
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A Feasibility Study on Textile Electrodes for Transcutaneous
Electrical Nerve Stimulation
Citation for published version:
Ju, W, McConnell-Trevillion, A, Khan, SR, Nazarpour, K & Mitra, S 2023, A Feasibility Study on Textile
Electrodes for Transcutaneous Electrical Nerve Stimulation. in 2023 21st IEEE Interregional NEWCAS
Conference (NEWCAS)., 10198106, Proceedings of the IEEE Interregional NEWCAS Conference
(NEWCAS), IEEE, pp. 1-5, 2023 21st IEEE Interregional NEWCAS Conference (NEWCAS), 26/06/23.
https://doi.org/10.1109/NEWCAS57931.2023.10198106

Digital Object Identifier (DOI):
10.1109/NEWCAS57931.2023.10198106

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
2023 21st IEEE Interregional NEWCAS Conference (NEWCAS)

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 04. Sep. 2023

https://doi.org/10.1109/NEWCAS57931.2023.10198106
https://doi.org/10.1109/NEWCAS57931.2023.10198106
https://www.research.ed.ac.uk/en/publications/6f6628cd-9e7b-4330-bd9c-897e6acc23da


 

A Feasibility Study on Textile Electrodes for 
Transcutaneous Electrical Nerve Stimulation 

Wei Ju*, Student Member, IEEE, Aidan McConnell-Trevillion†, Sadeque Reza Khan‡, Member, IEEE,       
Kianoush Nazarpour†, Senior Member, IEEE, and Srinjoy Mitra*, Senior Member, IEEE 

*School of Engineering, University of Edinburgh, UK 
†School of Informatics, University of Edinburgh, UK 

‡Institute of Sensors, Signals & Systems, Heriot-Watt University, UK 

Abstract—Over recent decades, wearable electronics have 
introduced successful bio-medical products to the commercial 
market, including real-time monitoring, symptom diagnosis, 
stimulation therapy, and rehabilitation. Hydrogel electrodes are 
commonly used in such devices, for data acquisition or electrical 
intervention. However, they are not a comfortable option for long-
term applications and can trigger allergic reactions. Therefore, low-
cost textile electrodes are actively being researched as an alternative 
to hydrogel standards. In this work, we study the efficacy of different 
electrolyte layers (water, water-in-oil (W/O) cream, and oil-in-water 
(O/W) cream), placed between the skin and textile-based electrodes, 
on contact impedance during transcutaneous electrical nerve 
stimulation (TENS). Both electrode-tissue impedance (ETI) and 
normalized cross-correlation (NCC) analyses were used to evaluate 
and compare the performance of textile electrodes with electrolyte to 
hydrogel electrodes. The study revealed that textile-based electrodes 
with O/W cream present a viable, effective alternative to hydrogel 
standards for short-term use, whereas W/O cream presents a possible 
solution for some longer-term applications. 

Keywords—Textile electrodes, transcutaneous electrical nerve 
stimulation, electrode-tissue impedance, EMG. 

I. INTRODUCTION 
Over the course of the last twenty years the use of wearable 

biomedical solutions has exploded [1]. Conductive hydrogel 
electrodes play a vital role in a number of such biomedical 
devices ranging from neurophysiological diagnostics to 
electrical therapy [2]. Despite their widespread uptake, however, 
they suffer from a key set of limitations. Though they are 
clinically standard, it is well-known that as the electrodes dry 
out, their performance suffers, with signal quality reducing 
noticeably with time [3]. Furthermore, the adhesive nature of the 
electrode is known to cause allergic reactions and irritation when 
applied for a long time [4], and cause discomfort or pain when 
removed [5], [6]. 

To this end, a promising alternative is seen in conductive 
textile-based electrodes. While the specific designs vary, these 
instruments are constructed from a conductive fabric layer, 
medically safe metal connectors, and a soft inner filling to 
produce an electrically conductive surface able to be applied 
comfortably to the skin [7]. In addition, a second conducting 
layer of electrolyte may be needed between the conductive 
fabric and skin. This is particularly important in applications 
where moderate amount of electrical current is injected to the 
body, as in transcutaneous electrical nerve stimulation (TENS) 
[8] – [11]. 

