer is
physically measured in advance. Namely, first metacarpal (6.5 cm),
proximal phalanx (4 cm), distal phalanx (3cm) of the thumb, and
second metacarpal (8.5 cm), proximal phalanx (5 cm), Intermediate
phalanx (3 cm), distal phalanx (2.5 cm) of the index finger, of which
seven IMU sensors in total are required. Figure 4-1 shows a division
on the (right) human hand.
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Figure 4-1 Human hand bones.

4.2 Hardware

Several components are implemented to build the prototype (Figure
4-2). These include:

¢ 1 x Arduino microcontroller

o 7xIMUs

e 1 x Multiplexer

e 1 x MicroSD card module (plus and SD card)
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Arduino UNO MU sensor

Figure 4-2 Components of prototype.

4.2.1 Microcontroller

There are many open source hardware devices on the market that can
be used as microcontrollers, such as Arduino, Raspberry Pi, STM32
Development Boards, etc. In terms of hardware performance, different
brands have various performance gradients to meet user needs, which
1s not enough to be a reason to choose a microcontroller. In the
microcontroller market in recent years, Arduino has become one of the
most successful open source hardware developers. The important
reasons are:

1. Open source: Arduino has a high degree of freedom, and its
concept of sharing and collaboration is also more secure and
flexible than professional products.

2. Supporting community: the huge number of projects and teams
has created an amazing ecosystem of accessories and libraries.
Developers are able to focus more on creative work. This is
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unmatched by traditional products, which is also one of the
reasons why Arduino is superior to other open-source hardware.

3. Commercial channels: because of its excellent product quality and
market penetration rate, Arduino has become a representative
platform, rich module production, and third-party developers,
resulting in low consumption costs and diverse choices.

4. Low learning costs: mature product manuals and community
services. Compared to other open-source hardware, Arduino
makes it easy for many beginners to find resources and learn.

In this study, Arduino UNO is utilized first. The specifications are
showed in Table 4-1. The pin description is showed in Table 4-2.

Table 4-1 Specification of Arduino UNO.

Specification Detail

Microcontroller ATmega328P — 8 bit AVR family microcontroller

Operating Voltage 5V
Recommended Input Voltage 7-12V
Input Voltage Limits 6-20V
Analog Input Pins 6 (A0 — A5)

Digital I/O Pins

DC Current on I/0O Pins

DC Current on 3.3V Pin

14 (Out of which 6 provide PWM output)

40 mA

50 mA

Flash Memory 32 KB (0.5 KB is used for Bootloader)
SRAM 2 KB

EEPROM 1 KB

Frequency (Clock Speed) 16 MHz
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Table 4-2 Pin description of Arduino UNO.

Pin Category Pin Name Details
Vin: Input voltage to Arduino when using an external
power source.
. 5V: Regulated power supply used to power
Power g;l]’;j V.5V, microcontroller and other components on the board.
3.3V: 3.3V supply generated by on-board voltage
regulator. Maximum current draw is 50mA.
GND: ground pins.
Reset Reset Resets the microcontroller.
Analog Pins A0 — A5 Used to provide analog input in the range of 0-5V
Input/Output Pins Digital Pins 0 - 13 Can be used as input or output pins.
Serial 0(Rx), 1(Tx) Used to receive and transmit TTL serial data.

External Interrupts 2,3 To trigger an interrupt.
PWM 3,5,6,9,11 Provides 8-bit PWM output.
10 (SS), 11
(MOSI), 12 L
SPI (MISO) and 13 Used for SPI communication.
(SCK)
Inbuilt LED 13 To turn on the inbuilt LED.
A4 (SDA), A5 .
TWI (SCL) Used for TWI communication.
AREF AREF To provide reference voltage for input voltage.

4.2.2 Inertial Measurement Unit

According to the experts’ responses on Chapter 3, a MEMS-based
motion capturing sensor (IMU) is the one selected for the prototype. In
particular, the Bosch BNOO055 absolute orientation sensor, a 9 degrees
of freedom (DoF) IMU with a thumbnail scale (Figure 4-4), is selected.
It integrates a 14-bit traxial accelerometer, a 16-bit traxial gyroscope,
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a full performance magnetometer and a 32-bit ARM Cortex-MO based
microcontroller, communicating via Inter-Integrated Circuit (I2C) bus
line with other components.

PC/ INT

Host Processor

Figure 4-3 Architecture of BNO055 [126].

Figure 4-3 shows a basic building block of the BNO055 device. In
addition, this IMU sensor includes a complete calibration algorithm.
It is necessary to take approximately one minute to do some
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calibration movements that are introduced by the Bosch standard
calibrating method (later introduced in Section 4.6).
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Figure 4-4 Main dimensions of IMU (in inch) [127].

4.2.3 Multiplexer

A 1-to-8 I2C multiplexer (as shown in Figure 4-2), or called expander
(TCA9548A, Adafruit) which acts as a gatekeeper, is used to extend up
to 8 same-address IMU sensors and hook up to a central controller
(Arduino UNO, Arduino.cc), transmitting the commands to the
selected set of 12C pins.

4.2.4 SD module

Data storage can be addressed by direct serial port monitoring on
Arduino integrated development environment (IDE) during real-time
capturing, or using a Micro-SD card module. For the latter work, a
microSD adapter (MicroSD card breakout board+, Adafruit, United
States) is utilized to store the data after recording and processing. It
uses a proper level shifting chip without extra resistors and can read
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and write 2Gb+ of storage. To use this module correctly, an Arduino
IDE’s SD library which supports File Allocation Table (FAT) and
FAT32 SD card is needed.

4.3 Electrical connection layout

When only two IMUs are necessary, the connections are pretty simple
The two I2C data lines are merged on the same I2C bus to pin A4 and
A5 of Arduino. To activate this mode, a jump wire from VIN of the
second IMU connect to address pin (ADR) is needed. This will change
the default I12C address from 0x28 to 0x29 if this sensor is connected
to 3V. The wire connection is shown on Figure 4-5.

0x29

0x28

Figure 4-5 Circuit wiring for two IMUs.

However, due to the limits of power supply and number of 12C
ports from Arduino UNO, a tree structure circuit connection is applied
to connect the 7 IMUs, which is also corresponding to the anatomy of
human hand. Power lines starts from Arduino to pin VIN and GND of
multiplexer in serial, then distributed in seven sub-line in parallel.
12C lines start from pin A4 (SDA line) and A5 (SCL line) of Arduino
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fritzing

Figure 4-6 A division of prototype’s circuit wiring.
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» Front vew Rotator of Thumbindes fngars

Front v Roteion of Trumbbindes fingers

Figure 4-7 Thumb & Index finger gesture capturing.
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and connect to Serial Data (SDA) pin and Serial Clock (SCL) pin of
multiplexer. On this board, 8 pair of I2C ports from 0 to 7 are arranged
on two sides. Each pair of ports connect to pin SDA and SCL of each
IMU sensor.

Moreover, in the occasion of data storage via Micro-SD card, pin
13, 12, ~11, ~10 of Arduino are connected to pin CLK, DO, DI, CS of
Micro-SD card module correspondingly. Figure 4-6 shows the
connection layout of four IMUs of seven. To add the rest of the IMUs,
the process is straightforward.

4.4 Assembling prototype

In an early attempt based on two IMUs sensors, a container with
Velcro tape is made to bind the IMU to the surface of the upper and
lower arms. However, the container is not suitable for fingers due to
1ts excessive volume. Therefore, the use of rubber bands is the most
convenient and simple method to temporarily fix the IMU.

Each IMU is attached to a dorsal surface of the thumb and index
finger phalanges with the help of rubber bands. Figure 4-7 shows
several representative gestures that are successfully captured and
visualized by this prototype.

4.5 Software

4.5.1 System framework

The tracking process of the fingers began with the IMU sensors
collecting orientation data in the form of unit quaternion vector. Then,
data pass through the multiplexer via I2C bus lines to Arduino UNO.
Next, those data are packaged at Arduino and sent to MATLAB for
visualization. In MATLAB, several processes are executed to calculate
the coordinates of each finger joint in the local and global reference
system. The whole progress is shown in Figure 4-8.
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ﬂ'adafruit #adalruit ‘\
9-DoF Orientation IMU Multiplexer Arduino UNO MATLAB
x7
»> > —>
U1 | ovu2 [
Store Data
Rotate segment
Collect data Extend 12C address Package data Calculate angle

Figure 4-8 Data process in the system.

4.5.2 Orientation format

The orientation of a rigid body can be described with a vector in 3-
dimensional Euclidean space, hence the change of orientation is
depicted with a rotation around a fixed axis. There are four equivalent
ways to describe such a rotation, which exploit the concept of Euler
angle, Rotation matrix (or Direction Cosine Matrix), axis-angle, and
Quaternion, respectively. In this section, each method is introduced
and then evaluated. The pose of IMU sensor is also introduced at the
end.

Euler angle

The three-elemental rotation of a rigid body can be global or local,
which means, the axes xyz of the original coordinate system remains
motionless in the global system, or changes xyz orientation after each
elemental rotation in the local system. In computer vision, local
rotation is more often used. Euler angle is a group of angles that a
rigid body used to rotate around a fixed coordinate system based on its
volume centre. Moreover, rotation sequence changes the final
orientation of rigid body. Namely, if the object needs to rotate to the
same orientation by different sequences, the values of the Euler angles
are disparate. Therefore, any discussion employing Euler angles
should define its rotation sequence. Most of the studies employ Tait—
Bryan angles, which are known as yaw, pitch and roll. In Figure 4-9,
following the sequence z-y'-x", a rotation is decomposed by three steps
in which the first rotation is an angle { about z-axis (yaw), the second
rotation is an angle 6 about N-axis (pitch), and the third rotation is
an angle ¢ about X-axis (roll). For notational brevity, the rotation is
definedas E (Y, 0 , @).
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- N

y

Figure 4-9 Euler Angle Sequence z-y'-x".

Although Euler angle system is intuitive, several drawbacks are
critical to use it in kinematic study. Firstly, the expression is not
unique, which is a singularity of Euler angle, called “Gimbal lock”. It
arises from the indistinguishability of changes in the first and third
Euler angles when the second Euler angle is at some critical value
[128]. For instance, following the same sequence (/, 6 , ¢ ), E1 (0, 90,
0) will rotate to the same orientation as Ez (90, 90, 90). Secondly, Euler
angle is very ill-behaved for interpolation and should be converted to
other forms for interpolation purposes [129]. Thirdly, the amount of
calculation is huge, due to an extra transformation from Euler angle
to rotation matrix at run time is needed.

Rotation matrix

A more popular form to calculate coordinate transformations, is
using rotation matrix. This can be described as a matrix defined by

R(a, B, y) = Rz(a)Ry(ﬁ)Rx(y)
[cosa —sina OHCOSB 0 sin,b’] 1

0 0
=[sina cosa 0 ||0 cosy -—sin V],
0 —sinff 0 cospf siny cosy
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If the sequence of yaw, pitch and roll changes, the matrix has to
be multiplied in the same sequence, which will affect to the results.
Moreover, a rotation matrix must be an orthogonal matrix due to a
limitation of 3-DoF although containing 9 elements. For composing
rotations, that is to multiply two matrices, a total of 27 multiplications
and 18 additions are required [130], which causes three-time
redundant calculations. In some real applications, rounding errors are
accumulated inevitably when composing several rotations.
Nonetheless, the computational error after composing rotation
matrices, will make it not be orthogonal anymore and is harder to
convert back to a proper orthogonal matrix [130].

Quaternion

Quaternion is a type of higher-order complex number, which can
be represented as:

Q=(xyzw)=xi+yj+zk+w, [1]

where i, j, k can be viewed as the unit vector along the x, y; and z
axis, respectively. The multiplication rule follows.

i?=j*=k*=-1, [2]
ij = k,jk =i, ki =j. [3]

In this context, quaternion is composed of a vector part,v = xi +
yj + zKk, and a scalar part, w:

Q=T+w)=((xy2),w). [4]

Due to its four dimensions, quaternion is flexible to transform into
a universal form of the other representations. Thus, any vector can be
treated as a quaternion of which the scalar part is zero (called pure
quaternion), p = [, 0]. In this circumstance, quaternion can be exploited
for expressing a rotation operation in 3-dimensional space. Different from
the case of Euler angles, the spatial rotation can be performed on an
arbitrary axis, which is called Axis-angle representation. If the axis direction
is represented by a unit vector u(x, y;, z) and the rotation angle is o , the
rotation operation can be represented as a unit quaternion g (shown in
Figure 4-10).
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q=((x,v2) sin%, cos g). [5]

y-axis

u = Axis of Rotation

Rotation
Plane

Figure 4-10 Quaternion for rotation.

Hence, a coordinate rotating transformation can be directly
implemented by multiplying with spatial coordinates p and rotation
amount q both in quaternion form. Yet, if we only multiply p and g,
the quaternion obtained may fall into a four-dimension form when the
scalar part is not zero, which means a point not in three-dimension
reality. Thus, in order to transpose p back to the original coordinate
system, the inversed quaternion of g is required. Fortunately, the
feature of unit quaternion is that the conjugation of p is equal to the
reciprocal of quaternion, due to the norm of a unit quaternion is 1.

_1= q* — % [6]
b TN~ 1

Then, after the rotation around u(x, y, 2z) by an angle of 0 point
p ((x, yp, %), 0) transforms into point p/,

p' =qpq~t. [7]
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This is the three-dimension rotation theorem in quaternion form
and general case. It is noted that, this multiplication is not
commutative, namely the order of multiplication should not be
reversed. The order of multiply direction between p and q is equal to
its reciprocal relationship. Moreover, the convention of the coordinate
system with the right-handed rule is employed in this paper.

Quaternion-based rotation has an advantage of completely
avoiding the gimbal lock issue because of its properties. Compared
with the aforementioned rotation matrix method, quaternion-based
one needs fewer parameters (4 numbers in a quaternion versus 9
numbers for an orthogonal matrix), thus less amount of calculations
and more efficiency are expected (a quaternion product needs for a
total of 16 multiplications and 12 additions [130]). Furthermore, it has
a well-communication on axis-angle system, which is able to construct
a rotation quaternion easily, and also easy to read off conversely from
a quaternion. Regarded to composing rotations, a quaternion after
multiplying will become non-unit length, but it is able to be fixed easily
by normalization._Finally, for some later process, quaternion is
adaptable to spherical linear interpolation (SLERP). The only
disadvantage about quaternion, is literally difficult to understand and
master it. For those reasons above, quaternions are selected instead of
Euler angles and rotation matrix in this study.

Pose

After selecting the data format, due to the pose of IMU sensor
applied to varied projects is different, the orientation of coordinate
system mapping on the sensor chip is vital. Figure 4-11 shows a
collection of IMU chip remapping orientations which are defined on
the code library file Adafruit_ BNOO55.cpp (see Appendix A). A
function called “setAxisP()” is customized into this library file (line
146-157). A black dot on a surface of each cuboid on Figure 4-11,
corresponding to the light grey dot on real BNOO055 chip is worked as
the remapping reference (Figure 4-12). In this study, it is found that
the default set is P1. By reason of the very narrow space of human
finger, the IMU sensor is assigned upright along the phalanx. Hence,
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after several actual tests with the plotting at Matlab, the coordinate
system orientation in this study, is modified to pattern P6.

The default values correspond to the following coordinate system

i Z;0,;1z
o /
Accel; Gyro; Magnet

—

PO P1 P2 P3
TOP VIEW

LH VS

Y, Q, vv

AN

V3

P4 P5 6 P7

PO

Figure 4-11 BNOO055 chip remapping.
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Figure 4-12 Orientation dot on BNOO055.

4.5.3 Algorithm
Arduino IDFE section

The programming starts with Arduino IDE (See Appendix B).

In coding part, firstly, several basic and sensor-related libraries
are included (line 1-6), and necessary variables are defined in advance:
devices address, indicators, array memory, etc (line 11-25).

Secondly, a function called “tcaselect”, is declared for switching
multiplexer port to respond each IMU when data is sampling (line 30-
34).

Thirdly, in setup part, the setup is executed, including procedures:
defining communication bit rate, activating each sensor, connection
error self-detection, and coordinate axis remapping (line 39-76). Lastly,
at the loop part, the quaternion data is received from each IMU using
function “.getQuat()” by order (line 126), together with the current
calibration status using function “.getCalibration()” (line 128) and
time period using function “micros()” (line 184). Next, taking data from
“bno[ ]’ array, command “Serial.print();” is used to output the
quaternion, calibration status, and time to the serial monitor to have
the real-time data flow (line 132-151).

Due to the selected Arduino specifications, the performance and
memory are not enough to complete a massive data acquisition and
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processing synchronously. In order to avoid the response delay caused
by excessive calculation, the data processing part is transferred to the
subsequent professional processing software (which is Matlab). In
addition, for some real work scenarios, SD storage is more practical
than real-time monitoring. This study goes for a second choice to
manage data: Micro-SD module. It is integrated and packaged
together with the main program as a complete user-oriented
application. In Arduino IDE, using function “.print()” (line 155-177),
data are output to a text file which is generated to store IMU data
when each time task is recorded. In line 43-53, the codes check the
existing TXT files and execute initialization. In line 85-119, the codes
define the file name following the number of the previous file name. If
there is no file existed, it will start with “D0001.txt” every time, this
will count up to D9999. User has to move out files from the SD card if
the file counts arrived to maximum. Following this, user can easily
1mport recorded files into internal data store cell in Matlab.

Herein, by using the function “Serial.print()” and “.print()”, all the
data can output to any post-processing terminals or documents
correspondingly. This code provides a simplified and compact data flow
for later use, which is shown as an example of one rotation in Table
4-3.

Table 4-3 Data flow of one period.

Time w X y z System  Gyro Accel Mag 1D
0.4066  0.4067  -0.2980  0.6866 0.5238 3 3 3 2 0
0.4066  0.2900  -0.2902  0.6476 0.6420 3 3 3 3 1
0.4066 09755  -0.2130 -0.0165  0.0536 3 3 3 2 2
0.4066  0.4778 0.1616 0.5480 0.6674 3 3 3 3 3
0.4066  0.5635 0.0486 0.3305 0.7556 3 3 3 2 4
0.4066  0.5229  -0.2891  -0.1661  0.7845 3 3 3 3 5
0.4066  0.4882  -0.2890  -0.3306  0.7543 3 3 3 3 6

The first column keeps in the same value, representing that the
time consumption of this rotation, where seven sensors record
quaternions nearly at the same time in this period. Columns from “w”
to “z” are the main data flow. Status columns monitor hardware

situations including system, gyroscope, accelerator and magnetometer
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by scoring between ‘0’ (uncalibrated data) and ‘3’ (fully calibrated)
[127]. The whole code has introduced in the Appendix B.

Matlab section

Figure 4-13 shows an overview of the steps programmed in Matlab
and shown in Appendix C.

ﬁ'adafmjt Collect data
1 Raw data
i P Ti t
Quaternion reset inputs
Local system
T form
\ —— Global system
|
‘\ Store data Initialize phalanx Compens_ate
length orientation

I

‘ Rotate endpoint }——

l

Translate endpoint ’

|
Get phalanx Get phalanx
distal endpoint distal endpoint

J Display 3D models

The last phalanx
proximal endpoint

Figure 4-13 Flow chart of data process.

