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Abstract: This review delves into the growing field of flexible and stretchable strain sensors utilized in human
gait analysis, focusing on determining knee bending angle and muscle activities when a human subject walks.
Recent advancements have enabled these sensors to accurately capture biomechanical parameters while
accommodating the body's natural movements. We examine the principles underlying these sensors' design
and fabrication techniques, emphasizing their flexibility, stretchability, and biocompatibility for seamless
integration into wearable systems. Through critical evaluation of existing methodologies, we assess the
reliability and validity of these sensors in quantifying gait parameters. Furthermore, we discuss this
technology's clinical and research implications, highlighting its potential in personalized rehabilitation and
sports performance optimization. We provide an overview of flexible strain sensors and their application for
analyzing human walking gait, especially for observing walking gait in rehabilitation programs. First, we
present the basic working principles of various flexible strain sensors. Second, by the application of flexible
strain sensors as walking gait monitoring. Finally, current challenges and future opportunities in this research
area are discussed. By synthesizing current knowledge and outlining future directions, this review aims to
provide insights for researchers and practitioners seeking to leverage flexible and stretchable strain sensors for
comprehensive human gait analysis.
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1. Introduction

Human walking is an intricate, repetitive motion that demands precise coordination among
muscles, central commands, and various joints within the lower limbs. This complex process spans a
diverse array of disciplines, incorporating biomechanics, kinesiology, dynamics, and rehabilitation
medicine. Gait is a unique behavioral characteristic of the human walking process, characterized by
body balance, appropriate step length, minimum energy consumption, and fundamental symmetry
of both feet [1]. Gait measurement is the study of human movement characteristics, including
temporal, spatial, and kinematic characteristics. The parameters obtained from gait measurement can
be used to assess the health status of the human body further [2].

The assessment of knee kinematics during gait is helpful in several areas, including clinical,
rehabilitation, and health promotion. Recent studies of over 100 community-dwelling older adults
have shown that older adults with movement syndromes have smaller knee flexion angles during
the swing phase of gait, which may be related to dyskinesia [3,4]. In another study of community-
dwelling older adults, more significant variability in knee kinematics during gait was found in older
women with frailty compared to older women without flaws [5]. Therefore, it is essential to assess
knee kinematics during gait to detect functional deficits in gait analysis [3-5].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Flexible sensors, characterized by stretchability, self-healing ability, high mechanical toughness,
and tactile solid sensing ability, are widely used in healthcare, sports, robotics, defense, and
maintenance [6,7]. In contrast to cumbersome traditional approaches to medical health monitoring,
flexible sensors offer a lightweight, compact, cost-effective, and user-friendly alternative. These
features enable people to continuously monitor their physiological health in real time, providing
prompt and early detection and long-term continuous observation of physical health status.
Therefore, developing flexible flex sensors may provide a portable method to compensate for some
of the shortcomings of centralized healthcare services [8,9].

In this paper, we provide an overview of flexible strain sensors and their application for
analyzing human walking gait, especially for observing walking gait in rehabilitation programs. First,
we present the basic working principles of various flexible strain sensors. Second, by the application
of flexible strain sensors as walking gait monitoring. Finally, current challenges and future
opportunities in this research area are discussed.

2. Working Mechanism of Flexible Strain Sensors

Flexible sensors can enable real-time Measurement of human health indicators such as blood
pressure, body temperature, and muscle/skin stretch by continuously monitoring various health-
related physiological signals (e.g., body pressure, strain, and body temperature) in real-time [10,11].
Flexible sensors are categorized into the following four main groups based on their detection targets:
pressure sensors (e.g., pressure caused by pulse beat, heartbeat, breathing, etc.), strain sensors
(tension caused by joint bending, body movement, etc.), humidity sensors (body humidity), and
temperature sensors (body temperature) [12]. Among them, highly stretchable and highly sensitive
strain sensors can be bent and twisted to detect the full range of body movements, adapt to more
complex body surfaces, and enable the detection of more physiological information on body surfaces
[13,14].

Flexible strain sensors are mainly classified into piezoelectric, triboelectric, piezoresistive, and
capacitive sensors by recording changes in resistance, capacitance, piezoelectricity, and
triboelectricity to realize the monitoring of external mechanical signals [13]. Tables 1-4 summarize
the sensor performance for these four operating mechanisms. In each table, the sensors are compared
and tabulated in terms of material, sensitivity, stretchability, response time, stability, and structural
layout. Discussions and some typical examples are provided within each working mechanism type.

Table 1. Summary of Strain Piezoresistive Sensors.