Throughout the literature, both pure water and sodium 
chloride solution are commonly used as electrolytes alongside 

textile electrodes during electrical stimulation [12], [13]. To this 
end, both the volume and concentration of sodium chloride 
required for textile electrode function have been previously 
established [14]. Furthermore, it has been demonstrated that 
most water-based electrolytes, such as pure water, saline and 
conductive gel, gradually evaporate, resulting in signal 
degradation for long-term use [10]. However, there is not 
sufficient evidence investigating viable alternative electrolytes 
for electrical stimulation involving human subject participation 
and controlled measurement. The aim of this work is to 
determine the possibility of TENS using textile electrodes and 
optimal composition/volume of electrolyte to ensure stable 
performance over both short and long-term timescales. This 
was achieved by simultaneous ETI and EMG measurements to 
validate the efficacy of our electrode setup. Fig. 1 denotes some 
popular placements of wearable TENS devices with proposed 
textile-based electrodes for different medical purposes, 
including pain relief, motor impairment rehabilitation and 
bladder management. 

 
Fig. 1. Examples of various ambulatory TENS devices used for medical 
applications. 

This paper is organized as follows. Section II presents the 
methodological approaches, section III presents the results and 
implications, and finally section IV states the conclusions with 
future work. 



II. METHODS 

A. Textile Electrode Prototypes 

 
Fig. 2. A manufactured prototype embedded with a pair of textile electrodes 
in-house. (a) A top view of the electrode prototype. (b) A bottom view. (c) A 
cross-sectional view of the textile electrode with electrolyte in close contact 
with the skin surface and an equivalent electrical model of the electrode-tissue 
interface (adapted from [15]). 

The electrode prototypes used in the study comprised a knit 
conductive fabric, a soft insulating filling, an underlying layer 
of insulating fabric, and a pair of metal connectors (see Fig. 2a 
and 2b). During the design process, three different types of 
insulating filling were considered: polyurethane (PU) sponge, 
polyester sponge, and natural cotton, respectively. Based on 
volunteers’ feedback, natural cotton was selected due to its soft 
and comfortable skin contact.  In addition, two conductive 
fabrics of differing resistance were considered in the initial 
design phase for electrode conducting surface. The first 
material was comprised of 63% cotton, 35% silver yarn and 2% 
spandex, while the second one was comprised of predominantly 
nylon (87%), with a smaller proportion of silver yarn (17%). 
The former was considered as a better-suited material due to its 
lower resistance, less than 1 Ω per foot. The equivalent model 
associated with contact impedance is shown in Fig. 2c. All the 
textile electrode prototypes used in this study have identical 
dimensions of 50 mm × 50 mm to match the size of typical CE-
certified hydrogel electrodes.  

B. Estimation of Main Frequency of Stimulation Pulses 
A number (N = 48) of electrical current stimulation pulses 

(2 Hz frequency, 200 µs pulse width (PW)) generated from a 
TENS device (DS7A, Digitimer Ltd, UK), were converted to 
voltage pulses across a 1-Ω resistor for post-processing. We 
adjusted the intensity of stimulation pulses from 5 to 20 mA 
with an interval of 5 mA during measurement and analyzed 48 
converted stimulation pulses at four different intensity levels (5, 
10, 15 and 20 mA) by the fast Fourier transform (FFT) 
algorithm. Each median frequency composition out of each 
power spectrum was estimated by using a MATLAB® function 
called medfreq. The averaged result of four estimations was 10 
kHz, which was considered to be a significant composition for 
ongoing experiments related to ETI measurement in the time 
domain.  

C. Measurement of Electrode-Tissue Impedance 
The electrode tissue impedance (ETI) of the fabricated 

textile-electrodes and standard medical hydrogel electrodes was 
used as the standard measure of quality [16]. This was done 
using an R&S® HM8118 programmable LCR bridge set to 

produce a 1-V sinusoidal input in the frequency range of 20 Hz 
to 200 kHz (total 42 increments).  

Four healthy volunteers – one female (25 years old), and 
three males (28, 32, and 35 years old) – participated in the first 
experiment. All experimental protocols were approved by the 
Informatics Research Ethics Committee for the Edinburgh 
Neuroprosthetics Laboratory, University of Edinburgh, and all 
participants gave written informed consent before the start of the 
trial. During the experiment, participants were asked to sit in a 
comfortable chair with their right leg placed on a height-
adjustable table. Before recording, the surface of the skin over: 
the gastrocnemius and soleus (calf) muscles, the bottom, and 
side of the tested foot, and the entire ankle joint, were cleaned 
with 75% isopropyl alcohol wipes before electrodes (either 
hydrogel or textile) were mounted. Electrodes were placed 10 
mm behind the posterior malleolus, and 40 mm above [17]. As 
participants possessed slight physiological differences, e.g., foot 
size and body mass index (BMI), the correctness of electrode 
location was confirmed by observation of a twisting motion of 
the big toe during TENS at a certain level of current injected 
(motor threshold, or MotTh).  