Once the code has been uploaded to Arduino board and correctly
connect to PC, using two commands “serial()” and “fopen()”, data flow
is able to be imported into Matlab for real-time motion capturing (line
29-33). The serial port must keep the same one as in Arduino.
Coordinate origin, phalanx length and data storage cell, etc are pre-
defined (line 65-78).

In order to have the same perspectives between operator’s view
and plotting camera on the screen, a concept called “compensation
angle” is introduced. A digital compass is used to measure the angle
value from magnetic north to the direction orthogonal to the terminal
screen, representing an offset left-handed rotation angle around the
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upward Z axis. Figure 4-14 demonstrates the result difference between
uncompensated and compensated virtual gestures.

Figure 4-14 Remapping gesture: a) before applying the compensation angle, the
virtual fingers are aiming to the magnetic north in the real world. b) after applying
the compensation angle, the virtual fingers are aiming to the north of the virtual world.
The orientation of the digital compass corresponds to the virtual world. Namely, the
direction of the letter 'N' refers to the virtual north, and the physical index fingers are
aiming to the west in reality.
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Next, by input this value, it is transformed to a global

compensation unit quaternion for later calculation. This angle value

varies, due to each workplace heads to different orientations in reality.

The whole code has introduced in the Appendix C. The main processes

are executed as following steps:

1.

As mentioned above, there are two ways to receive data. To read
data from the TXT file, a function called “fgetl()” is used (line 105).
To obtain data from the serial port, function “fscanf()” is used (line
108). In the real task, these two functions are mutually exclusive,
otherwise, a conflict on variable “str” will occurred.

Raw data are transferred from string to double float format and
stored in a zero matrix (line 110-115). The data flow is displayed
on command window at the same time in Matlab (line 117-124).

. Define seven points on the local rigid body coordinate system in

quaternion form (w value equals to zero) along positive direction of
Y axis in a corresponding real phalanx length (line 74 and line 10-
11 in Appendix D).

. As mentioned before in 4.5.2, the conjugation of the quaternion is

equal to its reciprocal here because of the unit quaternion. Hence,
rotate each local points with sensor quaternions from the data
storage (representing the rotation movements) via the quaternion
rotation formula sequentially to attain the triple cross product,
where each local point is multiplied first by its reciprocal
quaternion then by the sensor quaternion (line 10-11 in Appendix
D), which, due to the cross product is not commutative. Thus the
local rotated points are obtained correctly. Apart from the CMC
joints of each finger, which are located on the original point, the
rest of the joints are translationally connected to the previous end-
point of its phalanx (line 13-14 in Appendix D).

. Given a compensation quaternion, multiply joints via the same

quaternion rotation formula mentioned above. Hereto the local
rotated joints are converted to the global coordinate system (line
17-18 in Appendix D). Step 2, 3, 4 are integrated into a customized
function “DistalQuatMultiTransform()”.
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6. Calculate the finger angles between every two normalised segment

vectors by the arccosine of the dot product. Specific steps are also

integrated into a customized function “VectorAngle()” (see in
Appendix E).

7. Use a two-point type 3D cylinder function to model and plot each

virtual segment by connecting each proximal joint with the

previous distal joint.

customized function “cylinder2P()” (see in Appendix F).

Table 4-4 An example of output of calculated finger angles (in degree).

Time (s) MCP_T21 TMCP TIP IMCP IPIP IDIP
00:00.4 26.37 16.83 131.59 9.04 62.71 17.11
00:00.9 26.41 17.49 133.05 8.85 62.69 17.12
00:01.3 24.68 15.27 129.95 10.09 62.33 17.4

00:01.8 24.38 14.22 117.91 15.52 62.41 17.11
00:02.2 23.99 17.61 108.16 16.04 62.43 17.01
00:02.7 24.01 16.85 104.44 15.96 62.33 16.88
00:03.1 23.47 16.27 102.71 15.47 62.47 16.78
00:03.5 23.47 15.79 102.72 153 62.26 16.85
00:03.9 23.6 13.01 104.7 15.27 62.3 16.96
00:04.3 23.54 11.89 105.96 15.22 62.22 16.9

00:04.7 23.26 10.52 106.81 15.17 62.3 16.83
00:05.1 23.08 5.35 110.73 14.4 62.82 18.5

00:05.5 22.24 8.06 112.45 29.41 76.96 17.71
00:05.9 23.66 5.69 112.39 29.47 74.57 17.16
00:06.4 27.97 4.33 103.92 28.77 76.65 18.74
00:06.8 34.19 19.96 106.46 27.78 76.16 16.61
00:07.2 34.64 19.38 101.38 30.69 70.13 17.08
00:07.6 29 12.27 97.66 15.07 38 11.73

Specific steps are integrated into a

Preforming the data calculation process as mentioned before in

Matlab section, two type of output files are obtained: coordinate output

file and angle output file. Thanks to the formatting operator, data are

loaded and saved in a table format orderly by conversion character and

horizontal tab. Thus both of the two outputs are convenient to be

imported into any statistical software such as Excel or Minitab (shows
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in Table 4-4 and Figure 4-15), and adaptable for later 3D restoring
simulation or biomechanical analysing. All of those procedures have
been converted into an executable file by Matlab compiler for
independent use. Moreover, the 3D model plotting function which used
before is also added for a quick check of finger movement records in
this application.
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Figure 4-15 Example of data output on finger joint movements.

4.6 Accuracy verification

To verify the feasibility of this prototype, a laboratory goniometry
experiment is designed and conducted. Although, the sensors are
factory trimmed to reasonably tight offsets, meaning valid data are
must be obtained even before the calibration process is complete [127],
The calibration process is introduced as following criteria [127]:

e Gyroscope: the device must be standing still in any position.

e Magnetometer: in the past, 'figure 8 motions were required in
3 dimensions, but with recent devices fast magnetic
compensation takes place with sufficient normal movement of
the device.
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e Accelerometer: the BNO055 must be placed in 6 standing
positions for +X, -X, +Y, - Y, +Z and -Z. This is the most onerous
sensor to calibrate, but the best solution to generate the
calibration data is to find a block of wood or similar object, and
place the sensor on each of the 6 'faces' of the block, which will
help to maintain sensor alignment during the calibration
process. You should still be able to get reasonable quality data
from the BNOO55, however, even if the accelerometer isn't
entirely or perfectly calibrated.

b 0
AR

Figure 4-16 Measuring gestures of each angle.

After calibrating IMU sensors, three participants are asked to
physically measure those knuckle angles while a fourth volunteer wore
the IMU and performed some designed gestures with his hand (Figure
4-17). Simultaneously, the virtual angles are calculated and displayed
in MATLAB. Eleven virtual and physical angles are measured and
compared in real time.

Tow e st o Tt e Ao

Figure 4-17 Thumb abduction angle measuring by goniometer (top) and computer
(bottom).
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A set of finger goniometry methods in anatomy is adopted to
measure the angles (Figure 4-16) . Considering the accuracy and
convenience of this experiment, active radial abduction and ulnar
adduction are measured mainly via the CMC joint of the thumb (Angle
No. 2, 3) but also the MCP joint of the index finger (Angle No. 4, 5). In
the same way, active palmar flexion and dorsal extension are
measured via the DIP and the PIP of the index finger (Angle No. 7, 8,
10, 11), same as the MCP joint of the index finger and the CMC joint
of the thumb (Angle No. 1, 6, 9). More specifically, each gestures are
maintained by following the goniometry procedures: 1) for measuring
each index finger stretch and thumb abduction/adduction, the
examiner stabilises the volunteer’s finger and maintains the palm in
a vertical position along the white reference line, then aligns each arm
of the goniometer with the dorsal midline of the corresponding phalanx;
2) for measuring each thumb stretch and index finger
abduction/adduction, the examiner places the volunteer’s index finger
along the white reference line, maintains the metacarpal in a neutral
position and prevents radial deviation at the wrist, then aligns arms
of goniometer with the dorsal midline of the corresponding phalanx
[131].

The three participants are researchers from an engineering
university. Their age range is from 25 to 40 years old, and they are all
male. All of them have received basic training with the goniometer.
Table 4-5 represents the angle results of each joint: the thumb
carpometacarpal (TCMC) joint; the thumb metacarpophalangeal
(TMCP) joint; the index metacarpophalangeal (IMCP) joint; the index
proximal interphalangeal (IPIP) and the index distal interphalangeal
(IDIP). For each participant the virtual angle results are
correspondingly compared with the manual measuring results.
Average differences between the virtual angles and the manual
measured angles from the three participants are 1.68° 3.20° and 3.15°.

To confirm the significance of the results with respect to the
angles measured and the participants, an analysis of variance
(ANOVA) 1s held. “Participant” and “Joint” are considered as
independent variables, and angle error value as the response variable.
The results from the analysis indicated that, “Participant” is not
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statistically significant (P-value of 0.291). “Joint” is not also
statistically significant (P-value of 0.822). These results indicate that
neither the “Participant” nor the “Joint” they are measuring are key
parameters for the angle error obtained.

Table 4-5 Goniometry experiment results from three participants.

Participant A Participant B Participant C
(deg) (deg) (deg)

Real  Virtual Dif. Real  Virtual Dif. Real  Virtual Dif.

.TCMC extension 50.00 50.84 0.84 4130 43.59 229  49.00 50.10 1.10
.TCMC adduction 16.00 15.33 0.67 2285 2549 2.64 26.00 20.90 5.10
.TCMC abduction 54.60 56.43 1.83 4630 45.14 1.16  50.00 56.20 6.20

.IMCP  adduction 19.00 17.23 177 17.80 15.6 220  28.00 23.70 4.30
IMCP __ abduction 34.00 34.67 0.67 404 4153 1.13  42.00 41.70 0.30

.IMCP  extension 16.00 15.46 0.54 143 21.10 6.80 15.00 12.40 2.60
. IPIP extension 6.00  5.94 0.06 6.00 15.19 9.19 3.00 6.50 3.50
. IDIP extension 14.50 14.97 047 2030 18.39 191  14.00 15.60 1.60

9.IMCP flexion 91.00 91.46 0.46 84.15 80.9 325 86.00 81.00 5.00
10. IPIP  flexion 88.20 79.74 8.46 84.15 829 1.25  88.00 &9.00 1.00
11.IDIP  Flexion 3.70 6.48 278 1.00 447 347 9.00 5.00 4.00

4.7 Conclusions

A prototype to measure fingers motion is presented in this chapter.
Several points deserve discussion beginning with the validation
process with volunteers. Due to the different motives of measuring
angle, this paper does not strictly follow the standard joints
measurement flow. With the aim of better verification, some specific
gestures, such as flexion close to 90° at IMCP and IPIP joints, are
required instead of extreme flexion because the angle has to do with
the elasticity of the tendon and joint when close to extreme limits,
which may cause the instability of actual angle value. It is more
important to verify the precision of this device rather than to obtain
each finger range of motion. However, there are still some extreme
gestures remaining for covering as many situations as possible.

Nonetheless, the observers’ errors when using the universal
goniometer is the limitation for the reference group. Additional
experiment is worth be carried out to make a better comparison with
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the virtual angles obtained from our prototype, against real angles
measured by other advanced direct measurement systems such as
OES or flexible EG. Taking into account the accuracy of other
prevailing measurements, the Vicon mocap system provided mean
accuracy of 89.33% with root mean square error of 5.19° [122], the
CyberGlove specification claimed sensor resolution is under 1° with
repeatability of + 3° [132]. Based on the above, we are able to indicate
that the value of virtual angles is very close to the real angles, and the
precision is at the same level of the mainstream measurement devices
and products.

It is worth mentioning that, the whole hardware system so far,
including seven sensors for two fingers, costs around 225 EUR in total,
purchased from Arduino component supplier. Considering the price of
other direct measurement systems, the commercial inertial sensor
product such as Xsens MVN, is approximately 12,000 EUR; referring
to the OES, the price range is approximately from 5,000 EUR of Kinect
to 55,000 EUR of Vicon. It is interesting to get a device that would
relatively keep in the low-cost level in the market.

For assessing the ergonomic risk and preventing MSDs exposures,
capturing motion angle data is only the pre-step for the entire progress.
The next technical stage should be to analyse those movements
together with force data by using a mathematical model within a
software and the help of an expert. To achieve this, various
biomechanical analysis software applications are available, such as
3DSSPP [133]. Likewise, based on its adaptability, the use of this
system can also be extended to assembly lines in the other industrial
fields where the worker’s safety is a concern.
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Developing 3D printed
conductive trace board

5.1 Introduction

This chapter is focused on developing a non-conventional wired
solution to connect motion capturing components. To do so, a
functional prototype is further developed with the combination of
additive manufacturing techniques and electrically conductive
thermoplastics.

As for the electronics, the BNOO055 9-degree-of-freedom IMU
sensor model (Adafruit, New York City, NY, United States) and a
Beetle microcontroller model (DFRobot, Shanghai, China) is used as
the main functional hardware (Figure 5-1). The open-source Arduino
IDE is considered reliable multi-functional software for the purpose of
prototyping a smart device because of its high compatibility and
accessibility. Likewise, the Beetle is chosen because it is one of the
smallest microcontrollers on the market that works with the Arduino

91
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IDE and for the purpose of being worn in a wearable device. According
to its datasheet, the IMU sensor needs a power line (VIN), a ground
line (GND) and an I12C bus line, which are represented by a SDA line
and a SCL line. These four pins connect to the Beetle, which has 2
through-hole pins on the VIN and GND lines, and 2 surface-mount
pins on the SDA and SCL lines.

1cm

SCL
SDA

GND VIN

Figure 5-1 the IMU sensor and Beetle microcontroller.

Figure 5-2 a) the Tumaker extruder head and b) disassembled extruder.

For the Additive Manufacturing technology, the selected low-cost
extrusion printer is the Tumaker Voladora DualTM (Tumaker,
Oiartzun, Spain), which uses two Bowden extruders with 0.6 mm
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diameter nozzles with a separation of 2.6 cm (Figure 5-2.a). A
disassembled hotend is showed in Figure 5-2.b. The printer uses
Simplify3D (Simplify3D, Blue Ash, OH, United States) to control the
printing process. This dual extrusion will allow to print the conductive
thermoplastic composite material for circuit traces, and the non-
conductive plastic material for an integrated shell to fix components.

5.2 Cross-contamination factors

The regular dual printing process introduces the inherent issue of
cross-contamination. For this study, since the conductive filament is
going to be deposited along with a non-conductive material in order to
electrically isolate adjacent conductive paths, cross-contamination
could result in either a short circuit between two adjacent conductive
traces or an interruption of a conductive trace with non-conductive
material [99]. Through an early test of dual printing, multiple aspects
are considered to cause cross-contamination occurred.

B Over-tight spatial arrangement: it leads to a merge of several
regions of the two trace as Figure 5-3 shows. When some part of
the component size is designed smaller than the extrusion width,
different materials are overflown and mixed together, or even the
printing path is not calculated. However, a proper outline

overlapping still conduces to a strong adhesion to avoid internal
shedding among different components. This will be further
discussed together with Infill Extrusion Width in Section 5.7.1.

Figure 5-3 Partly overlapped traces due to the trace width is smaller than the
extrusion width.
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B Excessive pressure: if the distance between the nozzle and the bed
is too small, it will hinder or block normal extrusion, causing
irregular overflowing as Figure 5-4 shows. In some cases,
excessive resistance will even cause the filament knot at the

Bowden driver.

Figure 5-4 Conductive material overflowed under an insufficient nozzle height.

B Secondary melt: if the nozzle with the conductive material is at
high temperature ant it moves on the surface of the non-
conductive material, the nozzle will melt all the printed external
material again. Then the mixed materials will become stringing or
form to droplets and adhere to the nozzle or other part of the object,

causing cross-contamination as Figure 5-5 shows.

. . 2
b
s

[T—

Figure 5-5 Secondary melted materials are mixing together and causing cross-
contamination.

B Incorrect extrusion configuration: it may cause different types of
failure. The conductive material is overflowed to the white
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intervals because overheating or extrusion multiplier value is set
too high. In fact, most 3D printers do not provide a way to monitor
how much filament is actually extruded out. Due to the fact that
the hydrodynamic properties and expansion coefficients of each
material are different, this precise extrusion requires a big
amount of operator effort in order to adjust relevant settings of
individual print materials (an example of improvements is showed
in Figure 5-6).

Before

Figure 5-6 The extrusion accuracy is improved after configuring extrusion settings.

Stringing (otherwise known as oozing, whiskers, or “hairy” prints):
stringing is a fundamental obstacle when facing the cross-
contamination problem. Technically speaking, melted filament
always tends to continuously leek out of the nozzle with a certain
oozing velocity while the extruder is moving to a new position,
which is the reason of stringing as Figure 5-7 shows. Most of the
3D printing software applications offers a function -called
“retraction” to improve the oozing issue. If retraction is enabled,
when the extruder is finishing the current path, the filament will
be pulled backwards into the nozzle with a certain distance and
retracting speed against oozing. Next, the extruder moves rapidly
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to a new route starting point while the retraction movement is still
effective, or namely just before the filament is about to ooze out of
the nozzle. When it begins printing again, the filament will be
pushed forwards in order to extrude in perfect timing just before
drawing the route. Although it is effective, this over-frequent pull
& push movement of the filament in the nozzle will make filament
extrude inaccurately, or even causes material clogged inside the

nozzle.

Figure 5-7 Stringing effect when the nozzle moved to new position. A stringing ball is
formed pointed by the left arrow when the stringing is broken.

Unreasonable routing planning: affected by the stringing problem,
unreasonable route planning also worsens the printing quality.
The object usually is heavily contaminated when the extruder is
crossing different components. To solve this, there are two ways of
optimizing the route planning. On one hand, one idea is to find a
travel path that avoids crossing different materials, which means
that less chance to create a string, because the nozzle will be on
top of the same polymer and will not travel outside the part most
of the time. In “advanced tab” of Simplify3D, to enable the option
“Avoid crossing outline for travel movements” can significantly
improve the route calculation result. The detour factor is
depending on the specific printing object. In the present case, this
value is included in Table 5-7 of section 5.7.1. On the other hand,
due to the nozzle’s alignment in the printer, proper object
orientation 1s also critical to prevent cross-contamination.
Specifically, the conductive paths should be perpendicular to the
imaginary line connecting the two nozzles. Otherwise, if the path
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and imaginary line are in parallel, another nozzle will always leak
following/ahead of the working nozzle.

Finally, it must say that each factor can cross-affect to others. For
Instance, a poor retraction will cause stringing on the nozzle or remain
on the printing object, which also leads to the hot nozzle make the
material a secondary melt on the nozzle, or merged into the object.
Another example, incorrect extrusion configuration, such as over-high
printing speed, together with complex route planning and stringing,
would mess up the result.

5.3 Fabrication process

In this study, two main novel approaches are combined and preformed
to reduce the cross-contamination effect: 1) switching nozzle
temperatures while printing and 2) selecting the proper cross-section
of the conductive paths (this will be introduced in section 5.4.5). An
optimized printing setting is concluded at Table 5-7.