Sensitivity Stretchabilit Response Durability

Active Material truct
ctive Materia (GF) y (%) Time (ms) (cycles) Structure
SEBS&CB [16]  >23 110% - 5000 nanocomposite
strands
three-dimensional
CNT/PDMS [17] - 90% 38 2000
porous
GNP&PDMS 69 60% 10 1500 flatbed
(18]
nitrile
elastomers and g0 1515690 30% 75 >2000 (at flatbed
graphite 30% strain)
nanoflakes [19]
MWCNTs&PU 62.37 80% 0.6 2000 three-dimensional
[20] porous
TPU&CNPs 70 102% - 1000 textiles
(23]
CNT-PEI [24] 350 50% - - textiles

Table 2. Summary of Strain Capacitive Sensors.
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Sensitivity Stretchability Response Durability

Acti ial El
ctive Material Electrode (GF) (%) Time (ms) (cycles) Structure
raphite Mix of flat
paper [26]  ©°F 0.335 - 5 - and finger
inserts
Mix of flax
PDMS&CNT Aluminu 0.047 100% 120 5000 a.nd Th.ree-
[27] m dimensional
porous
PU [29] SWCNT 0.8 100% - 1000 flatbed
PDMS[31] C-PDMS - - - - finger
inserted
Ecoflex YSil 4 at 100%
150% - 1 fl
0030 [33] ver83  strain 50% 000 atbed
Table 3. Summary of Strain Piezoelectric Sensors.
Electrode Voltage Durability (cycles) Current
Ni-CAT@CC [39] 2.1V 100 0.5pA
BSST [40] 3.05V 50000 44.5nA
BiCls/ZnO/PVDF [41] 4.9V - 45nA
WS2 [42] 2.26V - -
PZT/Cu@Ag [43] 61V - 1.1uA
Table 4. Summary of Strain Triboelectric Sensors.
Active Material Sensitivity Stretchability = Durability Power
(GF) (%) (cycles)
PDMS & CB [47] - 35.2% - 2962V in 2.0 Kef
loads
Current: 150nA,
nylon & PTFE [48] 1.33 - 4200 Voltage: 10V
PDMS/Cu & BC/CSM 024 i 1000 Current: 500nA,
[49] Voltage: 23V
o Current: 40.1nA,
nylon & PTFE [50] - 1700% - Voltage: 2.4V
1 : ,
PDMS & LiCl [51] - 250% - Voltage: 360V

Current: 2ImA

2.1. Piezoresistive Strain Sensors

Piezoresistive sensors are a type of strain sensor commonly used for health monitoring. When
the conductive material of the sensor undergoes mechanical deformation due to the applied strain,
the resistance of the sensor changes [15]. Many researchers have recently developed various
piezoresistive sensing mechanisms to prepare strain sensors with tunable sensitivity and strain factor
(GF).

For example, Jamatia T. et al.[16] prepared conductive nanocomposite chains with styrene-b-
(ethylene-co-butylene)-b-styrene triblock copolymer (SEBS) and carbon black (CB) by solvent
treatment method (Figure 1a). They used them to prepare a measurement factor more significant than
23 stretchable piezoresistive strain sensors. The sensor has good flexibility and conductivity and has
a sizeable piezoresistive effect linearly correlated with the applied strain. When measuring joint
motion, the sensor could detect the motion cycle during walking. Paul S.J. et al. [17] reported a
piezoresistive sensor created by infiltrating PDMS's active fillers (CNTs/rGO) on a 3D porous support
(Figure 1b). Carbon nanotubes (CNTs) and reduced graphene oxide (rGO) hybridization
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synergistically improved electrical and sensing properties by providing better interfacial contact,
high electron/phonon transfer, low intertube slip, and reduced phonon scattering. The sensor has
excellent permeability properties such as wide linear range, large-scale force sensing, ultra-
compressibility, good durability, fast response recovery time, and sound sensitivity. The sensor
monitors human flexion and can also be placed on the sole of a shoe for reliable real-time gait
monitoring. Sharma, P. et al. [18] proposed graphene nanoparticles- polydimethylsiloxane (GNP-
PDMS) piezoresistive stretchable strain sensor with high stretch, high flexibility, and high sensitivity,
with a measurement factor of 69, i.e., it is capable of detecting small movements of the wrist impulses
as well as recognizing the body's joint bending motion. Madhavan R. [19] proposed a network crack-
assisted wearable strain sensor on highly elastic nitrile elastomers sprayed with graphite nanolakes
(Figure 1c). The sensor has an ultra-sensitive measurement factor (GF) of 868.12 + 56.90, a wide
sensing range of up to 30% strain, remarkable reversibility, ultra-fast response, and fast recovery (7.5
ms, 5 ms, respectively), and excellent durability (more than 2000 tensile release cycles). The sensors
detect human activity monitoring, healthcare and biomedical-related vital signs, soft robotics, and
entertainment technologies.Wang XJ. et al. [20] developed a simple and efficient method to fabricate
three-dimensional (3D) light piezoresistive sensing materials by coating multi-walled carbon
nanotubes (MWCNTs) on the surface of polyurethane (PU) foam. The PU foam prepared with SEBS-
g-MAH and polyether polyol showed high elasticity and stability in MWCNTs/DMF solution.
Piezoresistive sensors were assembled with MWCNTs/PU composite foam and copper foil
electrodes. The assembled pressure sensor has high sensitivity (62.37 kPa'), wide operating range (0-
172.6 kPa, 80% strain), fast response time (less than 0.6 s), and reliable repeatability (greater than or
equal to 2000 cycles). It shows potential application in real-time human motion detection (e.g., arm
bending, knee bending).
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Figure 1. (a) Illustration of a stretchable and flexible SEBS/CB strand preparation [16];(b) A schematic
representation of the synthesis of PDMS nanomaterial sponge. Reproduced with permission [17];(c)
The construction process of the graphite nanoflake/nitrile elastomer strain sensors [19];(d) Processing
of CNTs using continuous ultrasonication and functionalization with ozone followed by PEI the
chemical structure of PEI with amine groups, which protonate under mildly acidic conditions, and a
schematic diagram of EPD in an aqueous bath where the fabric is in contact with the cathode.
Reproduced with permission [24].