Textile electrodes may be used in dry or wet conditions [18], 
therefore, we compared the efficacy of three different types of 
electrolytes for hydrating the textile electrodes: tap water, 
general-purpose cream (NIVEA, Beiersdorf AG, Germany), and 
soft cream (NIVEA, Beiersdorf AG, Germany). In this case, 
general-purpose cream refers to a type of water-in-oil (W/O) 
emulsion, which contains a large concentration of water droplets 
suspended in oil. The soft cream refers to an oil-in-water (O/W) 
emulsion, where oil is dispersed in a continuous water phase, 
giving it a less viscous consistency. The experiment was 
repeated on each participant for several electrode/electrolyte 
combinations, the order of which was determined randomly. 

D. Recording of Evoked EMG 
The same volunteers participated in the second experiment, 

which followed the exact procedure explained in the previous 
section. The second experiment was conducted to evaluate the 
cotton-filled textile electrode (with electrolyte) to trigger EMG 
signals via TENS.  

An EMG recording machine (Blackrock Microsystems, 
Blackrock Neurotech, USA) can immediately begin recording 
by receiving triggers from the TENS device when it was 
sending out stimulation current pulses. A custom pulse 
generator was designed (2 Hz frequency, 5.2 ms pulse width 
(PW)) to synchronize the TENS device with the Blackrock 
system. The stimulation was applied to each participant for 30 
seconds with a total number of 60 pulses at one fixed current 
intensity which varied from 1 mA to 50 mA or maximum 
injected current individual could tolerate (maximum threshold 
or MaxTh) depending on different subjects. This was repeated 
for different PW, including 200 µs, 100 µs and 50 µs for all 
participants. 

Both hydrated-textile and hydrogel electrodes were placed in 
identical positions to those in experiment one. Furthermore, 
three small hydrogel electrodes for EMG recording were placed 
on foot and ankle bone, respectively, as shown in Fig. 3(a), (b). 
EMG electrodes were covered with medical adhesive to ensure 



constant skin-surface contact during recording. All data recoded 
by EMG machine was saved in Neuro Stream Four (NS4) file 
format with a sampling frequency of 10 kHz. 

 
Fig. 3. Experimental setup for recording of EMG during TENS. (a) Placement 
of one of EMG electrodes. (b) Location of the other EMG electrode and a 
reference electrode. (c) Overview of cable connections between relevant 
devices. 

E. Normalized Cross-Correlation for Data Comparison 
To compare the EMG traces produced by the second 

experiment, a normalized cross-correlation (NCC) was 
performed. In brief, this technique determines the similarity 
between two sets of time series data (𝑋! and 𝑌!, where 0 ≤ i ≤ N 
– 1 and N = 850) by normalizing any differences in amplitude 
(scaling) and correlating the two traces [19]. This process is 
repeated for every possible alignment of the curves in time, by 
shifting one forward or backward relative to the other (the “time 
lag”) [20], producing a curve depicting the strength of the 
correlation between traces (the NCC coefficient or R-value, 
where –1 ≤ R ≤ 1) as a function of time lag. 

Therefore, this technique provides two key pieces of 
information: 1. the magnitude of the correlation between the 
curves at the point of recording (e.g., the correlation where time 
lag is zero), and 2. the time lag required to maximize the 
alignment of the curves (e.g., where the largest correlation is 
observed) [21]. This NCC was only performed on the average 
raw EMG traces obtained from each participant at an average 
MotTh. 

III. RESULTS AND DISCUSSION 

A. Optimization of Electrolyte Volume 

 
Fig. 4. Different volumes of the W/O cream dipped on the finger. 

We used modest volume of electrolyte (Fig. 4) that the user 
can easily put on around the area of textile electrodes sometime 
before the TENS device is powered ON. In order to create a 
controlled environment, we carefully applied the different 
volumes of electrolyte (both types of cream and water) using a 

2 mL syringe on the same surface area the electrodes were 
placed, but that was not essential for real-life usage.  