Regarding the first approach, in terms of printing strategy, a
specific G-Code procedure is implemented without any hardware add-
on. In appendix G [134], a description and explanation of most
important g-code lines are presented. This codes are implemented
within the “Tool Change Script” sub-tag of Simplify3D to dynamically
control the nozzle movements and temperatures. Three scripts are
created ad hoc:

B Starting script (Appendix H): this script starts after the print task
is uploaded to the printer. Several parameters are initialized such
as metric values and absolute mode. Next, the nozzle moves to the
home position and receives two nozzle temperatures which defined
in “Per-layer Temperature Setpoints” of Temperature tab. Then
the extruder is zeroed and extrudes 35 mm of filament to avoid
under-extrusion while the printing task begins.

B Tool change script (Appendix I): after the two nozzles are loaded
with conductive and non-conductive filaments, the first nozzle
prints the corresponding layer (220°C) while the second nozzle is
kept at a semi-melting temperature (160 °C). When the first nozzle
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finishes depositing the material on the layer, the second nozzle

must continue printing the layer. This last step includes the

execution of several commands before the second nozzle starts

printing:

a.

Switch to absolute positioning mode (“G90”) and move the
printing head to a pre-set standby coordinate, in this case, the
south-west position of the tray (“G1 X100 Y10 F50007).

Zero the Z value (“G1 Z0 F1200”), namely lift the bed along
the Z axis until both nozzles are in close contact with the bed
(Figure 5-8.a). Otherwise, the material may keep leaking and
form a blob while the head is idle, leading to a clog in the
nozzle and pasting the blob to the printing object, as Figure
5-8.b shows.

Stay in the resting position, change the nozzle temperatures
(“T[old_tool]; M109 S160 T[old_tool]; T[new_tool]; M109 S220
T[new_tool];”): Cool down the first nozzle and heat the second
nozzle.

Switch to relative positioning mode (“G91”), lift the head to a
height that is higher than the object that is being printed (“G1
73 F12007).

Switch back to absolute positioning mode (“G90”), finish all
moves and go back to print the new layer (“M4007).

T o N R 5 e i

Figure 5-8 a) Hot end changing temperature at the resting position; b) Filament clog
in the left nozzle when the hot end suspending at the resting position.
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B  Ending script (Appendix J): after finishing the printing progress,
the extruder heater and bed heater are turned off. Then retracts
10 mm filament to avoid leaking on the object surface. In the
meantime, moving the extruder to the upper left corner of the
printer, and lowering the bed so as to easily take off the printed
object. Lastly shut down the steppers.

5.4 Design of experiments

At this stage, several parameters need to be determined before
manufacturing the final prototype that connects the IMU with the
microcontroller. First, the maximum allowable resistance for the four
conductive paths (VIN, GND, SDA, SCL) that will connect the two
boards have to be calculated. Then, a test will be run to select the most
suitable commercially available conductive filament. Finally,
important cross-contamination factor (infill pattern) and several
printing settings (temperature, speed and layer height) are studied in
order to minimize the resistivity of the printed conductive path. In
each one of the experiments, the ends of the testing specimens are
painted with Silver Conductive Paint (Electrolube, Ashby de la Zouch
LE65, United Kingdom) and dried at room temperature (20 °C)
overnight, so as to reduce contact resistance as much as possible. Next,
the resistances of each specimen will be measured using a multimeter.

5.4.1 Step 1. Maximum allowable resistance

When connecting PCBs with copper wires, the connection will not
feature any voltage loss due to the low copper resistivity (1.7x10-8
ohm - cm). As all electrically-conductive filaments feature an inherent
resistance due to the presence of the polymer matrix, the first step is
to determine the maximum path resistance to ensure a proper
connection between the IMU and the Beetle. To that end, three tests
are carried out with the following set-up.
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T
VIN VIN
Beetle : IMU
GND IE GND
SDA SDA
SCL SCL
a -/
Y
VIN VIN
GND GND
Beetle IMU
SDA SDA
SCL SCL
b \ V.
T
VIN VIN
GND GND
SDA SDA
Beetle IMU
scL scL
C -/

Figure 5-9 a) Test for maximum external resistance on the VIN-GND lines b) Test for
maximum external resistance on the SDA line ¢) Test for maximum external
resistance on the SCL line.

For the first test, two potentiometers are placed on the VIN line
and the GND line simultaneously and in parallel with a voltage meter,
while the data lines (SDA and SCL) are directly connected by copper
wires (Figure 4-2.a). A series of values for the potentiometer resistance
are adjusted while the communication status is evaluated by
monitoring the correct data flow on a PC connected to the Beetle. For
the second test, the SDA line is connected to a potentiometer along
with the voltage meter, while the other lines are copper-wired (Figure
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4-2.b). The last test is similar, but the SCL line is evaluated (Figure
4-2.c). The results obtained from these tests are shown in section 5.5.1.

5.4.2 Step 2. Conductive thermoplastic composites

The next step involves selecting the best commercially available
conductive material. For the initial selection of the conductive
materials, two main constraints are considered. Firstly, it has to be a
commercially available material, so other researchers are able to
consider the result of this project as a baseline for their developments.
Then, the cost of the material needs to be reasonable (< 150 USD).
Moreover, the materials have to feature the lowest possible resistance
while also meet other parameters such as ease of printing and material
handling. Considering this, three different materials are analysed:
Rubber 3D Printing PI-ETPU 95-250 Carbon BlackTM (Palmiga
Innovation, Hoganéas, Sweden), XF Nano Conductive Flexible TPU
Filament (XFNANO, Nanjing, China), and Black Magic 3D Conductive
Graphene PLA filament (Graphene 3D Lab, New York City, NY,
United States). The three materials are acquired from regular
suppliers and several specimens are printed in accordance with
manufacturer recommendations to verify the theoretical resistivity
value provided by the specification sheet. Three prism specimens with
a cross-section of 2 by 2 mm and a length of 50 mm are printed for each
material. The volume resistivity is calculated:

p=R S/L [8]

Where R is the resistance, L is the specimen length and S'is the
cross-sectional area. The results of these tests are shown in Section
5.5.2.

5.4.3 Step 3. Printing settings: infill

After selecting the material, the printing settings are established
beginning with the infill option. Three types of infill patterns are
examined with prism specimens (50 mm long, 4.8 mm width and 2 mm
height). A rectilinear infill pattern is selected for the internal volume,
where the angle offsets are set to 90° (longitudinal pattern, along the
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trace), 0° (transversal pattern, across the trace) and 0° / 90°
(alternatively along or across the trace by layers), as shown in Figure
5-10 respectively. All the specimens are printed at a nozzle
temperature of 200 °C, a speed of 30 mm/s and a layer height of 0.2
mm. Within Simplify3D, other settings are fixed: the extrusion
multiplier is set to 1.0, the number of top, bottom and outline solid
shells is set to 1, the extrusion width is fixed at 0.6 mm; at the same
time, in order to minimize the presence of air pours within the
conductive material, an infill percentage of 100%, an outline overlap
of 30% and an infill extrusion width of 60% are set. This resulted in a

distance of 0.36 mm between beads. Three specimens are printed for
each type of infill; the results of these tests are shown in section 5.5.3.

Figure 5-10 Printing simulation of three infill patterns on Simplify3D preview mode:
longitudinal pattern, transversal pattern, alternating layer pattern from left to right.

5.4.4 Step 4. Printing settings: temperature, speed and
layer height

Although 3D printing filaments are strictly manufactured using a
unified extrusion approach, different brands of 3D printers or printing
settings can alter the final printing results. In order to seek out the
best printing settings that apply to our printer, a battery of prism
specimens (50 mm long, 1.2 mm width and 2 mm height) is tested by
considering printing speed, printing temperature and layer height as
variables which could affect the volume resistivity. The rest of the
settings are the same as in the previous experiment; Table 5-1 shows
all process variables and their levels. All these variable values result
in 36 combinations. Each combination is printed three times for a total
of 108 specimens. The printed specimen is a prism with a length of 50
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mm, a height of 2 mm and a width of 1.2 mm (Figure 5-11). The
specimens’ width and the extrusion width of 0.6 mm result in two
longitudinal moves of the head to deposit the material for each layer.
An ANOVA is performed to verify the effects of the above parameters
on the specimens’ resistivity. The best basic printing settings will be
chosen based on the results of the ANOVA, which are shown in section
5.5.4.

Table 5-1 Process variables and their levels for the ANOVA.

Level I Level2 Level3 Level4 Level5 Level 6
Printing temperature (°C) 200 210 220 - - -
Printing speed (mm/s) 7.5 10 12.5 15 20 30
Layer height (mm) 0.1 0.2 - - - -

1.2mm

Figure 5-11 Specimen dimensions (a), preview of the specimens in Simplify3D (b).

5.4.5 Step 5. Cross-sectional shape of conductive paths

Once the printing settings are selected, the cross-section geometry of
the conductive paths are studied, since it can have a considerable
influence on cross-contamination. Firstly, three patterns of cross-
section layouts are designed and compared via experimental
conductive trace boards (Figure 5-12). All the sections are supposed to
have areas similar to the ones calculated in the previous experiments
on the proper working of the VIN, GND and two data lines. Hence, the
GND line is wider and the two data lines are smaller. As flexibility is
going to be a key parameter for future work beyond this project, it is
set to 1 mm. The width is then calculated accordingly. The first type is
a normal rectangular pattern, with each trace being insulated by 0.6-
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mm-thick flexible thermoplastic polyurethane (FTPU) material, which
1s the thinnest of nozzle extrusion width (Figure 5-12.a). The second
type is designed in a diamond pattern, with each trace also being
insulated by FTPU material but the width is double the width of the
first test (Figure 5-12.b) to reduce the potential contact area between
traces. Finally, the third type has an air gap with a total isolation
distance of 1.8 mm between each trace, so as to increase the flexibility
of the prototype at the same time (Figure 5-12.c).

1.0 mm | 4 T

0.6 mm 1.2 mm

1.2 mm 1.2mm 1.0 mm

g= ] .

- e - e

0.6 mm 1.2mm 0.6 mm

Figure 5-12 Cross-section pattern models: a) Rectangular pattern; b) Diamond pattern;
c¢) Air gap pattern.

Specimens are printed in accordance with these three layout
designs and the resistance between each line on the same side is
measured to verify whether there is any short circuit. The printing
settings used for this step are the best ones obtained in Step 3 (infill)
and Step 4 (temperature, speed and layer height) along with the other
previously fixed settings. In addition to this, an ANOVA is performed
to verify whether the cross-section area is related to the resistivity by
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printing specimens with a length of 50 mm but with different cross-
section areas in a rectangular pattern. For this study, the maximum
cross-section studied is 0.024 ¢m?2, which corresponds to the area of the
specimen used for studying the temperature, speed and layer height.
Hence, sections of 0.006 cm2, 0.012 cm?2, 0.018 cm?2, and 0.024 cm? are
tested following the same fabrication process. The results are also
shown in section 5.5.5.

5.5 Results of experiments

5.5.1 Determination of Maximum allowable resistance

Results from the power line and ground line test (explained in Step 1,
section 5.4.1) are shown in Table 5-2, where “Y” refers to the correct
data flow and “N” refers to abnormal error such as invalid data flow or
data interruption. As for the data lines, the resistance value manages
to reach 5000 ohms, due to the fact that the data lines operate in an
open drain.

Table 5-2 Result of resistances for combined VIN and GND.

VIN
(ohm)
20/ NN N N N N
175 NN N N
150 N N N
125 N _____ N
100 LN
50 N
25 N
0 N

0 25 50 75 100 125 GND (ohm)

5.5.2 Selection of conductive thermoplastic composites

Table 5-3 summarises the results of the filament selection process.
Black Magic 3D shows the lowest resistivity at 0.43 ohm - cm, while
the filament from Palmiga Innovation has a mean resistivity of 319.20
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ohm - cm. The filament from XF Nano has a low resistivity value
officially (1.25 ohm - cm), although after repeated tests it is impossible
to print a viable specimen since it is too soft to extrude from the
Bowden driver. Summing everything up, the Black Magic 3D is the
chosen conductive filament for the subsequent steps since it presented
the lowest resistivity, its cost is reasonable, and at the time of the
study, it is available from suppliers without restrictions (Table 5-3).

Table 5-3 Results from the comparison of commercially available materials.

Actual Official

Material 50;eer Re;oz;lt’c;ljce Resistivity  Resistivity (}Z)lg ¢ )
poy (ohm'cm)  (ohm-cm) g
PLETPU 95-250 Carbon Black .~ % 340.00
(Palmiga Innovation, Hégands, Black 75.80 303.20 <800 312.29
Sweden) 78.60 314.40
XF Nano 3150.4
(XENANO, Nanjing, China) Graphene Unable Unable <1.25 4
88.90 0.43
Black Magic 3D 3100.0
(Graphene 3D Lab, NY, U.S.A) Graphene 89.70 0.43 0.6 0
91.30 0.44

Developing a printable conductive filament is not a simple task,
as an appropriate balance needs to be struck between the manufacture
of conductive material that allows for a semi-molten state during
printing and the appropriate conductivity of the printed electrode
[135]. When undertaking this study, we only consider those materials
that are commercially available to the public in online shops as
candidates. Apart from the above-mentioned printing materials that
we chose, Electrifi is another conductive filament with a resistivity of
only 0.014 ohm- cm that we could have used in this study. Because
those resistivity values are very low, it would have helped increase the
length of the conductive paths - i.e. the separation between hardware
boards - without affecting normal working of the sensor. However, its
availability is limited as we did not find any shops that sold it.

5.5.3 Selection of internal infill pattern

Results from the test explained in Step 3 (section 5.4.3) indicate that
the longitudinal infill provides the lowest resistance: mean values for
the longitudinal pattern (90°, the transversal pattern (0° and the
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alternating pattern (0-90°) are 27.17, 48.87, and 35.93 ohms,
respectively. Therefore, according to these results, deposited paths
shall run parallel to the current.

5.5.4 Determination of temperature, speed and layer
height

Table 5-4 shows the specimens’ resistivity values for all combinations
of printing temperatures, printing speeds and layer heights as
explained in Step 4 (section 5.4.4). The normality of the values and the
homogeneity of the variances are checked before running the ANOVA.
Data is normally distributed (p-value = 0.192), while Bartlett’s test
and the F-test demonstrated that each combination of the groups of
the three printing parameters proved homogenous in terms of
variances (Temperature p-value = 0.656, Speed p-value = 0.058, Layer
height p-value = 0.887 with a significance level of a = 0.05).

Table 5-4 Result of printing parameter test using Black Magic 3D.

Temp.  Speed  Layer height  Resistivity Temp.  Speed  Layer height  Resistivity
(°C) (mm/s) (mm) (ohm-cm) (°C) (mm/s) (mm) (ohm-cm)
220 30 0.2 0.44352 210 12.5 0.2 0.45696
220 30 0.2 0.43008 210 12.5 0.2 0.44832
220 30 0.2 0.432 210 12.5 0.2 0.46032
220 30 0.1 0.43344 210 12.5 0.1 0.45024
220 30 0.1 0.41616 210 12.5 0.1 0.46896
220 30 0.1 0.41664 210 12.5 0.1 0.49344
220 20 0.2 0.42672 210 10 0.2 0.45168
220 20 0.2 0.43056 210 10 0.2 0.43008
220 20 0.2 0.43824 210 10 0.2 0.44256
220 20 0.1 0.45072 210 10 0.1 0.50832
220 20 0.1 0.42576 210 10 0.1 0.492
220 20 0.1 0.44496 210 10 0.1 0.48672
220 15 0.2 0.48 210 7.5 0.2 0.4968
220 15 0.2 0.48192 210 7.5 0.2 0.46752
220 15 0.2 0.47184 210 7.5 0.2 0.46368
220 15 0.1 0.45984 210 7.5 0.1 0.5064
220 15 0.1 0.44832 210 7.5 0.1 0.49056
220 15 0.1 0.49344 210 7.5 0.1 0.49296
220 12.5 0.2 0.47136 200 30 0.2 0.43056
220 12.5 0.2 0.45024 200 30 0.2 0.41664
220 12.5 0.2 0.48816 200 30 0.2 0.42288
220 12.5 0.1 0.44448 200 30 0.1 0.46224
220 12.5 0.1 0.43968 200 30 0.1 0.45696

220 12.5 0.1 0.44016 200 30 0.1 0.45504
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Temp.  Speed  Layer height  Resistivity Temp.  Speed  Layer height  Resistivity
(°C) (mm/s) (mm) (ohm-cm) (°C) (mm/s) (mm) (ohm-cm)
220 10 0.2 0.45552 200 20 0.2 0.4176
220 10 0.2 0.47472 200 20 0.2 0.42192
220 10 0.2 0.444 200 20 0.2 0.43392
220 10 0.1 0.43392 200 20 0.1 0.44928
220 10 0.1 0.42768 200 20 0.1 0.45408
220 10 0.1 0.44688 200 20 0.1 0.45312
220 7.5 0.2 0.5184 200 15 0.2 0.4728
220 7.5 0.2 0.52704 200 15 0.2 0.46512
220 7.5 0.2 0.49488 200 15 0.2 0.46896
220 7.5 0.1 0.52752 200 15 0.1 0.4872
220 7.5 0.1 0.49824 200 15 0.1 0.4584
220 7.5 0.1 0.52272 200 15 0.1 0.48144
210 30 0.2 0.43344 200 12.5 0.2 0.46944
210 30 0.2 0.43584 200 12.5 0.2 0.44208
210 30 0.2 0.42768 200 12.5 0.2 0.4488
210 30 0.1 0.42096 200 12.5 0.1 0.46272
210 30 0.1 0.42768 200 12.5 0.1 0.46848
210 30 0.1 0.44832 200 12.5 0.1 0.48432
210 20 0.2 0.40896 200 10 0.2 0.49632
210 20 0.2 0.42624 200 10 0.2 0.48528
210 20 0.2 0.42864 200 10 0.2 0.48576
210 20 0.1 0.46176 200 10 0.1 0.49104
210 20 0.1 0.44256 200 10 0.1 0.48
210 20 0.1 0.4368 200 10 0.1 0.49872
210 15 0.2 0.4584 200 7.5 0.2 0.51168
210 15 0.2 0.52848 200 7.5 0.2 0.50496
210 15 0.2 0.46416 200 7.5 0.2 0.50304
210 15 0.1 0.52224 200 7.5 0.1 0.50592
210 15 0.1 0.4992 200 7.5 0.1 0.50928
210 15 0.1 0.47664 200 7.5 0.1 0.49872

The ANOVA shows a significant three-way interaction among the
three parameters; the full interaction plot is presented in Figure 5-13.
In analysing this plot, several conclusions can be drawn about the best
parameters for printing the prototype. First, the ‘Speed’ column clearly
indicates that this parameter is significant, showing the lowest
resistance values at higher speeds (20 and 30 mm/s). Second, the
‘Layer height’ column shows that at these two speeds, the layer height
of 0.2 mm has lower resistance than printing with 0.1 mm. Finally,
moving to the ‘Temp.” column, at between 20 and 30 mm/s, the
selection of the temperature values is not so critical since at both
speeds the trend lines are almost flat. Nonetheless, considering that
the flexible filament for subsequent dual printing shows better
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printing performance at 220 °C and that the official recommended
printing temperature for the Black Magic conductive filament is also
220°C, the temperature is defined on this degree.
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Figure 5-13 Full interaction plot from the ANOVA.