However, since the resistivity of materials generally changes with temperature, piezoresistive
sensors are susceptible to the effects of temperature and humidity changes in the external
environment [21]. Because piezoresistive sensors are used in wearable systems, environmental
factors or contact with the human body (e.g., sweat, body fluids, etc.) may cause the output signal to
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drift. The resistance relaxation phenomenon occurs during the process of use. This phenomenon
leads to repetitive errors and hysteresis in piezoresistive sensors, leading to a significant mistake in
measuring joint angles [22].

Other researchers have focused their studies on fabrics to make piezoresistive sensors more
applicable to the human body. Ahmed, S. et al. [23] utilized a mixture of thermoplastic polyurethane
(TPU) and Carbon Nanoparticles (CNPs) to fabricate vertically-structured Electrostatically Spun
Nanofiber Yarn (ENFY), which were attached to human joints to detect the flexion and tensile
responses of the joints effectively. Doshi, S. M. et al. [24] functionalized multi-walled carbon
nanotubes by electrophoretic deposition (EPD) with polyethyleneimine (CNT-PEI) attached to an
everyday fabric to wrap the fiber surface of the fabric (Figure 1d). The fabric can be used to measure
the motion of human joints under walking gait.

2.2. Capacitive Strain Sensors

Capacitive strain sensors analyze/calculate externally applied strains by recording changes in
the sensor output capacitance. Levestam et al [25] proposed a stretchable interdigitated capacitive
sensor in the form of interdigitated transducer (IDT). The sensor was used to monitor the knee joint
status and efficiently obtained knee angle data (Figure 2a). Arshad A. et al. [26] proposed a dual
temperature motion (ARDTM) wearable sensor patch fabricated from graphite and paper. Graphite
extracted from discarded dry cell batteries was mixed with gel to make a conductive graphite paste.
The conductive graphite paste was brushed and coated on the pasted paper to prepare a resistive
temperature sensor and a capacitive motion sensor (Figure 2b). The motion sensors successfully
recognized various body joint motions (finger, elbow, wrist) by monitoring the change in capacitance
during body joint movements. Zhong Y. et al. [27] used negative pressure to prepare porous
structures with gradient dielectrics assembled from porous structures doped with different carbon
nanotube ratios (Figure 2c). The gradient dielectric can achieve series-parallel conversion during
pressure-induced deformation and realize linear behavior of capacitive performance under full-scale
pressure. Therefore, capacitive sensors based on optimized gradient dielectric layers can achieve a
high sensitivity of 0.247 kPa! and a wide linear range of 0-175 kPa, which can be widely used in
monitoring physiological signals and human motion such as arterial pulse, respiration, knee flexion,
elbow flexion degree, and walking and running status.

Parallel plate structures have become the most popular architecture for capacitive sensor design
due to the advantages of ease of construction and ease of modeling [28]. Nakamoto H. et al. [29]
constructed a flexible tensile sensor with three elastomer layers and two electrode layers using
polyurethane elastomer and single-walled CNTs conductive electrodes. The sensor is fragile
(thickness: 150 pm) and has high elasticity (up to 100%), low stress (0.8 MPa at 100%), durability (1000
cycles at 50%), lightweight (~1.1 g/cm?) and sensitivity (1 pF/mm?). The strain sensor was tested on
cloth fabric and confirmed to measure the tensile area of flexible materials.