The experiment revealed a noticeable effect of electrolyte 
type on textile ETI. Specifically, both W/O cream and water 
displayed a greater ETI when compared to the standard 
hydrogel electrode (Fig. 5). However, the same could not be 
said for O/W cream, which was found to possess a lower ETI 
than the standard hydrogel electrode under all applied volumes. 
Additionally, larger volumes of applied O/W cream were found 
to be proportional to the decrease in ETI. This was likely driven 
by the greater concentration of water found within this 
compound, resulting in an improved conductivity of the contact 
interface. 

 
Fig. 5. ETI of textile electrodes with three different types of electrolytes 
(water, cream, and soft cream) compared with standard hydrogel electrodes. 
(Abbrev.: TE, textile electrodes; HE, hydrogel electrodes)  

Further examination of the change in impedance measured 
at 10 kHz over time under each electrolyte condition revealed 
an interesting pattern. In every case, the ETI of the textile 
electrode increased gradually. The greatest rate of drift was seen 
in the water condition, and the smallest in the W/O cream 
condition. However, the baseline ETI was greatest in the W/O 
cream condition, and the smallest in the O/W cream condition 
(Fig. 6). These findings are likely explained by the greater oil-
related content in the W/O cream electrolyte, which would both 
reduce the conductance of the compound, and decrease its rate 
of absorption or evaporation.  

 
Fig. 6. Optimization of volume of different electrolytes (where dotted lines: 
0.1 mL, dashed lines: 0.25 mL, dash-dotted lines: 0.5 mL) for textile electrodes 
compared with hydrogel electrodes (solid lines). 

Taken together, these results suggest that for short-term use 
(i.e., less than one hour) larger volumes of O/W cream are the 
favorable option. However, for longer-term solutions, smaller 
volumes of W/O cream (0.1 mL) are preferable, as despite its 
increased baseline ETI, the slower rate of change allows it to 
maintain this level of efficacy for longer. 

Textile 
Elctrd. 
or 



B. Performance of Textile Electrodes with Electrolyte  
Due to noise arising from voluntary muscle contraction and 

TENS artifacts, the raw EMG data was pre-processed before 
further analysis. This helped eliminate some of the general 
interference present within the data, including movement 
artifacts (1 – 10 Hz), and electromagnetic noise (50 Hz and 
higher harmonics). After examining the datasets, the average 
MotTh was 20 ± 2 mA, while MaxTh was 40 ± 10 mA across 
all participants. Additionally, the raw EMG traces obtained 
from textile electrodes (with 1 mL W/O cream) and hydrogel 
electrodes at MotTh (200 μs PW) displayed a remarkable 
similarity (Fig. 7(a)). Likewise, the area under the curve (AUC) 
of rectified M-Waves (Fig. 7(b)) recorded from this participant 
reflect the efficacy of W/O cream-hydrated textile electrodes, 
suggesting that they are close to that of hydrogel electrodes for 
different PW conditions. 

 
Fig. 7. (a) Raw EMG response at MotTh of 22 mA for textile and hydrogel 
electrodes. (b) AUC of rectified M-wave with respect to different pulse widths. 
(Abbrev.: TE, textile electrodes; HE, hydrogel electrodes) 

Further evidence supporting the similarity in performance 
between textile electrodes (with electrolyte) and hydrogel 
electrodes may be seen in the results of the NCC analysis. 
Across all participants, a significant correlation at zero lag time 
between textile and hydrogel electrode traces (R1700 = 0.28, 0.92, 
0.91, 0.78, where R1700 denotes the NCC coefficient of 1700 
data points (the first 850 points were extracted from the raw 
EMG trace, and the other 850 points were extracted from the 
same trace shifted to a negative period starting from –850 ms); 
p < 0.05 in all cases) was observed (Fig. 8, right traces). 
However, the maximum correlation between the two signals 
was found several milliseconds before, or after, zero. This was 
especially apparent in the data obtained from participant one 
(Fig. 8(a)) where the greatest correlation was seen at a lag time 
of –12 ms (R1700 = 0.74). These results suggest that the textile 
electrodes have a similar ability to generate M-waves as 
hydrogel standards. However, they may differ slightly in 
response time (i.e., the speed at which the electrodes produce 
M-waves after stimulation), as indicated by the variation in 
peak correlation time. 