The printing speed is finally set to 20 mm/s, as to a higher speed
may have resulted in nozzle clogs for flexible filament. Based on these
results, the values of 220 °C, 20 mm/s, 0.2 mm are selected at this stage
for the filaments.

Simplify3D provides numerous options for adjusting printing
quality. We chose printing speed, printing temperature and layer
height, because those three parameters are likely to be considered
three of the fundamental aspects that affect results. Specifically,
printing speed affect tensile stress and flexural strength [136];
printing temperature is critical because an under-melted filament
might clog the nozzle while an over-melted filament can lead to
conductivity loss, since the inherent properties of the filament will
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have changed [137]. The layer height is also chosen because it might
affect the infill stacking density and layer adhesion [138]. These
printing parameters generally determine whether or not printing
could be carried out, which is not related to a specific printing task.

5.5.5 Selection of conductive paths cross-section

The three types of cross-sections designed in Step 5 are printed in
different specimens as shown in Figure 5-14. Inter-resistance levels
between each adjacent line are measured once for each side to verify

insulation among traces. The image in Figure 5-15, taken with a Leica
DC300 digital microscope camera, shows a specimen featuring the air
gap strategy.

Figure 5-14 Specimens with different cross-section patterns: a) rectangular, b)
diamond and c) air gap.

Table 5-5 demonstrates that only the air gap pattern fully
insulates all the lines.

Table 5-5 Resistance among traces as result of the cross-section pattern test.

Cross-section pattern ~ VIN — GND (ohm) GND — SDA (ohm)  SDA — SCL (ohm)

insulated 2680 540
Rectangular

insulated 3860 640

insulated 750 220
Diamond

insulated 1140 880

insulated insulated insulated
Air gap

insulated insulated insulated
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Figure 5-15 Microscope image of the 3D-printed sample featuring the air gap strategy.

Table 5-6 shows the resistivity results of the specimens with
different rectangular cross-section sizes as explained in Step 5. The
ANOVA demonstrates that the area is not statistically significant in

terms of resistivity when the cross-section area ranges from 0.006 cm?

to 0.024 cm? (p-value = 0.164).

Table 5-6 Resistivity by cross-section area.

Cross-section

Width (mm)  Height (mm)

Area (cm?)  Resistivity (ohm-cm)

0.6 1

0.006

0.6348
0.6144
0.5868

0.6 2

0.012

0.5592
0.5496
0.5712

1.2 1

0.012

0.636
0.5736
0.5952

1.2 2

0.024

0.5712
0.5712
0.5952

1.8 1

0.018

0.594
0.6012
0.6372

2.4 1

0.024

0.5664
0.5952
0.6
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It is worth mentioning that although specimens within the same
test are printed from the same material spool, it is noticed that
different batches of the conductive filament may lead to resistivity
differences. In the previous tests, the resistivity results from the
printing parameter test have a mean resistivity of 0.463 ohm - cm,
while the results from the cross-section area test have a mean
resistivity of 0.592 ohm - cm since we used different Black Magic 3D
batches. This supports the strategy of using a safety coefficient when
designing the conductive paths of the final prototype.

5.6 Prototype design

The final prototype is modelled in Rhinoceros (Robert McNeel &
Associates, Seattle, WA, United States) and the general view of the
prototype from the top is shown in Figure 5-16. It has the following
features regarding the conductive paths:

VIN
GND

SDA

Metal pin
SCL

L-shape metal pin

Microcontroller IMU

Flexible Shell

Figure 5-16 Top view of prototype layout. All dimensions in mm.

e All path heights are set to 1 mm to obtain a prototype that is
flexible in a bending movement.

* The length and cross-sections consider a safety coefficient of
1.67, i.e. they are calculated with a resistivity of 1 ohm - cm
(according to the official volume resistivity, 0.6 ohm - cm), in
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order to take a certain allowance for uncontrollable
conductivity loss into consideration.

e Each conductive path has different width based on the results
obtained from previous steps. The final cross-section width for
each trace in accordance with the limitation are 6.34 mm for
the VIN line, 4.8 mm for the GND line, and 1.2 mm for the
SDA and SCL lines.

5.6.1 Pin connections

Moreover, two strategies are taken into consideration for connecting
the conductive paths and the electronics (Figure 4-16 and Figure 5-18).
Firstly, a 1.5-mm-diameter vertical hole is drilled through the
conductive material and flexible shell at the end of the SDA and SCL
lines on the Beetle side (Figure 4-16). In parallel, a planar metal pin
of approximately 0.1 mm in thickness is soldered to the PCB, and then
the trace board is assembled on the PCB and the hole is aligned
correctly with the planar metal pin. Finally, a small portion of tin (3
mm) is soldered into the hole to fully join everything.

@1.5mm

0.1 mm

<
1
e r

Planar metal pin PCB

Conductive filament

Flexible shell

Figure 5-17 Pin connection: metal pin soldering with 3D printed hole.

A second type of male-female pin is applied to all four pins on the
IMU side, as well to the rest pins (VIN and GND) on the Beetle side
(Figure 5-18). The horizontal hole in the conductive path is first 3D
printed and then expanded using a 0.5-mm-diameter drilling tool. The
metal pin and the hole are both covered with silver ink, and then the
pin is immediately inserted into the hole and left overnight to dry. An
L-shaped metal pin is soldered to the through-hole pin of the PCB.
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Finally, the L-shaped metal pin is physically inserted into the male-
female pin.

Metal pin

L-shape metal pin

2!

\

Conductive filament Silver ink Flexible shell PCB

Figure 5-18 Pin connection: male-female metal pin model.

5.7 Prototype manufacturing

5.7.1 Relevant techniques and improvements

Although the most important printing setting are discussed above,
some of the other important configurations highly depend on the
specific project demand, object design, or extruder route planning. For
instance, the tuning of the values on Outline Overlap and Infill
Extrusion Width will change the number of the tracks and the size of
interspace. In Figure 5-19, multiple interspace appear along the
outline of each component because the resolution of the infill tracks is
too low (Outline Overlap of 0%, Infill Extrusion Width of 100%),
namely means the unit infill extrusion width is too wide. Such
interspace may significantly increase the volume resistivity, but also
the unbalanced infill may weaken the inner structural strength.
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Figure 5-19 Under-filled components. Arrows indicate the interspaces that may occur.

In Figure 5-20, a higher resolution of infill in the preview mode
seems to improve the interspatial issue (Outline Overlap of 80%, Infill
Extrusion Width of 40%). Yet, an over tight fill or over big outline
overlap may cause severe overflow in the real printing process because
excessive times of infill travel, which in turn, will lead to unpredictable
short circuits. Therefore, a balanced set of Outline Overlap and Infill
Extrusion Width values shall base on the situation of each own task.
The final set that we have decided are Outline Overlap of 30%, and
Infill Extrusion Width of 60%.
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Figure 5-20 Over-filled components. Arrows indicate the overflows that may occur.

In another case, proper use of prime pillar may also greatly
improve the printing result. Basically, prime pillar is helpful when
multiple filaments are extruded through one nozzle. Because the
prime pillar will be the primary thing printed when changing material,
which will ensure that the working nozzle is primed and ready to print.
However, it is found that to enable prime pillar in a dual print is
effective as well.

J First, as its fundamental use, the deposition of the current
prime pillar layer first will avoid under-extrusion when the
extruder returns back from the resting position.
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. Secondly, the prime pillar will minimize the stringing or
clogging since it prevents from carrying the small portions

of the material to the printing object.

. Thirdly, having the same purpose as the resting position,
prime pillar will change the movement route to an external
area, instead of starting at the next tool changed layer
directly.

Figure 5-21 Prime pillar placed at east side.

Nevertheless, the position of the prime pillar will affect how the
stringing crossed the region between the prime pillar and printing
object. In Figure 5-21, the prime pillar is placed on the east of the
object. The white arrows refer to the movement track of the nozzle
extruding non-conductive flexible material, and the black arrows refer
to the movement track of the nozzle extruding conductive material.
Both of them have multiply crosses over the conductive traces, which
lead to worse cross-contamination on the printed object. Though in
Figure 5-22, while the prime pillar is placed on the southwest of the
object, all the arrows cross the outer shell which is not affected to the
conductibility of the trace.
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Figure 5-22 Prime pillar placed at southwest side.

Combined with some existing techniques in literature and the

author’s experiences, several strategies to relieve the contamination

are implemented in Simplify 3D:

The nozzle diameter and the extrusion width keep the same
value (0.6 mm)

The “Extrusion Multiplier” is set to for both nozzles at 1.
Both materials are using “Retraction” for reducing stringing
on FTPU and conductive filament part. Configuring
retraction settings of the left nozzle and right nozzle
separately can effectively improve the incoincidence of the
stringing results due to the different physical features of
dual materials.

The rigid conductive filament can retract at the speed of 80
mm/s. However, the flexible filament must retract with a
lower speed of 30 mm/s.

“Top Solid Layer”, “Bottom Solid Layer”,
“Outline/Perimeter Shells” are all set up to 1, in order to
reduce the affect that abundant layers change component’s
size.
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J “Skirt/Brim” is activated to prevent unexpected extrusion at
the beginning.

. “Prime Pillar” avoids heavy cross contamination every time
when switching the nozzle/material.

. “Ooze Control Behavior” and “Movement Behavior” are
enabled.

Summing up everything, all the settings in Simplify3D that have
been determined for printing this prototype are organized in Table 5-7.
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Table 5-7 Summary of modified printing settings in Simplify3D.
. Left
Tab Settings (g;fil]z X;;Zliec ) nozzle Bed
g (FPLA)
Nozzle Diameter 0.6 mm 0.6 mm
Extrusion Multiplier 1.0 1.0
Extrusion Width 0.6 mm 0.6 mm
Retraction Distance 10.0 mm 10.0 mm
Extruder Extra Restart Distance 0 mm 0 mm
Retraction Vertical Lift 2.1 mm 0.6 mm
Retraction Speed 80 mm/s 30 mm/s
Coasting Distance 0.6 mm 0.6 mm
Wipe Distance 2.0 mm 0.6 mm
Primary Extruder Left
Primary Layer Height 0.2 mm
Top Solid Layers 1
Bottom Solid Layers 1
Layer Outline/Perimeter Shells 1
Outline Direction Inside-Out
First Layer Height 100%
First Layer Width 100%
First Layer Speed 80%
Skirt Extruder Left
Skirt Layers 1
Skirt Offset from Part 2.0 mm
Skirt Outlines 2
Prime Pillar Extruder All Extruders
Pillar Width 15.0 mm
Pillar Location South-West
Additions Speed Multiplier 100%
Internal Fill Pattern Rectilinear
External Fill Pattern Concentric
Interior Fill Percentage 100%
Outline Overlap 30%
Infill Extrusion Width 60%
Minimum Infill Length 0.0 mm
Combine Infill Every 1
Temperature  Per-Layer Temperature Setpoints 160 °C 220 °C 52,
Starting Script See on Appendix G
Scripts Tool Change Script See on Appendix H
Ending Script See on Appendix [
Default Printing Speed 20.0 mm/s
Outline Underspeed 100%
Speeds Solid Infill Underspeed 100%
X/Y Axis Movement Speed 200.0 mm/s
Z Axis Movement Speed 40.0 mm/s
External Thin Wall Type Allow single extrusion walls
Internal Thin Wall Type Allow single extrusion fill
Allowed perimeter overlap 50%
Only retract when crossing open spaces enabled
Advanced Force retraction between layers disabled
Minimum travel for retraction 2.0 mm
Perform retraction during wipe movement enabled
Only wipe extruder for outer-most perimeters disabled
Avoid crossing outline for travel movements enabled

Maximum allowed detour factor 90
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5.7.2 Manufacturing

The manufacturing process is undertaken individually by a single
person. The whole printing progress takes approximately 2 hours, due
to the extra nozzle temperature switching time and low printing speed.
To start with, the filaments are placed in an oven at 50 °C overnight
to remove moisture (Figure 5-23). The bed (a mirror) is then set to 50
°C and some hair spray apply to the bed before the printing starts to
enhance adhesion. Next, the operator continues managing and
monitoring the main printing procedure as described above, after
which the specimen is processed and mounted with a metal pin and
PCBs by hand as shown in Figure 5-24. Subsequently, the IMU sensor
and the Beetle are assembled (Figure 5-25).

- -

Figure 5-23 Conductive filament in the oven to remove moisture.
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- YK

Figure 5-24 Assembly process: a specimen a) half printed; b) metal pin mounted; c)
expanding the hole; d) soldering 3 mm tin into the hole.

After printing the prototype, the next step is to connect the boards.
With respect to the connections between the PCBs and the conductive
path, a robust and plug and play connections is needed wherever
possible. From former experiences it is found that the best way is by
expanding the hole by using drilling machine and later applying silver
ink to maximise contact between the conductive material and the
metal pin. However, a properly balanced amount of ink is required: a
poor connection may occur if too little ink is used, while too much ink
may cause overflowing and reach the adjacent pin hole, which leads to
a short circuit. All these tasks are carried out manually, and so in this
aspect, further development is still necessary, although we believe



5.8 Prototype testing 123

that this strategy may be extrapolated to other types of PCBs without

any problem.

Figure 5-25 Prototype: dual printed conductive trace board.

5.8 Prototype testing

5.8.1 Working verification

When the manufacture of the prototype is completed, several brief
verifications are conducted. The resistance of each line is examined:
the VIN line has 72.5 ohms, the GND line has 98.9 ohms, the SDA line
has 375 ohms and the SCL line has 457 ohms. Then, the prototype is
connected to a computer via a USB to run the software. The real time
data flow can be observed in the serial monitor window (Figure 5-26),
and the data signal is also observed using a digital oscilloscope (TDS
220, Tektronix, United States). Figure 5-27 shows that the signals
worked properly.
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Figure 5-27 Signals on the digital oscilloscope screen.
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5.8.2 Bending test

In this case, the actual resistance value set is very closed to the
theoretical upper limit, which means the prototype has to maintain
this value constantly no matter on any occasion. Although the
maximum allowable resistance of the prototype has been found out
and confirmed that the connection worked well, the deformation by
external forces whether affects the resistivity still remains a doubt.
Considering extension/flexion are the biggest and the most frequent
deformation of a hand movement in the real application, an
experimental test is performed to verify the effect of bending
deformation on resistivity.

A 109-millimeter-long flexible board with three conductive
specimens (BlackMagic3D) embedded inside is carried out for this test
(specification details is showed in Figure 5-28). The inner conductive
specimens are 100 mm long, with 1.2 mm width and 2 mm height. The
processing methods and 3D printing configurations are exactly
following the previous tests. A total of three trays are printed.

Figure 5-28 Specification of bending test board. Left: board size. Right: trace size.

The flexible board is tested in a universal test machine, Instron
4467 (Instron, Norwood, MA, United States) in turn. A three-point
bending test is carried out: the specimen is supported in two points
while and metal actuator pushed the specimen in a third point placed
in the middle of the specimen.
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Figure 5-29 The specimen placed in flat with the metal actuator in the middle.

At the beginning of the experiment, the specimen rests in flat
horizontally, and the resistance of each tray measured. Next, the
actuator is moved down 2.5 mm and resistance values recorded. The
process continues until getting 30 mm of displacement in the middle
point (Figure 5-30). The bent angle on 30 mm displacement will arrive
at 85 degrees, which is at a reasonable threshold that covers the save
extension/flexion range of the human hand. After that, the metal head
1s moved back to the initial position to release the load. The tray is
slowly returning back to the straight status but with slight radian. The
last group of instant resistance and rebound displacement are
instantly recorded.

After calculating the resistivity with the specimen’s size, a total of
thirteen groups of resistivity values and one group of rebound
resistivity are noted in Table 5-8. Figure 5-31 shows the rebound
status of the tray after the test.
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Figure 5-30 Measuring the instant resistance value in a bending test.

Table 5-8 Resistivity and the p-value at different deformation levels.

Resistivity

Displacement (mm) ?SZiLmSL; S(F:) er::rinm;?])Z S(F:) er::rinm;?]f
0 1.12 1.03 0.86
25 1.12 1.03 0.87
5 1.12 1.04 0.87
75 1.13 1.04 0.88
10 1.13 1.08 0.92
125 1.16 1.09 0.94
15 1.18 1.1 0.97
175 1.2 111 0.98
20 1.22 1.15 1.01
225 1.24 1.17 1.02
25 1.25 1.18 1.04
275 1.26 1.19 1.04
30 1.27 1.19 1.06
4.07* 1.14 1.05 0.89

* Rebound displacement when after releasing the metal head.
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Figure 5-31 Samples after bending test with rebound deformation.

In Figure 5-32, a line chart demonstrates that the curve is nearly
flat until the deformation distance to 10 mm, but also the curves do
not show any significant sharp jumps. The specimen 3 has lower
resistivity may due to the printing layout and different printing order
compares to the other specimens. Nonetheless, the resistivity still
remains in a reasonable range. Moreover, the rebound group reveals
that the resistivity decreased to a similar level of the equal
displacement, but a bit higher (mean of 1.01 ohm ' cm at 5 mm level
compare to mean of 1.03 ohm- cm at 4.07 mm level). Therefore, it is
reasonable to consider that the bending movement will not
significantly affect the specimen’s resistivity. However, from 10 mm to
30 mm, the resistivity still increases 0.13 ohm - cm in average.
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Figure 5-32 Resistivity changes at different deformation levels.



5.9 Conclusions 129

5.9 Conclusions

This part of study has presented a methodology for 3D printing
embedded circuits using commercial graphene-based filament and
FTPU filament to connect a MEMS sensor with a microcontroller.
Several contributions can be highlighted about this project. During the
prototyping process it is demonstrated that switching nozzle
temperatures (between semi-melting temperature of 160 °C to a
printing temperature of 220 °C) within the same layer is an effective
and practical way of reducing the cross-contamination effect and
printing a compact circuit with pinpoint accuracy, while utilising an
air gap strategy to insulate the conductive trace is reliable for the
purpose of preventing any short circuit. Moreover, in order to minimise
resistivity, the infill pattern needs to be aligned to the electric current,
while printing speed plays a significant role, a range of 20-30 mm/s is
found the best for minimising the resistivity. Lastly, the rest printing
settings, such as retraction, outline overlap and infill extrusion width,
and prime pillar, are critical to the dual printing quality as well. Those
configurations are more rely on the features of the printing object. The
final prototype successfully connects the IMU sensor to the
microcontroller and transmitted the data flow in real time while
maintaining the physical elasticity to a certain degree.






Chapter 6:

Developing wrist motion
capture glove

6.1 Introduction

Combining thermoplastic polymers with textiles means the possibility
of personalized products and new process designs. It is also an
inevitable topic of 3D printing technology in the field of wearable
devices. In addition to aesthetic elements such as buttons, accessories
or patterns, functional studies such as partial reinforcement, joint
protection, and electronic integration are hot trends in the integration
of 3D printing and textile.

Several studies have been done on the topic of 3D printing on
textiles. Korger et al [139] emphasise that the adhesion of the polymer
to the fabric is related to the topography of the textile surface and the
textile surface energy. Grimmelsmann et al [140] consider that an
appropriate distance (z-distance) between the print nozzle and the bed
is the decisive factor for achieving good adhesion. Martens et al [141]
focuse on the interfacial adhesion after different washing cycles.