Various composite materials are often used to develop stretchable capacitive sensors due to the
advantages of low cost, high aspect ratio, excellent electrical conductivity, and high transparency
[30]. Prakash K.S. et al. [31] used 0.5 mm thick carbon black polydimethylsiloxane (C-PDMS) as the
sensing portion and pure PDMS as the substrate to fabricate capacitive sensors having 279 fingers of
staggered capacitance and two contact areas. The relative capacitance change per 5° angle from 10°
to 45° was =0.01. The data indicate that the sensor can effectively measure internal tibial rotation of
the knee joint.
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Figure 2. (a) Capacitive sensors in the form of IDT on knee brace [25];(b)Schematic illustration of the
ARDTM sensor fabrication process Reproduced with permission. Reproduced with permission
[26];(c) Schematic illustration of the structure based on a hybrid dielectric layer. Reproduced with
permission [27];(d) Stretchable fabric electrode-based strain sensor. Reproduced with permission [33].

In order to achieve higher sensitivity and stretchability of the sensors, materials with low
mechanical modulus, such as PDMS, polyurethane (PU) and degradable plastics (Ecoflex) are
required as the substrate of the sensors. When an applied strain causes deformation of the elastic
substrate, which changes the dielectric layer's thickness and the overlap area between the two
electrodes, then the capacitance changes in response to the strain [32]. Singh, N. K. et al. [33]
fabricated a highly stretchable capacitive tensile strain sensor using silicone elastomer Ecoflex 0030
as a dielectric film sandwiched between a conductive and stretchable textile base (silver-coated
textile-YSilver83) as electrodes (Figure 2d). For capacitive sensors, if the effect of the edge electric
field is ignored, the effect of temperature and humidity on the dielectric constant is less than their
effect on the conductivity, so this drift of the output value with temperature is almost non-existent in
capacitive sensors [34].

Based on the characteristics of the two sensing mechanisms (piezoresistive and capacitive) in the
above discussion, some researchers have conducted comparative tests on them under the same
experiment. Zhang S.M. et al. [35] proposed a simple and scalable porous piezoresistive/capacitive
dual-mode sensor with a porous structure of polydimethylsiloxane (PDMS) with a porosity of 53.9%
and multi-walled carbon nanotubes (MWCNTs) embedded on the inner surface to form a conductive
network with a three-dimensional spherical shell structure. Due to the unique spherical shell
conductive network and uniform elastic deformation compression of the cross-linked PDMS porous
structure, the sensor provides piezoresistive/capacitive strain sensing capability, a vast pressure
response range (1-520 kPa), and linear response region (95%), good response stability and durability
(98% of initial performance after 1000 compression cycles). The sensor can monitor joint motion, sign
language recognition, and speech recognition by monitoring facial muscles. Dong T.Y. et al. [36]
prepared two high-performance stretchable strain sensors (resistive and capacitive) based on
customized, flexible electrodes. Using the solvent casting method, multi-walled carbon nanotubes
(MCNTs) were embedded in plasticized polyvinyl chloride (PVC) as flexible electrodes. Resistive
strain sensors were fabricated from flexible electrodes and 3 M 4905 tape. Based on the preparation
of resistive sensors, capacitive sensors were obtained by a simple stacking step (Figure 3). The test
results yielded both resistive and capacitive sensors with high tensile strain (>100 %), low Young's
modulus (< 200 kPa), fast response time (< 140 ms), and sound static and dynamic properties.
However, capacitive sensors have better linearity and long-term repeatability than resistive sensors.
Hermann, A. et al. [37] compared the ability of silicon-based piezoresistive sensors and capacitive
silicon-based sensors to measure knee flexion angles. It was verified that pants with capacitive
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sensors (mean error of 3.4°+5.1°) were more accurate than pants with piezoresistive sensors (mean
error of 10.6°+7.5°) and had less hysteresis effects and high correlation with the reference system. To
summarize, capacitive flexible sensors have high linearity, low time delay, low response time, low
overshoot, and good dynamic durability, which make them more suitable than piezoresistive sensors
for continuous real-time monitoring of human movement.
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Figure 3. Preparation of two stretchable sensors, piezoresistive/capacitive, based on customized
flexible electrodes. Reproduced with permission [36].