Despite this, the small magnitude of this variability across 
participants 2 to 4, along with the lack of consistent timing of 
the peaks, suggests that the observed differences in response 
time may simply be due to physiological differences. 
Nevertheless, this does not explain the shorter response time 
seen in participant one. It is possible that this divergence was 
driven by variation in the placement of electrodes, leading to a 
change in EMG trace timing.  

 
Fig. 8. Average surface-EMG traces (left), and cross-correlation analyses 
(right) obtained from participants 1 (a), 2 (b), 3 (c), and 4 (d). R values above 
or below the confidence intervals (red dashed lines) were considered significant 
(p < 0.05). 

IV. CONCLUSIONS 
This work confirms that in terms of performance during 

TENS, textile-based electrodes with electrolytes are similar, 
and in some cases superior to, standard hydrogel equivalents. 
Specifically, the findings indicate that cotton-filled textile 
electrodes knitted with silver-coated conductive yarns are a 
preferable wearable design, able to fully contact the skin 
without excessive compression. Additionally, in the presence of 
a water-based electrolyte (O/W cream), the ETI of textile 
electrodes was found to be lower than that of the hydrogel 
standard. Coupled with the similar AUC and EMG 
performance, and the correlation between EMG traces, it is 
likely that textile-electrodes (with oil-based electrolyte), may 
serve as an effective replacement to hydrogel electrodes in 
TENS-related interventions. While TENS-based devices are 
widely used in clinical practice, their use in ambulatory 
applications is limited due to the need for a long-lasting, 
reusable electrode. Hence, our results demonstrate the 
possibility of creating comfortable, home-based, wearable 
nerve stimulators that may be useful for a number of medical 
applications. We expect that putting on a small amount of oil-
based moisturizer can be considered an acceptable practice, 
even for older people. 

V. ACKNOWLEDGEMENTS 
This work is partially funded by the Legal & General Group 

(research grant to establish the independent Advanced Care 
Research Centre at University of Edinburgh). The funders had 
no role in conduct of the study, interpretation, or the decision to 
submit for publication. The views expressed are those of the 
authors and not necessarily those of Legal & General. This work 
was also supported in part by EPSRC (EP/R004242/2) and 
ESRC (ES/W006359/1). The authors would like to 
acknowledge all volunteers who were involved in the 
experiments.  

b) a) 



REFERENCES 
[1] H. C. Ates et al., “End-to-end design of wearable sensors,” Nat. Rev. 

Mater., vol. 7, no. 11, pp. 887–907, 2022, doi: 10.1038/s41578-022-
00460-x. 

[2] H. Yuk, B. Lu, and X. Zhao, “Hydrogel bioelectronics,” Chem. Soc. 
Rev., vol. 48, no. 6, pp. 1642–1667, 2019, doi: 10.1039/C8CS00595H. 

[3] G. Acar, O. Ozturk, A. J. Golparvar, T. A. Elboshra, K. Böhringer, and 
M. K. Yapici, “Wearable and flexible textile electrodes for biopotential 
signal monitoring: a review,” Electronics, vol. 8, no. 5, pp. 479–503, 
2019, doi: 10.3390/ELECTRONICS8050479. 

[4] G. Medrano, A. Ubl, N. Zimmermann, and S. Leonhardt, “Skin electrode 
impedance of textile electrodes for bioimpedance spectroscopy,” in 
IFMBE Proc. of 13th International Conference on Electrical 
Bioimpedance and the 8th Conference on Electrical Impedance 
Tomography, 2007, pp. 260–263, doi: 10.1007/978-3-540-73841-1_69. 

[5] A. J. Golparvar and M. K. Yapici, “Wearable graphene textile-enabled 
EOG sensing,” in 2017 IEEE SENSORS, Dec. 2017, pp. 1–3, doi: 
10.1109/ICSENS.2017.8234242. 

[6] Y. M. Chi, T. P. Jung, and G. Cauwenberghs, “Dry-contact and 
noncontact biopotential electrodes: methodological review,” IEEE Rev. 
Biomed. Eng., vol. 3, pp. 106–119, 2010, doi: 
10.1109/RBME.2010.2084078. 

[7] V. Mecnika, K. Scheulen, C. F. Anderson, M. Hörr, and C. 
Breckenfelder, “Joining technologies for electronic textiles,” in 
Electronic Textiles: Smart Fabrics and Wearable Technology, T. Dias, 
Ed., 1st ed., Sawston, Cambridge, UK: Woodhead Publishing, 2015, pp. 
133–153, doi: 10.1016/B978-0-08-100201-8.00008-4. 