131
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Spahiu et al [142] consider that the z-distance and the temperature of
the bed and nozzle are important factors affecting the adhesion on the
textile substrate. Spahiu et al [143] also study the relationship
between printing speed, printing temperature, polymer flow, bed
temperature and adhesion.

The purpose of this chapter is to illustrate the initial attempts
regarding 3D print prototyping on textile materials. This includes
studies about the adhesion of flexible materials on textiles, the degree
of fabric deformation and the impact of the rebound resistance of the
prototype. For these studies, the electronic components and the
printing of circuit traces follow the methodology and experience of
Chapters 4 and 5.

6.2 Selection of the textile

Regards that the purpose of this research is to develop a wearable
measurement device suitable for hand, the fact of accurately reflecting
the bending angle of the wrist is one of the basic requirements for the
device.

For this selection process, common low elastic loose fabrics are not
in the selection range, such as cotton, linen, woollens, and other warp
knitted fabrics, etc. However, choosing a comfortable and soft textile
that does not interfere with the user's work operation needs to be
considered. Regarding the interaction of 3D printers and textiles, some
studies publish several conclusions about 3D printing on textiles.
Dopke et al [144], state that polymers do not have sufficient adhesion
when performing 3D printing on thin textiles. Similarly, Korger et al.
[139] print soft PLA and a thermoplastic elastomer (TPE) on different
fabrics. As the fabrics are printed with materials of similar Shore
hardness, they find that the adhesion forces are more dependent on
the textile substrate than on the printing material: better adhesion
can be obtained if the textiles are thicker and hairy. Another study
[145] find that the adhesion properties are related to the porosity of
the fabric and the layer height used while printing (Table 6-1). Finally,
due to the fabric needs to withstand the extrusion fusion deposition of
high-temperature nozzles on its surface, it is important to be
thermostable.
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Table 6-1 Maximum adhesion forces in N by type of fabric, layer height and printing

material [7].

Fabric PLA Filaflex

0.1mm 0.2 mm 0.1 mm 0.2 mm Average
Viscose 22.5 9 40 57 32
Corduroy 55 90 60 120 81
Lycra Net (Small) 45 45 75 95 65
Lycra Net (Big) 75 80 120 110 96
Woven with elastane 22.5 50 70 20 40
Neoprene 40 114 200 160 128
Average 43 64 94 93

Based on the above, it is found that the requirements for target

textile are highly consistent with those used for sports protective gear
and gloves. So considering the factors of thickness, elasticity, thermos

ability and comfort and adhesion properties, Neoprene with a
thickness of 2 mm is considered to be an ideal fabric for this wearable

prototype.

Jersey elastic fabric

Neoprene s‘

Terry fabric -

Figure 6-1 Sandwich structure of Neoprene.

Neoprene is a polymer made from chloroprene as a monomer and

emulsion polymerization with a sandwich structure, as shown in

Figure 6-1. This textile has good resistance to climate, ozone aging,

etc., and excellent on tensile strength, elongation, elasticity. Also, with

properties of dustproof, anti-static, anti-scratch, it can be repeatedly
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washed, but it is slightly airtight, and the usage temperature is from
-35 to 130 C.

6.3 Glove design

Because the prototype is limited for measuring the movement of the
wrist, the design of fingerless gloves is adopted. The basic outline of
fingerless gloves is obtained by drawing the designed cutting line with
a marker pen on the hand wearing the nitrile examination glove, as
shown in Figure 6-2. Next, the examination glove is cut along the
cutting line with scissors, also the examination glove along the right
edge of the palm to obtain the initial unfolded shape of the fingerless

glove. Finally, two extensions fabric on the back of the hand are added.

Figure 6-2 Nitrile Examination Glove for drawing the fingerless glove shape on real
hand.

Figure 6-3 shows a flat unfolded view of the glove. This glove
design is based on the premise that it should as simple as possible. The
extension of the fabric is used to wrap the prototype while a Velcro
tape is used to fix it. The effect of wearing the glove is shown in Figure
6-4.
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Figure 6-3 Flat unfolded view of the glove.

Figure 6-4 Fingerless glove without trace board.
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6.4 Printing on textile

6.4.1 Preparation

Based on the shape of the prototype showed in the previous chapter,
two different printing orientations of the prototype can be adopted:

1) The prototype is positioned upside-down, so only the covers of
the Arduino Controller and the IMU are printed on the fabric
and the rest of the prototype assembled afterwards. Figure 6-5
shows the placement orientation on the z-axis.

Conductive traces

Textile

Cover

Figure 6-5 Z-axis orientation of covers contacted with the textile.

2) The entire prototype is directly printed on the fabric, this
includes the conductive paths along with the isolation material,
while the cover of the Arduino Controller and the IMU is
mounted afterwards. Figure 6-6 shows the placement
orientation on the z-axis.

Conductive traces

Textile

Cover

Figure 6-6 Z-axis orientation of trace board contacted with the textile.

With the experiences of dual printing and prototype assembly
learned from previous chapters, the strategy #2 is difficult, that is,
print both material of the prototype directly on the textile. Therefore,
strategy #1 is followed: the two covers are going to be created on the
fabric while the trace board is fabricated in advance and assembled
later. According to the specifications of the 3D model, the positions of
the two covers on the bed are set and marked, in order to accurately
print the prototype covers on the textile. Then, the positions of the
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covers and gloves outline are underlined with tailor chalk on the
textile. Next, it is necessary to apply double-sided adhesive tape to the
borders of the printing bed and, finally, to cover the bed with the
textile, applying pressure to the fabric to complete a good bonding to
the tape. The final status is shown in Figure 6-7.

Tumaker

P
5

Figure 6-7 Textile clung to the bed before printing the base. The printing area is
calibrated to the outline of the base.

6.4.2 Effects of bottom layers

Unlike smooth beds made of glass, printing on textiles has many
uncertainties and the most critical one is the bottom layer printing.
This is the basis for the later printing of subsequent layers to get high-
quality objects. Many studies have shown that the principle to 3D
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print on the textile is to substantially melt the polymer into the fabric,
thereby forming a physical adhesion called "form-locking connection"
[139,140]. This effect can be clearly seen under the microscope as
Figure 6-8 shows.

Figure 6-8 Cross-section of red PLA printed on the white polyester woven [143].

In order to ensure that the object is firmly printed on the fabric, it
1s necessary to print those bottom layer with the extruder compressing
the fabric. The z-distance shall be less than the sum of the double-
sided tape thickness and the textile thickness (2.4 mm). On the other
hand, the z-distance also has a minimum value. Exceeding this
threshold value will cause excessive extruding resistance, thus the
nozzle will not be able to extrude the filament correctly. This minimum
value is related to the density and arrangement of the textile surface
[142]. In this study, the value of the z-distance is set to 1.4 mm.

Another factor that affects the bottom layer printing is the type of
infill mode. It is obvious that although the textile is fixed with double-
sided tape, the pressure of the nozzle and the travel path during
printing still greatly affect the stability of the textile on the XY plane
due to its high elasticity, since the nozzle tends to push/pull the fabric.
For instance, in Figure 6-9, when the infill has a concentric fill shape,
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the travel path will gently apply a continuously changing direction of
thrust, which results in swirling folds.

Figure 6-9 Ground layer printed with concentric fill shape.

But, in Figure 6-10, when the nozzle moves in a bevel mode, the
thrust of the travel path has a small impact on the textile because it
quickly turns backward when reaching the edge. This achieves a
smooth print of the ground layer without folds.

Figure 6-10 Ground layer printed with bevel mode.
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In addition to the abovementioned points, the height of the bottom
layer also determines the printing quality of the object. Because of the
printing pressure exerted by the nozzle on the textile, the first few
layers will not absolutely be well printed. As shown in Figure 6-11, the
specimen on the far left shows the case where only a single bottom
layer is printed, which is printed very unevenly due to the unstable
fabric. As the thickness of the bottom layer gradually increases, the
infill texture becomes regular until the rightmost specimen shows a
clear layer stack.

Figure 6-11 The stability changes under different ground layer thickness. From left to
right, the thicker ground layer provides more stable contact interface.

According to the physical characteristics of Neoprene, the total
thickness of the bottom layers should be 1 mm to get accurate
geometries above that height.

6.5 Prototype printing and verification

The print settings of the entire prototype follows Table 5-7 in Chapter
5. After printing the cover, the textile is removed from the bed, and cut
down the gloves along the cutting line, and applied the Velcro tape at
the bonding point. Figure 6-12 shows the printed covers on the glove,
and trace board prototype mounted. The completed glove is shown in
Figure 6-13.
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Figure 6-12 Flat unfolded view of the glove with printed covers.
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Figure 6-13 Complete glove with trace board prototype.

For verification purposes of the suitability of the textile, a simple
experiment is performed to measure the deviation between the actual
wrist bending angle and the prototype bending angle. The volunteer is
asked to put on the glove and make two poses as shown in Figure 6-14.

a. b.

Figure 6-14 Glove bending test with: a) Wrist in extension; b) Wrist in flexion.
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Firstly, the volunteer extends the wrist as much as possible and
keep the pose. A second volunteer use a goniometer to record the angle
between the back surface of the hand and the upper surface of the
forearm (actual angle). In the meantime, the angle between the IMU
sensor's plane and the Beetle chip's plane is recorded (Chip angle).
Secondly, the volunteer flexes the wrist as much as possible and hold
the pose. Following the same way, another two angles are obtained.
The experimental results are shown in Table 6-2.

Table 6-2 Results of the Bending angles.

Angles (deg) Extension Flexion
Chip angle 128° -141°
Actual angle around 113° around -114°

6.6 Discussion

Several points remain worthy of further discussion. Regarding
printing speed, although the experiments of Spahiu et al [143] show
that printing speed and polymer flow have no significant effect on
adhesion, according to actual experience, excessive nozzle movement
speed will significantly reduce the print quality of the bottom layer
and cause folding problems on the textile. This becomes more apparent
in the extruder path planning when printing complex objects. On the
other hand, it is necessary printing the bottom layers with a certain
pressure. However, when printing a precise part, the partial
depression effect will affect its print quality, or even may not form the
pre-set shape such as stacking or bridging. One method to solve this
problem is to artificially add an interruption operation after finishing
printing the ground layer, and restore the z-distance to the sum of the
thickness of the double-sided tape and the natural thickness of the
textile, so as to release the pressure and return to the normal printing
process. This work will be further implemented in the future line.

Moreover, several drawbacks that are not good for measuring
hand will be discussed. Since the internal traces of the prototype are
printed with rigid Black Magic 3D, the rebound resistance is greater
than the flexible filament under the same size. This will cause the base
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to push the textile when the wrist is extending. The thrust is generated
to make the textile folded, as shown in Figure 6-15.a While the wrist
is flexing, the base will generate a vertical tension to pull up the textile,
which causes a certain gap between the textile on the end parts of the
prototype and the skin surface, as shown in Figure 6-15.b Because of
this rebound tendency, both situations make the measured bending
angle flatter than the actual wrist angle (the chip angles in Table 6-2
are closer to 180 degrees compare to actual angles). Considering that
the essential cause of this effect is that the rebound force is not
sufficiently constrained, it can be improved in a combination of three
possible ways in the future work:

1. Counteract the effect of the rebound force by externally applying
downward pressure. This can be achieved in future iterative
designs of gloves by adding two adjustable bands to fasten the
gloves at both ends of the prototype.

2. Increase the contact area between the polymer and the textile, use
the elasticity of the textile to offset the rebound force of trace board.
That means, instead of partly making the base contacted with the

textile, the trace board will be printed directly on the textile
(Strategy#2).

Figure 6-15 Rebound resistance impact to the chip angle: a) trace board push the
textile to generate folds; b) trace board pull the textile to generate gaps. Red line shows
the inner layer of the textile.
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Additionally, this study on the prototype only focuses on the wrist
part. Taking into account the narrower finger parts, the trace length
will be shorter. The rebound resistance will have a greater impact on
the measured results. As for the application of ergonomic
measurement on the wrist region, this wearable prototype is able to
complete the identification and monitoring repetitive wrist extension
and flexion movements. However, it has certain errors in the
identification and monitoring of the wrist extreme range of motion.
There is still a certain gap to the standard of accurate measuring
instruments, and the prototype needs to be further optimized and
improved.

6.7 Conclusions

This chapter conducts a preliminary study of 3D printing on textiles.
Many studies believe that the formation of a form-locking connection
is an essential element for achieving strong adhesion. This can be
implemented by adjusting the z-distance and the temperature of the
nozzle and bed. The viscosity of the melted flexible polymer is high
than the rigid PLA and ABS, which can infiltrate into the fabric fibers
easier under the same conditions. In order to prevent the printing task
from being suspended by folding error, ground layer infill is selected
to bevel mode. In this study, the ground layer thickness is set to 1 mm
and the z-distance is 1.4 mm. For the nozzle and bed temperatures,
those presented in Chapter 5 are used. A simple experiment has
demonstrated that the rebound resistance of the trace board prototype
has a certain impact on the measurement of the actual wrist joint
angle, which needs to be improved in many aspects.






Chapter 7:

Conclusions and future
research lines

This part summarises the contributions made by this thesis and
proposals for further research in the future are put forward.

7.1 Conclusions

This thesis project has provided a comprehensive methodology that is
suitable for assessing MSDs risk exposure to the hand region in the
actual production environment of workers. Through the integration of
IMU technology and AM technology, economical and practical rapid
functional wearables are implemented in an initial stage.

Specifically, this research project has produced a series of
contributions to three topics: 1) evaluation for assessing ergonomic
measurement methods concerning MSDs exposure levels, 2) research
on hand motion capture methods based on IMU, and 3) study of
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wearable smart devices based on Additive Manufacturing technology.

The main contributions are presented in the following paragraphs.

1. With respect to the ergonomic measurement method:

MSDs are regarded as a major occupational healthcare
problem in the automotive manufacturing industry.
However, the importance of the hand region is understated
in terms of MSDs exposure risks and their consequences in
most of the epidemiology studies. The design of
measurement devices for hands is a challenge due to the
range of movement, the skeletal complexity and limited
space in the fingers and the palm.

Seven prevailing ergonomic assessments were evaluated
based on a customised questionnaire developed ad Aoc and
with the help of expert interviews. The results indicated that
self-reports and expert observations (ART Tools,
RULA/REBA) do not meet the requirement for an objective
and accurate analysis, productivity guarantee, and even
real-time monitoring. Moreover, some types of the direct
measurements are hard to apply for tracking finger
movements in the real workplace, due to the factors of sight
occlusions (OES), data drift (ACC), unreasonable size (EM,
OES, BA), and short duration (ACC), etc. Because of the
advantages of low-cost, wearable scale, accuracy, and high
popularity, IMU was found to be the most suitable
measurement technology for this study although it can be
affected by surrounding metal infrastructures.

2. With respect to the ergonomic measurement method:

A low-cost IMU-based motion capturing prototype was
implemented. To be more specific, a set of quaternion-based
algorithms for processing and expressing real-time rotation
of multiple nodes, a data acquisition program and the
packet sending program in Arduino were implemented. The
results can be stored in a MicroSD card or plotted into a
dynamic 3D model. The specific joint angle of the index
finger and thumb was measured by using a custom gesture
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standard, and the results indicated that the mean
difference between the values measured physically by
participants with a goniometer and those obtained virtually
with the IMU system is 2.44°. The cost of the prototype was
estimated at 225 EUR in total including seven IMU sensors
for two fingers. The prototype has the same accuracy level
but is cheaper than the commercial products (e.g. Xsens
MVN costs around 12,000 EUR, and Vicon costs 55,000
EUR).

3. With respect to the wearable smart devices based on Additive
Manufacturing technology:

* The volume resistivity of several brands of conductive
filaments was studied considering different print settings.
According to the resistivity results and actual operating
performance, a Black Magic 3D Conductive Graphene PLA
filament was most suitable for electrically creating
conductive paths to connect the different electronics of the
wearable. A set of experiments proved that the ‘Printing
temperature’ is not critical to the resistivity of Black Magic
3D at the range of safety printing temperature, while
‘Printing speed’ significantly influences the resistivity,
namely the lowest resistance value is obtained for higher
speeds. Regarding the layer height, it was found that 0.2
mm has a relatively low resistance.

* A methodology that significantly reduces the cross-
contamination in dual-material low-cost extrusion printing
was developed. Several conductive paths were created to
connect an IMU and an Arduino board. At the design level,
an air gap to separate adjacent conductive paths was
adopted as an interval to avoid most of the short circuit. At
the print setting level, a set of reference printing
parameters is provided and explained in detail. At the
manufacturing level, a procedure for greatly reducing the
stringing issue on the object's surface by shifting to the
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resting point and exchanging the nozzle temperature
alternately when switching the nozzles is utilised.

In contrast to prototypes found in the literature, where
electrically conductive paths were used with passive
actuators (LED lights) or sensors (Force/strain gauges), a
functional prototype that connects an active sensor (IMU)
and an Arduino-based microcontroller was developed.

7.2 Future work

As a continuation of the work proposed in this thesis project, several

possible future research lines are presented:

1.

2.

Concerning the ergonomic measurement methods assessment:

In the present investigation, the questionnaire designed and
the interviews were carried out and analysed with the help
of three ergonomic experts. This study can be further
extended to a larger group of professionals or students to
have more consensus on the selection of the ergonomic
method.

The questionnaire summarises seven common ergonomic
measurement methods. The selection of these methods is
based on a comprehensive consideration from multiple
reviewing studies covering the three major categories of
ergonomic measurement methods, including "self-reporting",
"observation evaluation", and "direct measurement", and the
methods are frequently mentioned or used. Nevertheless,
other measurement methods exist and they can also be
evaluated by those experts to strengthen the selection of the
IMU as the best solution for the current wearables.

This study focused on MSDs risk assessment of the hand.
Similarly, according to a comparative study of the
prevalence of MSDs, the approach of AM with functional
materials (electrically) developed in this project can be
extended, when developing wearables, to other high-risk
body regions, such as the lower back or neck.

Relative to the hand motion capture methods:
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Due to some constraints during the prototype verification
phase, the goniometer used in the control group was not
sufficient to fully represent other types of measurement
equipment. Therefore, it 1s mnecessary to involve
measurement technology such as OES to completely
guarantee the reliability of the control experiment results
in future work.

Expanding the number of sensors to achieve the 16 nodes of
the entire hand (including the wrist), building a more
complex hardware framework and ensuring the orderly
transmission of data can be other future lines of research.
This will provide all aspects of the movement details of each
finger, thereby extending the motion capture technology to
the hand, which is the smallest and most delicate body part.

3. Regarding the fabrication of wearable smart devices:

Since the volume resistivity of the material is the decisive
factor for the aspect ratio of the trace, the design size of the
trace board represents a considerable constraint. Although
it has been proved through research that the existing
conductive filament can be used as a conductor to replace
the function of traditional copper wires to a certain extent,
it still cannot fully meet the high-density and long-distance
trace layout. The manufacturing 3D-Graphene monolith
with high mechanical and electrical performance has
become an urgent issue considering their potential
applications in electronics fields [98]. Therefore, continuing
to find and develop conductive 3D printing materials with
lower volume resistivity is one of the main necessities to
continue developing this approach. Several new materials
like Electrifi can be used for future tests.

The current method of installing metal pins is a manual
operation, which still results in considerable error in
contact resistivity. Automating the drilling operations to
improve accuracy will also be one of the future tasks.
Considering that the function of this device is to repeatedly
and accurately measure the range and frequency of human
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joint movement in actual production, it is equally important
to evaluate the feasibility and durability of the AM strategy,
as well as how metal interference can affect the
measurements in the real workplace.

For dual-material printed circuit traces, the scalability of the
device 1s also one of the topics that is worthy of attention. Apart from
being able to successfully connect IMU sensors, the connection of other
input/output devices is also worth applying to the printing test, such
as the connection of the MicroSD card module to the micro-controller.
Although technically possible, the main limitation here is to find a
material with low resistivity values.
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Appendix A: Code library:
Adafruit_ BNOO55.cpp

This appendix shows the internal code of BNO055 library that have
not been presented in the first study of Chapter 4. The underlined code
1s the part has been modified for this study.

ks o S e o o o o o o S S o S o s S o s e e e S e e e e

This is a library for the BNOO055 orientation sensor
Designed specifically to work with the Adafruit BNO055 Breakout.

Pick one up today in the adafruit shop!
------ > http://www.adafruit.com/products

These sensors use 12C to communicate, 2 pins are required to
interface.

Adafruit invests time and resources providing this open source code,

please support Adafruit andopen-source hardware by purchasing
products

from Adafruit!

Written by KTOWN for Adafruit Industries.

MIT license, all text above must be included in any redistribution

LRk R R S R R R R o R o S R R S o R o S o e R R R R o R o S S o R R R R R S R R R o
***********/

#if ARDUINO >= 100
#include "Arduino.h"
#else

#include "WProgram.h"
#endif

t#include <math.h>
#include <limits.h>
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#include "Adafruit_ BNOO055.h"

/***************************************************************

dhkkkkhhkhiik

CONSTRUCTOR

LR R R S SR R R S SR R S S SR S S R S R R R R S R R o S R S S R R S R R S R S R R o R
***********/

/***************************************************************
***********/
/*!

@brief Instantiates a new Adafruit_ BNOO055 class
*/
/***************************************************************

***********/

Adafruit_ BNOO055::Adafruit_BNO055(1nt32_t sensorID, uint8_t
address)
{

_sensorlD = sensorID;

_address = address;

}

/***************************************************************

*kkkkkkhhirk

PUBLIC FUNCTIONS

LR R R S R S R S R S S R R S R S R R S R S R R o S S S R S R R R R S R R o R
***********/

/***************************************************************
***********/
/*!

@brief Sets up the HW
*/
/***************************************************************
***********/

bool Adafruit. BNOO055::begin(adafruit_bno055_opmode_t mode)

{
/* Enable 12C */

Wire.begin();

// BNOO55 clock stretches for 500us or more!
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#ifdef ESP8266
Wire.setClockStretchLimit(1000); // Allow for 1000us of clock

stretching
#endif

/* Make sure we have the right device */
uint8_t id = read8(BNOO055_CHIP_ID_ADDR);
1fid !'= BNOO055_ID)
{

delay(1000); // hold on for boot

id = read8(BNOO055_CHIP_ID_ADDR);

if(id '= BNOO055_ID) {

return false; // still not? ok bail

§

§

/* Switch to config mode (just in case since this is the default) */
setMode(OPERATION_MODE_CONFIG);

/* Reset */
write8(BNO055_SYS_TRIGGER_ADDR, 0x20);
while (read8(BNO055_CHIP_ID_ADDR) != BNO055_ID)

{
delay(10);

h
delay(50);

/* Set to normal power mode */
write8(BNO055_PWR_MODE_ADDR, POWER_MODE_NORMAL);
delay(10);

write8(BNO055_PAGE_TD_ADDR, 0);

/* Set the output units */
/*
uint8_t unitsel = (0 << 7) | // Orientation = Android
(0 << 4) | // Temperature = Celsius
(0 << 2) | // Euler = Degrees
(1<<1) | // Gyro=Rads
(0 << 0); /I Accelerometer = m/s"2
write8(BNOO055_UNIT_SEL_ADDR, unitsel);
*/
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/* Configure axis mapping (see section 3.4) */

/*

write8(BNOO055_AXIS_MAP_CONFIG_ADDR,
REMAP_CONFIG_P2); // PO-P7, Default is P1

delay(10);

write8(BNOO055_AXIS_MAP_SIGN_ADDR, REMAP_SIGN_P2); /
PO-P7, Default is P1

delay(10);

*/

write8(BNOO055_SYS_TRIGGER_ADDR, 0x0);
delay(10);

/* Set the requested operating mode (see section 3.3) */
setMode(mode);

delay(20);

return true;

}

/***************************************************************

***********/
[*!

@brief Remaps axis and sign
*/

/***************************************************************

***********/

byte Adafruit BNOOQ055::setAxisP(void)
1

setMode(OPERATION MODE CONFIG);
delay(30);
write8(BNOO055 AXIS MAP CONFIG ADDR, 0x21);
write8(BNOO055 AXIS MAP SIGN ADDR, 0x02);

delay(30):
byte axis = read8(BNOO055 AXIS MAP CONFIG ADDR):

setMode(OPERATION MODE NDOF);
delay(30):

return axis:

H
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/***************************************************************
***********/
/*!

@brief Puts the chip in the specified operating mode
*/
/***************************************************************

***********/

void Adafruit_ BNOO055::setMode(adafruit_bno055_opmode_t mode)
{

_mode = mode;

write8(BNO055_OPR_MODE_ADDR, _mode);

delay(30);

}

/***************************************************************
***********/
[*!

@brief Use the external 32.768KHz crystal
*/
/***************************************************************
***********/

void Adafruit_ BNOO055::setExtCrystalUse(boolean usextal)
{

adafruit_bno055_opmode_t modeback = _mode;

/* Switch to config mode (just in case since this is the default) */
setMode(OPERATION_MODE_CONFIG);
delay(25);
write8(BNO055_PAGE_ID_ADDR, 0);
if (usextal) {
write8(BNOO055_SYS_TRIGGER_ADDR, 0x80);
} else {
write8(BNOO055_SYS_TRIGGER_ADDR, 0x00);
!
delay(10);
/* Set the requested operating mode (see section 3.3) */
setMode(modeback);
delay(20);

/***************************************************************
***********/
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/*!

@brief Gets the latest system status info
*/
/***************************************************************

***********/

void Adafruit_ BNOO055::getSystemStatus(uint8_t *system_status,
uint8_t *self_test_result, uint8_t *system_error)

{
write8(BNO055_PAGE_TID_ADDR, 0);

/* System Status (see section 4.3.58)
0 =Idle
1 = System Error
2 = Initializing Peripherals
3 = System Iniitalization
4 = Executing Self-Test
5 = Sensor fusio algorithm running
6 = System running without fusion algorithms */

if (system_status != 0)
*system_status =read8(BNOO055_SYS_STAT _ADDR);

/* Self Test Results (see section )

1 = test passed, 0 = test failed

Bit 0 = Accelerometer self test
Bit 1 = Magnetometer self test
Bit 2 = Gyroscope self test

Bit 3 = MCU self test

0xOF = all good! */

if (self_test_result !=0)
*self_test_result = read8(BNO055_SELFTEST_RESULT_ADDR);

/* System Error (see section 4.3.59)
0 = No error
1 = Peripheral initialization error
2 = System initialization error
3 = Self test result failed
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4 = Register map value out of range

5 = Register map address out of range

6 = Register map write error

7 = BNO low power mode not available for selected operat ion
mode

8 = Accelerometer power mode not available

9 = Fusion algorithm configuration error

A = Sensor configuration error */

if (system_error != 0)
*system_error =read83(BNOO055_SYS_ERR_ADDR);

delay(200);
h

/**************************‘k‘k***********************************
***********/
[*!

@brief Gets the chip revision numbers
*/
/***************************************************************
***********/

void Adafruit_ BNOO055::getRevInfo(adafruit_bno055_rev_info_t* info)

{
uint8_t a, b;

memset(info, 0, sizeof(adafruit_bno055_rev_info_t));

/* Check the accelerometer revision */
info->accel_rev = read8(BNOO055_ACCEL_REV_ID_ADDR);

/* Check the magnetometer revision */
info->mag_rev =read8(BNO055_MAG_REV_ID_ADDR);

/* Check the gyroscope revision */
info->gyro_rev =read8(BNO055_GYRO_REV_ID_ADDR);

/* Check the SW revision */
info->bl_rev =read8(BNOO055_BL_REV_ID_ADDR);

a =read8(BNOO055_SW_REV_ID_LSB_ADDR);
b = read8(BNO055_SW_REV_ID_MSB_ADDR);
info->sw_rev = (((uint16_t)b) << 8) | ((uint16_t)a);
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}

/***************************************************************
***********/
/*!
@brief Gets current calibration state. Each value should be a
uint8_t
pointer and it will be set to 0 if not calibrated and 3 if
fully calibrated.
*
/
/***************************************************************

***********/

void Adafruit_BNOO055::getCalibration(uint8_t* sys, uint8_t* gyro,
uint8_t* accel, uint8_t* mag) {
uint8_t calData = read8(BNO055_CALIB_STAT ADDR);
if (sys '= NULL) {
*sys = (calData >> 6) & 0x03;
¥
if (gyro != NULL) {
*gyro = (calData >> 4) & 0x03;
¥
if (accel = NULL) {
*accel = (calData >> 2) & 0x03;
j
if (mag != NULL) {
*mag = calData & 0x03;
j
}

/***************************************************************
***********/
/*!

@brief Gets the temperature in degrees celsius
*/
/***************************************************************
***********/

int8_t Adafruit_ BNOO055::getTemp(void)

{
int8_t temp = (int8_t)(read8(BNO055_TEMP_ADDR));
return temp;

}
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/***************************************************************
***********/
/%!

@brief Gets a vector reading from the specified source
*/
/**************************‘k‘k***********************************

***********/

imu::Vector<3> Adafruit_BNOO055::getVector(adafruit_vector_type_t
vector_type)
{

1mu::Vector<3> xyz;

uint8_t buffer[6];

memset (buffer, 0, 6);

intlé_t x,y, z;
X=y=z= 0,

/* Read vector data (6 bytes) */
readLen((adafruit_bno055_reg_t)vector_type, buffer, 6);

x = ((int16_t)buffer[0]) | (((int16_t)buffer[1]) << 8);
y = ((int16_t)buffer[2]) | (((int16_t)buffer[3]) << 8);
z = ((int16_t)buffer[4]) | (((int16_t)buffer[5]) << 8);

/* Convert the value to an appropriate range (section 3.6.4) */
/* and assign the value to the Vector type */
switch(vector_type)
{
case VECTOR_MAGNETOMETER:
/* 1uT =16 LSB */
xyz[0] = ((double)x)/16.0;
xyz[1] = ((double)y)/16.0;
xyz[2] = ((double)z)/16.0;
break;
case VECTOR_GYROSCOPE:
/* 1dps = 16 L.SB */
xyz[0] = ((double)x)/16.0;
xyz[1] = ((double)y)/16.0;
xyz[2] = ((double)z)/16.0;
break;
case VECTOR_EULER:
/* 1 degree = 16 LLSB */
xyz[0] = ((double)x)/16.0;
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xyz[1] = ((double)y)/16.0;
xyz[2] = ((double)z)/16.0;
break;
case VECTOR_ACCELEROMETER:
case VECTOR_LINEARACCEL:
case VECTOR_GRAVITY:
/* 1m/s”2 = 100 LSB */
xyz[0] = ((double)x)/100.0;
xyz[1] = ((double)y)/100.0;
xyz[2] = ((double)z)/100.0;
break;
§

return xyz;

}

/***************************************************************
***********/
[*!

@brief Gets a quaternion reading from the specified source
*/
/***************************************************************

***********/

1mu::Quaternion Adafruit_ BNOO055::getQuat(void)
{

uint8_t buffer[8];

memset (buffer, 0, 8);

intl6_tx,y, z, w;
X=y=Z:W:O;

/* Read quat data (8 bytes) */

readLen(BNOO055_QUATERNION_DATA_W_LSB_ADDR, buffer,
8);

w = (((uint16_t)buffer[1]) << 8) | ((uint16_t)buffer[0]);

X = (((uint16_t)buffer[3]) << 8) | ((uint16_t)buffer[2]);

y = (((uint16_t)buffer[5]) << 8) | ((uint16_t)buffer[4]);

z = (((uint16_t)buffer[7]) << 8) | ((uint16_t)buffer[6]);

/* Assign to Quaternion */

/* See http://ae-
bst.resource.bosch.com/media/products/dokumente/bno055/BST_BNO
055_DS000_12~1.pdf
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3.6.5.5 Orientation (Quaternion) */
const double scale = (1.0 / (1<<14));
imu::Quaternion quat(scale * w, scale * x, scale * y, scale * z);
return quat;

}

/***************************************************************
***********/
/%!

@brief Provides the sensor_t data for this sensor
*/
/***************************************************************

***********/

void Adafruit_BNOO055::getSensor(sensor_t *sensor)
{

/* Clear the sensor_t object */

memset(sensor, 0, sizeof(sensor_t));

/* Insert the sensor name in the fixed length char array */
strncpy (sensor->name, "BNOO055", sizeof(sensor->name) - 1);
sensor->name|[sizeof(sensor->name)- 1] = 0;

sensor->version = 1;
sensor->sensor_id = _sensorlD;
sensor->type = SENSOR_TYPE_ORIENTATION;

sensor->min_delay =0;

sensor->max_value =0.0F;
sensor->min_value = 0.0F;
sensor->resolution = 0.01F;

}

/***************************************************************
***********/
/*!

@brief Reads the sensor and returns the data as a sensors_event_t
*/
/***************************************************************
***********/

bool Adafruit. BNOO055::getEvent(sensors_event_t *event)
{

/* Clear the event */
memset(event, 0, sizeof(sensors_event_t));

event->version = sizeof(sensors_event_t);



461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502

164 Appendix A: Code library: Adafruit BNOO55.cpp

event->sensor_id = _sensorlD;
event->type = SENSOR_TYPE_ORIENTATION;
event->timestamp = millis();

/* Get a Euler angle sample for orientation */
1mu::Vector<3> euler =

getVector(Adafruit_ BNO055::VECTOR_EULER);
event->orientation.x = euler.x();
event->orientation.y = euler.y();
event->orientation.z = euler.z();

return true;

}

/**************************‘k‘k***********************************
***********/

/*!

@brief Reads the sensor's offset registers into a byte array

*/
/***************************************************************
***********/

bool Adafruit. BNOO055::getSensorOffsets(uint8_t* calibData)

{
if (isFullyCalibrated())

{
adafruit_bno055_opmode_t lastMode = _mode;

setMode(OPERATION_MODE_CONFIG);

readLen(ACCEL_OFFSET_X_LSB_ADDR, calibData,
NUM_BNOO055_OFFSET REGISTERS);

setMode(lastMode);
return true;

}

return false;

}

/***************************************************************
‘k‘k‘k‘k‘k‘k‘k‘k‘k**/

[*!

@brief Reads the sensor's offset registers into an offset struct

*/
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503 /***************************************************************

504 ***********/

505  bool Adafruit. BNO055::getSensorOffsets(adafruit_bno055_offsets_t
506  &offsets_type)

507 {

508 if (isFullyCalibrated())

509 {

510 adafruit_bno055_opmode_t lastMode = _mode;
511 setMode(OPERATION_MODE_CONFIG);

512 delay(25);

513

514 offsets_type.accel_offset_x =

515 (read8(ACCEL_OFFSET _X_MSB_ADDR) << 8) |
516 (read8(ACCEL_OFFSET_X_LSB_ADDR));

517 offsets_type.accel_offset_y =

518 (read8(ACCEL_OFFSET_Y_MSB_ADDR) << 8) |
519 (read8(ACCEL_OFFSET_Y_LSB_ADDR));

520 offsets_type.accel_offset_z =

521  (read8(ACCEL_OFFSET_Z_MSB_ADDR) << 8) |
522  (read8(ACCEL_OFFSET Z_LSB_ADDR));

523

524 offsets_type.gyro_offset_x =

525  (read8(GYRO_OFFSET_X_MSB_ADDR) << 8) |
526  (read8(GYRO_OFFSET_X_LSB_ADDR));

527 offsets_type.gyro_offset_y =

528  (read8(GYRO_OFFSET_Y_MSB_ADDR) << 8) |
529  (read8(GYRO_OFFSET_Y_LSB_ADDR));

530 offsets_type.gyro_offset_z =

531  (read8(GYRO_OFFSET Z_MSB_ADDR) << 8) |
532  (read8(GYRO_OFFSET_Z_LSB_ADDR));

533

534 offsets_type.mag_offset_x =

535 (read8(MAG_OFFSET_X_MSB_ADDR) << 8) |
536  (read8(MAG_OFFSET_X_LSB_ADDR));

537 offsets_type.mag_offset_y =

538  (read8(MAG_OFFSET_Y_MSB_ADDR) << 8) |
539  (read8(MAG_OFFSET_Y_LSB_ADDR));

540 offsets_type.mag_offset_z =

541  (read8(MAG_OFFSET_Z_MSB_ADDR) << 8) |
542  (readS(MAG_OFFSET_Z_LSB_ADDR));

543
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544 offsets_type.accel_radius =
545  (read8(ACCEL_RADIUS_MSB_ADDR) << 8) |
546  (read8(ACCEL_RADIUS_LSB_ADDR));

547 offsets_type.mag_radius = (read8(MAG_RADIUS_MSB_ADDR)
548 << 8) | (readS(MAG_RADIUS_LSB_ADDR));

549

550 setMode(lastMode);

551 return true;

552 }

553 return false;

554 }

555

556

557 /***************************************************************
558 ***********/

559  /*!

560  @brief Writes an array of calibration values to the sensor's offset
561  registers

562 */

563 /***************************************************************
564 ***********/

565  void Adafruit_ BNOO055::setSensorOffsets(const uint8_t* calibData)
566 |

567 adafruit_bno055_opmode_t lastMode = _mode;

568 setMode(OPERATION_MODE_CONFIG);

569 delay(25);

570

571 I* A writeLen() would make this much cleaner */

572 write8(ACCEL_OFFSET_X_LSB_ADDR, calibData[0]);
573 write8(ACCEL_OFFSET_X_MSB_ADDR, calibData[1]);
574 write8(ACCEL_OFFSET_Y_LSB_ADDR, calibData[2]);
575 write8(ACCEL_OFFSET_Y_MSB_ADDR, calibData[3]);
576 write8(ACCEL_OFFSET_Z_LSB_ADDR, calibData[4]);
577 write8(ACCEL_OFFSET_Z_MSB_ADDR, calibData[5]);
578

579 write8(GYRO_OFFSET_X_LSB_ADDR, calibData[6]);
580 write8(GYRO_OFFSET_X_MSB_ADDR, calibData[7]);
581 write8(GYRO_OFFSET_Y_LSB_ADDR, calibData[8]);
582 write8(GYRO_OFFSET_Y_MSB_ADDR, calibData[9]);
583 write8(GYRO_OFFSET_Z_LSB_ADDR, calibData[10]);
584 write8(GYRO_OFFSET_Z_MSB_ADDR, calibData[11]);
585

586 write8(MAG_OFFSET_X_LSB_ADDR, calibData[12]);
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write8(MAG_OFFSET_X_MSB_ADDR, calibData[13]);
write8(MAG_OFFSET_Y_LSB_ADDR, calibData[14]);
write8(MMAG_OFFSET_Y_MSB_ADDR, calibData[15]);
write8(MMAG_OFFSET _Z_LSB_ADDR, calibData[16]);
write8(MMAG_OFFSET_Z MSB_ADDR, calibData[17)):;

write8(ACCEL_RADIUS_LSB_ADDR, calibData[18]);
write8(ACCEL_RADIUS_MSB_ADDR, calibData[19]);

writeS(MAG_RADIUS_LSB_ADDR, calibData[20]);
write8(MAG_RADIUS_MSB_ADDR, calibData[21]);

setMode(lastMode);
h

/**************************‘k‘k***********************************
***********/

[*!