[8] A. M. Stewart, C. G. Pretty, and X. Q. Chen, “An evaluation of the effect 
of stimulation parameters and electrode type on bicep muscle response 
for a voltage-controlled functional electrical stimulator,” in 20th IFAC 
World Congress, D. Dochain, D. Henrion, D. Peaucelle, Ed., vol. 50, no. 
1, pp. 15109–15114, Jul. 2017, doi: 10.1016/J.IFACOL.2017.08.2242. 

[9] A. Curteza, V. Cretu, L. Macovei, and M. Poboroniuc, “The 
manufacturing of textile products with incorporated electrodes,” Autex 
Res. J., vol. 16, no. 1, pp. 13–18, Mar. 2016, doi: 10.1515/AUT-2015-
0049. 

[10] L. Guo, L. Sandsjö, M. Ortiz-Catalan, and M. Skrifvars, “Systematic 
review of textile-based electrodes for long-term and continuous surface 
electromyography recording,” Text. Res. J., vol. 90, no. 2, pp. 227–244, 
Jan. 2020, doi: 10.1177/0040517519858768. 

[11] D. Pani, A. Dessi, J. F. Saenz-Cogollo, G. Barabino, B. Fraboni, and A. 
Bonfiglio, “Fully textile, PEDOT:PSS based electrodes for wearable 
ECG monitoring systems,” IEEE Trans. Biomed. Eng., vol. 63, no. 3, pp. 
540–549, Mar. 2016, doi: 10.1109/TBME.2015.2465936. 

[12] H. Zhou et al., “Stimulating the comfort of textile electrodes in wearable 
neuromuscular electrical stimulation,” Sensors, vol. 15, no. 7, pp. 
17241–17257, Jul. 2015, doi: 10.3390/S150717241. 

[13] L. Euler, L. Guo, and N. K. Persson, “A review of textile-based 
electrodes developed for electrostimulation,” Text. Res. J., vol. 92, no. 7–
8, pp. 1300–1320, Apr. 2022, doi: 10.1177/00405175211051949. 

[14] E. Luler, L. Guo, and N.-K. Persson, “Influence of the Electrolyte 
concentration and amount on the Performance of Textile Electrodes in 
Electrostimulation: a systematic study,” Res. Sq., Aug. 2022, doi: 
10.21203/RS.3.RS-1752713/V2. 

[15]  I. Romero et al., “Motion artifact reduction in ambulatory ECG 
monitoring: an integrated system approach,” in ACM Proc. of the 2nd 
Conference on Wireless Health, 2011, pp. 1–8, doi: 
10.1145/2077546.2077558. 

[16] H. Ha et al., “A bio-impedance readout IC with digital-assisted baseline 
cancellation for two-electrode measurement,” IEEE J. Solid-State 
Circuits, vol. 54, no. 11, pp. 2969–2979, Nov. 2019, doi: 
10.1109/JSSC.2019.2939077. 

[17] J. Booth et al., “Tibial nerve stimulation compared with sham to reduce 
incontinence in care home residents: ELECTRIC RCT,” Health Technol. 
Assess., vol. 25, no. 41, pp. 1–110, Jun. 2021, doi: 10.3310/HTA25410. 

[18] L. Euler, L. Guo, and N. K. Persson, “Textile electrodes: influence of 
knitting construction and pressure on the contact impedance,” Sensors, 
vol. 21, no. 5, pp. 1578–1598, Feb. 2021, doi: 10.3390/S21051578. 

[19] T. A. L. Wren, K. P. Do, S. A. Rethlefsen, and B. Healy, “Cross-
correlation as a method for comparing dynamic electromyography 
signals during gait,” J. Biomech., vol. 39, no. 14, pp. 2714–2718, Jan. 
2006, doi: 10.1016/J.JBIOMECH.2005.09.006. 

[20] J. Luo and E. Konofagou, “A fast normalized cross-correlation 
calculation method for motion estimation,” IEEE Trans. Ultrason. 
Ferroelectr. Freq. Control., vol. 57, no. 6, pp. 1347–1357, Jun. 2010, 
doi: 10.1109/TUFFC.2010.1554. 

[21] T. Derrick, “Time series analysis: the cross-correlation function,” in 
Innovative Analyses of Human Movement, N. Stergiou, Ed., Champaign, 
Illinois, USA: Human Kinetics Publishers, 2004, pp. 189–205. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 