@brief Writes to the sensor's offset registers from an offset struct

*/
/***************************************************************
***********/

void Adafruit_ BNOO055::setSensorOffsets(const

adafruit_bno055_offsets_t &offsets_type)

{
adafruit_bno055_opmode_t lastMode = _mode;
setMode(OPERATION_MODE_CONFIG);
delay(25);

write8(ACCEL_OFFSET_X_LSB_ADDR,
(offsets_type.accel_offset_x) & 0xOFF);
write8(ACCEL_OFFSET_X_MSB_ADDR,
(offsets_type.accel_offset_x >> 8) & 0xO0FF);
write8(ACCEL_OFFSET_Y_LSB_ADDR,
(offsets_type.accel_offset_y) & 0xOFF);
write8(ACCEL_OFFSET_Y_MSB_ADDR,
(offsets_type.accel_offset_y >> 8) & 0xO0FF);
write8(ACCEL_OFFSET_Z_LSB_ADDR,
(offsets_type.accel_offset_z) & 0xOFF);
write8(ACCEL_OFFSET_Z_MSB_ADDR,
(offsets_type.accel_offset_z >> 8) & 0x0FF);
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write8(GYRO_OFFSET_X_LSB_ADDR,
(offsets_type.gyro_offset_x) & 0xOFF);
write8(GYRO_OFFSET_X_MSB_ADDR,
(offsets_type.gyro_offset_x >> 8) & 0xOFF);
write8(GYRO_OFFSET_Y_LSB_ADDR,
(offsets_type.gyro_offset_y) & 0xOFF);
write8(GYRO_OFFSET_Y_MSB_ADDR,
(offsets_type.gyro_offset_y >> 8) & 0x0FF);
write8(GYRO_OFFSET_Z_LSB_ADDR, (offsets_type.gyro_offset_z)
& 0x0FF);
write8(GYRO_OFFSET_Z_MSB_ADDR,
(offsets_type.gyro_offset_z >> 8) & 0xOFF);

writeS(MAG_OFFSET_X_LSB_ADDR, (offsets_type.mag_offset_x)
& 0xOFF);

write8(MAG_OFFSET_X_MSB_ADDR,
(offsets_type.mag_offset_x >> 8) & 0xOFF);

writeS(MAG_OFFSET _Y_LSB_ADDR, (offsets_type.mag_offset_y)
& 0xOFF);

write8(MAG_OFFSET_Y_MSB_ADDR,
(offsets_type.mag_offset_y >> 8) & 0xOFF);

writeS(MAG_OFFSET Z_LSB_ADDR, (offsets_type.mag_offset_z)
& 0x0FF);

write8(MAG_OFFSET_Z_MSB_ADDR,
(offsets_type.mag_offset_z >> 8) & 0x0FF);

write8(ACCEL_RADIUS_LSB_ADDR, (offsets_type.accel_radius)
& 0xOFF);

write8(ACCEL_RADIUS_MSB_ADDR,
(offsets_type.accel_radius >> 8) & 0xOFF);

writeS(MAG_RADIUS_LSB_ADDR, (offsets_type.mag_radius) &
0x0FF);

write8(MAG_RADIUS_MSB_ADDR, (offsets_type.mag_radius >>
8) & 0x0FF);

setMode(lastMode);
}

bool Adafruit. BNOO055::1sFullyCalibrated(void)
{

uint8_t system, gyro, accel, mag;
getCalibration(&system, &gyro, &accel, &mag);
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if (system <3 || gyro<3 || accel <3 | | mag < 3)
return false;
return true;

}

/***************************************************************
LR R o

PRIVATE FUNCTIONS

LR R R S SR R R R SR R SR S R S S R S R R R R S R R o R R S R R S R R R S R S R R o R

***********/

/***************************************************************
***********/
/*!

@brief Writes an 8 bit value over 12C
*/
/***************************************************************
***********/

bool Adafruit_ BNOO055::write8(adafruit_bno055_reg_t reg, byte

value)

{
Wire.beginTransmission(_address);
#if ARDUINO >= 100

Wire.write((uint8_t)reg);
Wire.write((uint8_t)value);
#else
Wire.send(reg);
Wire.send(value);
#endif
Wire.endTransmission();

/* ToDo: Check for error! */
return true;

}

/***************************************************************
***********/
/*!
@brief Reads an 8 bit value over 12C
*/
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/***************************************************************

***********/

byte Adafruit_ BNO055::read8(adafruit_bno055_reg_t reg)

{
byte value = 0;

Wire.beginTransmission(_address);
#1f ARDUINO >= 100
Wire.write((uint8_t)reg);
#else
Wire.send(reg);
#endif
Wire.endTransmission();
Wire.requestFrom(_address, (byte)1);
#if ARDUINO >= 100
value = Wire.read();
#else
value = Wire.receive();
#endif

return value;

}

/***************************************************************
***********/
/*!

@brief Reads the specified number of bytes over 12C
*/
/***************************************************************
***********/

bool Adafruit_ BNOO055::readLen(adafruit_bno055_reg_t reg, byte *
buffer, uint8_t len)
{
Wire.beginTransmission(_address);
#if ARDUINO >= 100
Wire.write((uint8_t)reg);
#else
Wire.send(reg);
#endif
Wire.endTransmission();
Wire.requestFrom(_address, (byte)len);

for (uint8_t 1= 0; 1 <len; i++)
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{
#if ARDUINO >= 100

buffer[i] = Wire.read();
#else

buffer[i] = Wire.receive();
#endif

}

/* ToDo: Check for errors! */
return true;

}
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Appendix B: Code in Arduino
IDE

This appendix shows the main code of Arduino IDE that have not been
presented in the study of Chapter 4. Both real-time and SD card
storage functions are included.

#include <Wire.h>

#include <Adafruit_Sensor.h> /*a core sensor library that helps
manage sensor readings.*/

#include <Adafruit_BNOO055.h> /*begin controling the motor chip*/
#include <utility/imumaths.h>

#include <SD.h>

#define BNO055_SAMPLERATE_DELAY_MS (100)
#define TCAADDR 0x70

File dataFile;
File countFile;

int trigger = 1;
uint32_t bnoNumber = 7;
int h =0;

int 1;

int j;

int k;

unsigned long tic;
unsigned long tac;
double timeperiod;
byte CntBuffer;

int Count = 0;

char FileName[13] = {};

Adafruit_BNOO055 bno[ 7 ];
imu::Quaternion quat[ 7 |;

void tcaselect(uint8_t 1) {
if @ > 7) return;
Wire.beginTransmission(TCAADDR);
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33 Wire.write(1 << 1);

34 Wire.endTransmission()

35 }

36

37  void setup(void)

38 ¢

39 Wire.begin()

40 Serial.begin(9600);

41 pinMode(10, OUTPUT);

42

43 if (!SD.begin(10))

44 {

45 Serial.println("initialization failed!");

46 return;

47 }

48 if(!SD.exists("Cnt.txt"))

49 {

50 countFile = SD.open("Cnt.txt", FILE_WRITE);
51 Count = 0;

52 countFile.print(Count);

53 countFile.close();

54 }

55 for (k = 0; k < bnoNumber; k++)

56 {

57 bno[k] = Adafruit_BNOO055(k);

58 }

59 for (1 = 0; 1 < bnoNumber; i++)

60 {

61 tcaselect(d);

62 if(!bno[i].begin())

63 {

64 /* There was a problem detecting the BNOO055 at
65 0x28 ... check your connections */
66 Serial.print("Ooops, no BNO055 ");
67 Serial.print(i);

68 Serial.print(" detected ... Check your wiring or
69 12C ADDR!");

70 }

71 else

72 {

73 bno[i].setAxisP();

74 }

75 }



Appendix B: Code in Arduino IDE 175

76 delay(10);
7}
78
79
80
81  wvoid loop()
82 {
83 tic = micros();
84
85 if (Serial.available() && trigger == 1)
86 {
87 /ISerial.parseInt();
88 countFile = SD.open("Cnt.txt");
89 if(countFile)
90 {
91 while (countFile.available())
92 {
93 CntBuffer = countFile.read();
94 if((h<4))
95 {
96 Count = Count*10 + (CntBuffer - '0");
97 h++;
98 }
99 }
100 countFile.close();
101 }
102
103 countFile = SD.open("Cnt.txt", O_TRUNC | O_WRITE);
104 if(countFile)
105 {
106 if(SD.exists("Cnt.txt") && Count >= 9999)
107 {
108 Count = 0;
109 sprintf(FileName, "D%04d.txt",Count);
110 countFile.print(Count);
111 } else {
112 Count++;
113 sprintf(FileName, "D%04d.txt",Count);
114 countFile.print(Count);
115 }
116 countFile.close();
117 }

118 Serial.printin(FileName);
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trigger = 0;
H

uint8_t system, gyro, accel, mag;

for (j = 0; j <bnoNumber; j++){
tcaselect(y);
quat[ ] ] = bno[ ] ].getQuat();
system = gyro = accel = mag = 0;
bno[ j ].getCalibration(&system, &gyro, &accel, &mag);

Serial.print(timeperiod/1000000,4);
Serial.print(", ");
Serial.print(quat[ j ].w(), 4);
Serial.print(", ");
Serial.print(quat| j ].x(), 4);
Serial.print(", ");
Serial.print(quat| j ].y(), 4);
Serial.print(", ");
Serial.print(quat[ j ].z(), 4);

Serial.print(", ");
Serial.print(system, DEC);
Serial.print(", ");
Serial.print(gyro, DEC);
Serial.print(", ");
Serial.print(accel, DEC);
Serial.print(", ");
Serial.print(mag, DEC);
Serial.print(", ");
Serial.println(j);

dataFile = SD.open(FileName, FILE_WRITE);

if (dataFile) {
dataFile.print(timeperiod/1000000,4);
dataFile.print(", ");
dataFile.print(quat[ j ].w(), 4);
dataFile.print(", ");
dataFile.print(quat[ j ].x(), 4);
dataFile.print(", ");
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177

}

delay(BNO055_SAMPLERATE_DELAY_MS);

dataFile.print(quat[ j ].y0, 4);
dataFile.print(", ");
dataFile.print(quat[ j ].z(), 4);

dataFile.print(", ");
dataFile.print(system, DEC);
dataFile.print(", ");
dataFile.print(gyro, DEC);
dataFile.print(", ");
dataFile.print(accel, DEC);
dataFile.print(", ");
dataFile.print(mag, DEC);
dataFile.print(", ");
dataFile.println();

dataFile.close();

tac = micros();
timeperiod = tac - tic;
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Appendix C: Main Code in
Matlab

This appendix shows the main code of Matlab that have not been
presented in the study of Chapter 4. Both real-time and SD card
storage functions are included.

% IMU data post-process and modeling:

% A function to calculate and draw a real time cylinder-based
% finger model using quaternion.

%

%

% Inputs: sensor data - packaged from Arduino IDE.

% 1.g. "0.4422, 0.5445, 0.1777, -0.7150, 0.4009, 3, 3, 3, 3, 6"
% The entire package includes ID from O to 6

%

% SegmentLength - phalanx lengths measured in reality.
%

% CompensationAngle - a compensation angle between

screen normal line and magnetic north

% Author: Chuan Cao

% Date: 18 October 2019

% Contact: ccao@tecnun.es

% Univercity of Navarra-tecnun

clear

cle; close all;

%mcc -m Output2User06Feb.m DistalQuatMultiTransform.m
VectorAngle.m cylinder2P.m EndingDialog.m%

disp('Initializing...Please wait a moment');

%input preset#1%
s=serial(COM3');

set (s, 'BaudRate’, 9600);
s.InputBufferSize = 1024;
s.OutputBufferSize = 1024;
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fopen (s);

%Iinput preset#2%

[files,Pathes,FileIndex] = uigetfile({"*.txt'; '"*.*'},'Import data files');
fileTempl = 'tempOutputl.txt'’;

fileTemp2 = 'tempOutput2.txt';

[fid, error1] = fopen(files,'r');
[fidtemp1, error21]= fopen(fileTemp1,'w');
[fidtemp2, error22]= fopen(fileTemp2,'w');

formatSpecl = '"%s\t %s\t %3.2f\t %3.2f\t %3.2{\t\r\n';
formatSpec2 =

"%s\t %3.2f\t %3.2f\t %3.2f\t %3.2f\t %3.2f\t %3.2f\t %3.2f\t\r\n';
AngleName = {MCP_T2I', "TMCP', "TIP', 'IMCP', 'TPIP', 'IDIP', []}";
FingerName = {TMCP', 'TIP', 'TEP', TMCP', 'TPIP', 'IDIP',

'TEP'}'; % TEP = Thumb endpoint; IEP = index endpoint %
if fid == -
errormsgl = [errorl,' called <', files, '>."];
disp(errormsgl);
return;
elseif fidtempl == -
errormsg21 = [error21,' called <', fileTempl, '>."];
disp(errormsg21);
return;
elseif fidtempl == -
errormsg22 = [error22,' called <', fileTemp2, >."];
disp(errormsg22);
return;
end
SampleRate = 0.5; % Minimum
time period is 0.41 s %
1=1;

SensorNumber = 7;

Timeperiod = 0;

Timepoint = 0;

Time = cell(7,1);

DataStore = zeros(7,10);

DataOutput = cell(7,7);

SegmentLength = [6.5, 4, 3, 8.5, 5, 3, 2.5];
Ra=1;
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76 n=20;

77 OP=[0000];

78  StandingPoint = [0 0 1 0];

79

80 answer = inputdlg('Enter compensation angle value (in degrees,
81  clockwise)','Compensation Angle');

82  CompensationAngle = str2double(answer{1});
83

84  global Offsetquat;

85

86  %offset compensation%

87  OffsetRad=deg2rad(CompensationAngle);

88 normVic=[00 0 1]/norm([0 0 0 1]);

89  wo=cos(OffsetRad/2);

90 xo=normVic(2)*sin(OffsetRad/2);

91  yo=normVic(3)*sin(OffsetRad/2);

92  zo=normVic(4)*sin(OffsetRad/2);

93

94  Offsetquat=[wo x0 yo zo];

95

96  fprintf(fidtemp2,'%s\t %s\t %s\t %s\t %s\t %s\t %s\t\r\n','Time’,
97 'MCP_T2I', ' TMCP', 'TIP', 'IMCP', 'TPIP', 'IDIP");

98
99  while ~feof(fid)
100
101 %recelve data#%
102 for 11 = 1:SensorNumber
103
104 %from txt file%
105 str = fgetl(fid);
106
107 %from serial port%
108 str=fscanf(s,'%s");
109
110 strStore = strsplit(str, ',");
111 IMUStore = str2double(strStore);
112
113 %store data for calculation%
114 DataStore(ii,;) = IMUStore;
115 end
116

117 %(Optional) display storing status%
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disp(" timePrd w X y z Sys G A
M ID");
disp(DataStore);

%(Optional) display system status%
% disp(' Sys G A MY,
%  disp(DataStore(:,5:8));

%Time line counting%

Timeperiod = DataStore(1,1);

Timepoint = Timepoint + Timeperiod;

Time(:) = {datestr(Timepoint/86400, 'HH:MM:SS.FFF")};

%convert rotation angle in quaternion to Euler form intuitively for
displaying%

PalmeulZYX = quat2eul(DataStore(4,2:5));

yawPalm = radtodeg(PalmeulZYX(1));

rollPalm = radtodeg(PalmeulZYX(2));

pitchPalm = radtodeg(PalmeulZYX(3));

%get the global coodinate of each endpoints%
LocalThumbSeg = OP;
for thumb = 1:3
[ThumbSeg, LocalThumbSeg] =
DistalQuatMultiTransform(DataStore(thumb,2:5), LocalThumbSeg,
SegmentLength(thumb));
DataStore(thumb,2:5) = ThumbSeg;
end

LocalFingerSeg = OP;
for finger = 1:4
[FingerSeg, LocalFingerSeg] =
DistalQuatMultiTransform(DataStore(finger+thumb,2:5),
LocalFingerSeg, SegmentLength(finger+thumb));
DataStore(finger+thumb,2:5) = FingerSeg;
end

%get each angle between two segments%
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AngleTMCP2IMCP = VectorAngle(OP, DataStore(1,2:5), OP,
DataStore(4,2:5));

AngleTMCP = VectorAngle(OP, DataStore(1,2:5), DataStore(1,2:5),
DataStore(2,2:5));

AngleTIP = VectorAngle(DataStore(1,2:5), DataStore(2,2:5),
DataStore(2,2:5), DataStore(3,2:5));

AngleIMCP = VectorAngle(OP, DataStore(4,2:5), DataStore(4,2:5),
DataStore(5,2:5));

AngleIPIP = VectorAngle(DataStore(4,2:5), DataStore(5,2:5),
DataStore(5,2:5), DataStore(6,2:5));

AngleIDIP = VectorAngle(DataStore(5,2:5), DataStore(6,2:5),
DataStore(6,2:5), DataStore(7,2:5));

AngleValue = {AngleTMCP2IMCP; AngleTMCP; AngleTIP;
AngleIMCP; AngleIPIP; AngleIDIP; []};

%package results & print to txt file%
X = num2cell(DataStore(:,3));
Y = num2cell(DataStore(:,4));
Z = numZ2cell(DataStore(:,5));

DataOutput(:) = {Time{:}, FingerName{:}, X{:}, Y{:}, Z{:},
AngleName{:}, AngleValue{:}};
[nrows,ncols] = size(DataOutput);

fprintf(fidtemp1,'%s\t %s\t %s\t %s\t %s\t\r\n','Time','Joints",'X","Y
2,
for row = 1:nrows
fprintf(fidtemp1,formatSpecl,DataOutput{row,(1:5)});
end

fprintf(fidtemp2, formatSpec2, DataOutput{l,1}, DataOutput{:,7});

[X01,Y01,Z01]=cylinder2P(Ra,5,0P(2:4),DataStore(1,3:5));
[X02,Y02,Z02]=cylinder2P(Ra,5,DataStore(1,3:5),DataStore(2,3:5));
[X03,Y03,Z03]=cylinder2P(Ra,5,DataStore(2,3:5),DataStore(3,3:5));

[X11,Y11,Z11]=cylinder2P(Ra,n,0OP(2:4),DataStore(4,3:5));



184 Appendix C: Main Code in Matlab

204 [X12,Y12,Z12]=cylinder2P(Ra,n,DataStore(4,3:5),DataStore(5,3:5));
205 [X13,Y13,Z13]=cylinder2P(Ra,n,DataStore(5,3:5),DataStore(6,3:5));
206 [X14,Y14,Z14]=cylinder2P(Ra,n,DataStore(6,3:5),DataStore(7,3:5));
207

208 %display segment in perspective view & top view%

209 subplot(1,2,1);

210

211 surf(X11,Y11,Z11);

212 hold on;
213 surf(X12,Y12,Z212);
214 hold on;
215 surf(X13,Y13,Z213);
216 hold on;
217 surf(X14,Y14,7214);
218 hold on;
219 surf(X01,Y01,7Z01);
220 hold on;

221 surf(X02,Y02,Z02);

222 hold on;

223 surf(X03,Y03,Z03);

224

225 title('3D Rotation of Thumb&Index fingers');
226 grid on;

227

228 axis equal;

229 axis([-20 20 -20 20 -20 20]);
230 hold off;

231

232 0B mmmmemem e e
233

234 subplot(1,2,2);

235

236 surf(X11,Y11,7Z11);
237 hold on;
238 surf(X12,Y12,7212);
239 hold on;
240 surf(X13,Y13,7Z13);

241 hold on;
242 surf(X14,Y14,Z14);
243 hold on;
244 surf(X01,Y01,Z01);
245 hold on;

246 surf(X02,Y02,Z202);
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hold on;
surf(X03,Y03,Z03);

title("Top view Rotation of Thumb&Index fingers');

xlabel({PalmPitch (X)';pitchPalm}),ylabel({'PalmRoll
(Y)"';rollPalmy});

grid on;

az = 0;

el = 90;

view(az,el);

axis equal;

axis([-20 20 -20 20 -20 20]);

%axis tight;
hold off;
drawnow limitrate;

1=1+1;

% pause(0.1);
end

% disp('Sample rate: 0.5s');

R SAVE FILES & END ALL---<eccemeemeemeemenee

-%

fileSaved1 = uiputfile('*.txt','Save coordinate record file name');
[fidSaved1, error3]= fopen(fileSavedl,'w");

copyfile(fileTemp1, fileSaved1);

fileSaved2 = uiputfile('*.txt','Save angle record file name');
[fidSaved?2, errord]= fopen(fileSaved2,'w");
copyfile(fileTemp2, fileSaved2);

EndingDialog;

fclose('all');

delete(fileTemp1);
delete(fileTemp?2);
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Appendix D: Customized
function code
“DistalQuatMultiTransform()”
in Matlab

This appendix shows the Customized function code of Matlab that

have not been presented in the study of Chapter 4.

function [DistalendGlobal, DistalendLocal] =
DistalQuatMultiTransform(rotateq, localconjunctpoint,
segmentlength)

global Offsetquat;

%establish endpoints & gain rotated distal points at local
system %

Distalendrotated = quatmultiply(rotateq, quatmultiply([0 O

segmentlength 0],quatconj(rotateq)));

%translate segment to the joint & output the distalend%
DistalendLocal = localconjunctpoint+Distalendrotated;

%gain global endpoints %
DistalendGlobal = quatmultiply(Offsetquat,
quatmultiply(DistalendLocal,quatconj(Offsetquat)));

end
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Appendix E: Customized
function code “VectorAngle()”
in Matlab

This appendix shows the Customized function code of Matlab that
have not been presented in the study of Chapter 4.

function [SegsAngle] = VectorAngle(PointA1, PointA2, PointB1,
PointB2)

VectorA = PointA2(2:4)-PointA1(2:4);
VectorB = PointB2(2:4)-PointB1(2:4);

normA = VectorA/norm(VectorA);
normB = VectorB/norm(VectorB);

dV = dot(normA, normB);
SegsAngle = acosd(dV);

end
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Appendix F: Customized

function code “cylinder2P()” in
Matlab

This appendix shows the Customized function code of Matlab that
have not been presented in the study of Chapter 4. This function is
referred from Luigi Barone in the online Matlab community.

function [X, Y, Z] = cylinder2P(R, N,r1,r2)
% The parametric surface will consist of a series of N-sided
% polygons with successive radii given by the array R.

% Z increases in equal sized steps from O to 1.

% Set up an array of angles for the polygon.
theta = linspace(0,2*pi,N);

m = length(R); % Number of radius values
% supplied.

ifm== % Only one radius value supplied.
R=[R;R]; % Add a duplicate radius to make
m = 2; % a cylinder.

end

X = zeros(m, N); % Preallocate memory.

Y = zeros(m, N);

Z = zeros(m, N);

v=(r2-r1)/sqrt((r2-r1)*(r2-r1)"); %Normalized vector;
%cylinder axis described by: r(t)=r1+v*t for 0<t<1
R2=rand(1,3); %linear independent vector (of v)
x2=v-R2/(R2*Vv"); %orthogonal vector to v
x2=x2/sqrt(x2*x2"); %orthonormal vector to v
x3=cross(v,x2); %vector orthonormal to v and x2
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192  Appendix F: Customized function code “cylinder2P()” in Matlab
x3=x3/sqrt(x3*x3");

rlx=rl1(1);r1y=r1(2);r1z=r1(3);
r2x=r2(1);r2y=r2(2);r2z=r2(3);
vx=v(1);vy=v(2);vz=v(3);
x2x=x2(1);x2y=x2(2);x2z=x2(3);
x3x=x3(1);x3y=x3(2);x3z=x3(3);

time=linspace(0,1,m);
foryj=1:m
t=time(j);
X(, 1) = r1x+(r2x-r1x)*t+R(j)*cos(theta) *x2x+R(j) *sin(theta) *x 3x;
Y@, ;) = rly+(x2y-rly)*t+R()*cos(theta)*x2y+R(j)*sin(theta)*x3y;
7@, ) = r1z+(x2z-r1z)*t+R(G)*cos(theta) *x2z+R () *sin(theta)*x3z;
end



Appendix G: RepRap G-Code

Cheat Sheet (excerpted)

This appendix shows the code of RepRap in Simplify3D that have not
been explained in detail in the fabrication process of Chapter 5.

Comm. Parameters Description Example

G0 Axis [X/Y/Z] Position Rapid Movement GO0 X50

Gl Axis [X/Y/Z/E] Position Feed  Controlled Movement G1 F150

[F] X10

G21 Set units to mm G21

G28 <Axis [X/Y/Z)> Home G28XY

G90 none Absolute Positioning G90

GI91 none Relative Positioning G91

G92 Axis [X/Y/Z/E] Value Set Position to value G92 X5Y10

M82 none set extruder to absolute mode M82

M84 none Steppers off M4

M104 Temperature[S] Set extruder temperature (not waiting) M104 S100

M107 none Turn Fan off M107

M109 Temperature[S] Set extruder Temperature (waits till M109 S123
reached)

M140 Degrees|[S] Set heated bed temperature to S (not M140 S55
waiting)

M400 none Finish all moves M400

T No. Select extruder no. (starts with 0) Tl
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Appendix H: Starting Script in
Simplify3D

This appendix shows the main GCode of Starting Script that have not
been presented in the study of Chapter 5.

G21 ;Metric values

G90 ;Absolut positioning

M8&2 ;set extruder to absolute mode
G28 ;home position all axis

GO0 Z10 F3600 ;Go start position

M109 S[extruderQ_temperature] TO ;Set up extruder temperature
M109 S[extruderl_temperature] T1 ;Set up extruder temperature
G92 EO ;Zero extruder position

T1

G1 E35 F200 ;Extrude 35mm of filament
G92 EO ;Zero extruder position

M400 ;Finish all moves
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Appendix I: Tool Change Script

in Simplify3D

This appendix shows the main GCode of Tool Change Script that have

not been entirely presented in the study of Chapter 5.

G90

G1 X150 F5000
G1Y180 F5000
G1Z0 F1200

T[old_tool]

M109 S160 T[old_tool]
temperature
T[new_tool]

M109 S220 T[new_tool]
temperature

G91

G173 F1200
G90

M400

;Absolut positioning

;Move head to the resting position
;Move head to the resting position
;Encounter to the bed

;Set up the previous nozzle to resting

;Set up the new nozzle to working

;Relative positioning
;Lift head to a safety height
;Absolut positioning

;:Finish all move
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Appendix J: Ending Script in
Simplify3D

This appendix shows the main GCode of Ending Script that have not
been presented in the study of Chapter 5.

M400 ;Finish all moves

M104 SO TO ;Extruder heater off
M104 SO T1 ;Extruder heater off
M140 SO :Heat bed heater off

G9I1 ;Relative positioning

G1 Z+10 E-10 F600 ;Retract 10mm of filament
G1 Z+20 X-20 Y-20 F6000 ;Move axis

G90 ;Absolut positioning

G0 X0 Y210 F6000 ;Go to X Y repose position
GO0 Z185 ;Down Z axis

M107 ;

M8&4 ;Steppers off
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Development of a Low-Cost Wearable
Prevention System for Musculoskeletal
Disorders Using Inertial Measurement Unit
Systems

C. Cao™, M. L. Rodriguez-Ferradas, A. Cazon-Martin,
and Paz Morer

Department of Mechanical Engineering, University of Navarra-TECNUN,
San Sebastifin, Spain
ccaof@itecnun. es

Abstract. The increasing relevance of occupational injuries and illness related
to lean manofacturing strategies in automotive assembly lines brings an
increasing interest in this industry by the research and development of new tools
and methods for the evaluation and prevention of work-related musculoskeletal
disorders (WMSDs). However, few studies have focused on assessing the
exposures © the hand region whereas disorder in this region remain at the
primary tier of the prevalence ranking. Herein, this paper presenis a low-cost,
wearable inertial measurement unit (IMU) to measure workplace demands. This
technology was selected after analysing an assessment scale composed of seven
of the common ergonomic assessment tools and methods. Afier a brief verifi-
cation through a laboratory goniometry experiment, eleven joint angles of a
volunieer’s hand were measured. The resulis indicated that the mean difference
between the values measured by participanis and the values obtained directly
from the wearable is 2.44% which has the same accuracy level of the commercial
products. The proposed device is scalable enough to be iterated by further
improvements, including conductive fabric 3D printing technology.

Keywords: Work-related musculoskeletal disorders - Automolive assembly
lines - Measurements assessment + Inertial measurement units « Arduino

1 Introduction

Work-related musculoskeletal disorders (WMSDs), such as Carpal Tunnel Syndrome,
Radial Tunnel Syndrome or Tendonitis. are some of the most common injuries in the
manufacturing sector that generates pain in the musculoskeletal system [1]. WMSDs
led to 3,138,000 lost workdays in the United Kingdom in the period 2015-16 [2] and a
total cost of lost productivity of €240 billion or up to 2% of gross domestic product
(GDP) in 2015 in the European Union [3]. Repetitive movement, excessive force,
enduring awkward postures as well as psychological factors are the main exposures that
cause WMSDs [4]. Many studies try to prevent these situations by measuring and

© Springer Nature Switzerland AG 2019

F. Cavas-Martinez et al. (Eds.): Advances on Mechanics, Design
Engineering and Mamufacturing [f, LNME, pp. 41-51. 2019,
https=fidoi.arg/10. 1007/978-3-030-12346-8_5



Appendix K: Publications 203
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Development of a Low-Cost Wearable Prevention System
for Musculoskeletal Disorders Using Inertial
Measurement Unit Systems

Authors Authors and affiliations

¢. Cao B, M. 1. Rodriguez-Ferradas, A. Cazén-Martin, Paz Morer

Conference paper

. . 458
First Online: 28 April 2019

Downloads

Part of the Lecture Notes in Mechanical Engineering book series (LNME)

Abstract

The increasing relevance of occupational injuries and illness related to lean manufacturing
strategies in automotive assembly lines brings an increasing interest in this industry by the
research and development of new tools and methods for the evaluation and prevention of work-
related musculoskeletal disorders (WMSDs). However, few studies have focused on assessing
the exposures to the hand region whereas disorder in this region remain at the primary tier of
the prevalence ranking. Herein, this paper presents a low-cost, wearable inertial measurement
unit (IMU) to measure workplace demands. This technology was selected after analysing an
assessment scale composed of seven of the common ergonomic assessment tools and methods.
After a brief verification through a laboratory goniometry experiment, eleven joint angles of a
volunteer’s hand were measured. The results indicated that the mean difference between the
values measured by participants and the values obtained directly from the wearable is 2.44°,
which has the same accuracy level of the commercial products. The proposed device is scalable
enough to be iterated by further improvements, including conductive fabric 3D printing

technology.
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Methodology for the additive manufacture of
embedded conductive paths connecting
microelectromechanical sensors using
conductive and flexible filaments with
extrusion devices

Chuan C ao, Attor Cazin-Martin, Maria Isabel Rodriguez-Ferradas and Paz Mover-Camo
Department of Mechanical Engineering, University of Navarra, Donostia, Spain

Luts Marey-Mudioz
Department of Mechanical Engineering, University of Navarra, Donostia, Spain, and Department of Manufacturing Division,
University of Navamra, Donostia, Spain, and
Unai Erxaniz-Setn, Hector Morcillo-Fuentes and Damel Aguainaga-Azpiazu
Research and Development Centre, IKOR Technology Centre 5.L. (ITC), Donestia, Spain

Abstract

Purpose = The purpose of this study is to explore a methodology for connecting microelectromec hanical system sensors = i.e. inertial measurement
unit (IMU) = to an Arduino-based microcontroller, using graphene-based conductive filament and flexible thermoplastic polyurethane (FTRU)
filament and low-cost dua matenial extrudon technol ogy.

Designimethodologyfapproach — A seres of electrical tests were carried out to determine the maximum reskstance the conductive paths may take
to connect printed cincuit boards (PCE). To select the most suitable printing material, three types of conductive filaments were examined. Then an
axperiment was camied out to find the best printing parameters in terms of printing speed, printing temperature and layer height to minimise
redetivity. The size of the conductive path was aleo analysed. A final prototype was designed and printed aceonding to optimised printing settings
and maximum allowable resktances for sach line and considering different geometries and printing sratagies to reduce cros-contamination among
paths.

Findings = For the Black Magic 30 conductive filament, the printing speed and layer height played a significant role regarding resistivity, while the
printing tempearature wae not very important. The infill pattern of the conductive paths had to be aligned with the expectad current path, while using
air gaps between two adjacent paths resulted in the best approach to redudng cross-contamination. Moreover, the cross-section size of the
condective path did not affect the volume resistivity. When combined with FTPU filament constraints, the prototype yielded suitable electrical
performance and printing quality when printed at a temperature of 220°C, speed of 20 mmi's and layer height of 0.2mm.

Odginality/value — This paper explores a systematic methodology for the additive manufacturing of commercial conductive materal using low-cost
extrusion technology to connect complex electronics when data transmission ks a key feature.

Keywords Additive manufacturing, Arduing, Extrusion, Conductive material, Dual matenial print, inertial measurement unit

Paper type Research paper

level of consumption (Huang er al., 20013; Mgo er al, 2018).
Among AM devices, material extrusion is one of the fastest,
lowest-cost, most easy-to-use and widely available techniques

1. Introduction
Additive manufacturing (AM), commonly known as 3D

printing, is a boaming technology that enables a computerised on the market (Raasch er al., 2015). The working principle for
3D zolid modd tw be directdy transformed into a final complex this technique is to sdectively deposit a semi-salid
shape by adding materiak. This technology achieves thermoplastic material through a noezle or aorifice. The
considerable dficiency in raw material use, while radidonal thermoplastic material & first heated and then exmuded
manufacturing approaches rarely achieve such a cost-effective thmugh the nozle in single paths to form each layer of the task

object. Extrusion devices suppaort a variety of thermoplastic
materials for printing, such as Acrylonitrile Buradiene Styrene
(ABS), PolyLacdc Aid (PLA), Thermoplastic PolyUrethane
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List of nomenclature

Acronyms and definitions

3DSSPP
ABS
ADR
ACC
AM
ANOVA
AREF
ART

BA

BLS

CB

CF
CMC
CMDQ
CNT
CSRs
CTD
CTS

DC

DIP
DMLS
DoF
DSLR
EEPROM
Memory
EG
EMG
FAT
FDM
FFF
FLM
FTPU

Three-Dimensional Static Strength Prediction Program
Acrylonitrile Butadiene Styrene
Address Pin

Accelerometry

Additive Manufacturing

Analysis of Variance

Analogue REFerence

Assessment of Repetitive Tasks
Biomechanical Assessment

Bureau of Labour Statistics

Carbon Black

Carbon Fibers

Carpometacarpal

Cornell Musculoskeletal Discomforts Questionnaire
Carbon Nanotubes

Conductive Silicon Rubbers
Cumulative Trauma Disorder
Carpal Tunnel Syndrome

Direct Current

Distal Interphalangeal

Direct Metal Laser Sintering

Degree of Freedom

Digital Single-Lens Reflex
Electrically-Erasable Programmable Read-Only
Electro Goniometer
Electromyography

File Allocation Table

Fused Deposition Modelling

Fused Filament Fabrication

Fused Layer Modelling

Flexible Thermoplastic Polyurethane
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GDP Gross Domestic Product

GHQ General Health Questionnaire

Gr Graphene

HSE Health and Safety Executive

12C Inter-Integrated Circuit

ICF Information-Weighted Consensus Filter
IDE Integrated Development Environment

IMU Inertial Measurement Units

1P Interphalangeal

LED Light-Emitting Diodes

LMC-GPR  Linear Mean Composite Gaussian Process Regression
MCP Metacarpophalangeal

MEMS Microelectromechanical Systems

MISO Master Input,Slave Output

MOSI Master Output,Slave Input

MSDs Musculoskeletal Disorders

NIOSH National Institute of Occupational Safety and Health
NMQ Nordic Musculoskeletal Questionnaires
OES Optoelectronic Systems

OWAS OVAKO Working Posture Analysing System
PATH Posture, Activity, Tools and Handling

PCB Printed Circuit Board

PIP Proximal Interphalangeal

PLA Polylactic Acid

PWM Pulse Width Modulation

REBA Rapid Entire Body Assessment

RFID Radio Frequency Identification

RMSD Root Mean Square Distance

ROM Range of Motion

RSI Repetitive Strain Injury

RULA Rapid Upper Limb Assessment

RWL Recommended Of Weight Limits

SCL Serial Clock

SD Secure Digital

SDA Serial Data

SLA Stereolithography

SLERP Spherical Linear Interpolation
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SLM
SLS
SNQ
SPGPs
SPI
SRAM
SS
TPE
TPU
TWI
WMSDs
WSP

Selective Laser Melting

Selective Laser Sintering

Standardized Nordic Questionnaire
Sparse Pseudo-input Gaussian Processes
Serial Peripheral Interface Bus

Static Random Access Memory

Slave Selected

Thermoplastic Elastomer
Thermoplastic Polyurethane

Two-Wire Interface

Work-related Musculoskeletal Disorders
Workload Screening Procedure

List of symbols

N
N

"WYY A E FHROIDR N

Yaw angle

Pitch angle

Roll angle

Euler Angle

First and second rotation in Euler angle
Rotation matrix

Yaw angle in Rotation matrix

Pitch angle in Rotation matrix

Roll angle in Rotation matrix
Quaternion

Vector part of quaternion

Scalar part of quaternion

Unit vector along Axis of Rotation
Rotation angle in Axis-angle system
Unit quaternion

Reciprocal of quaternion
Conjugation of quaternion

Spatial coordinates

Spatial coordinates after rotation
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