2.3. Piezoelectric Strain Sensors

Piezoelectric strain sensors rely on the piezoelectric effect of specific types of solid materials, i.e.,
the parameters such as the length and distance of the dipoles in the piezoelectric material change in
response to the applied force, increasing charge and voltage [38]. Since piezoelectric sensors do not
require additional power support, they are simple in structure, have high sensitivity, and have a swift
response to dynamic pressure. Therefore, piezoelectric sensors have been widely used to detect
emotional stimuli such as bending activity, vibration, sound, and sliding of fingers [39].

Fan Y. et al. [40] proposed to grow conductive nickel MOF (free-standing metal-organic
framework) nanowire arrays on carbon cloth (Ni-CAT@CC) and use Ni-CAT@CC as a functional
electrode for flexible piezoelectricity sensors. The resulting sensors can monitor human activities,
including elbow, knee, and wrist flexion. Deng L. et al. [41] successfully prepared high-performance
lead-free flexible piezoelectric nanogenerators (PENGs) based on BSST using high-temperature solid-
phase reaction and spin-coating methods (Figure 4a). They applied them to flexible self-powered
piezoelectric sensors, successfully demonstrating how to monitor human joint motion. Zhang D.D.
et al. [42] prepared a unique bismuth chloride (BiCls)/zinc oxide (ZnO)/poly (vinylidene fluoride)
(PVDF) nanofiber-based highly flexible piezoelectric nanogenerator (PENG) by electrostatic spinning
technique (Figure 4b). The utility of its PENG was demonstrated by placing the PENG on the elbow
and knee joints to monitor human movement, with maximum VOC peaks of 3 V (elbow) and 0.6 V
(knee) by bending and stretching between specific angles. Wang Q. et al. [43] proposed a flexible
piezoelectric sensor (FPS) based on a monolayer of tungsten disulfide (WS:z), which generates
electrical energy during human movement. The maximum voltage of the generator is 2.26 V. When
13 kg is applied periodically, the energy produced is 55.45 pJ on a capacitor (capacity: 220 pF). The
generator can meet the energy requirements of human movement as it has 7.74 V (knee), 8.7 V (sole),
and 4.58 V (elbow) on a runner (weight 75 kg). The output voltages reflect different patterns for
different body parts. Zhu ]. et al. [44] presented a novel high-performance stretchable PZT
particle/Cu@Ag branching nanofibers (BNFs) nanocomposite piezoelectric generator (NCPG). The
sensor has a high output performance (Vpeak-peak = 61 V, Ipeak-peak = 1.1 YA, 22.36 pw cm?) and can be
used as a self-powered body motion sensor to differentiate the knee flexion angle and frequency.
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Figure 4. (a) Schematic of a flexible sandwich-structured PENG based on BSST/PDMS composites

[41]; (b) Schematic design of PVDEF/BiCl3/ZnO nanofiber-based PENG. Reproduced with permission
[42].
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However, piezoelectric strain sensors cannot detect static loads, and the output value drifts with
time in the sensing response, which is less reliable. In conclusion, piezoelectric strain sensors based
on nanomaterials usually exhibit high sensitivity, fast response time, and ultra-low power
consumption but are still limited in stretchability [45].

2.4. Triboelectric Strain Sensors

As an emerging sensor device, Triboelectric strain sensors have experienced rapid growth in the
field of wearable electronics. Triboelectric strain sensors are typically made of two materials with
opposing abilities to acquire an electrical charge. Contact and separation between the two materials
trigger a charge transfer, resulting in a measurable alternating current or voltage in an external circuit.
The magnitude of the electrical signal can correspond to the mechanical force applied to the sensor
[46].

S0 S.Y. et al. [47] proposed a hybrid sequential additive fabrication process combining a squeeze
injector and a fused deposition model to fabricate a high-performance triboelectric sensor based on
porous PDMS. The structure manufactures a cylindrical triboelectric sensor that can be worn on the
finger. The sensor is effective in quantitatively analyzing finger joint motion. Lou M.N. et al.
[48]developed a friction electric sensing textile of core-shell yarns. In the braided structure, nylon
filament and polytetrafluoroethylene (PTFE) filament were used as positive and negative layers,
respectively, and a built-in spiral stainless steel wire was used as the inner electrode layer (Figure
5a). The sensitivity of the sensor is up to 1.33 V-kPa ! and 0.32 V-kPa! in the pressure ranges of 1.95
~3.13 kPa and 3.20 ~ 4.61 kPa, respectively, which can be efficiently used to measure and monitor
various human body motions associated with different joints such as hands, elbows, knees, and
armpits. Armpits. Huang J.Y. et al. [49] constructed self-powered active pressure sensors using bio-
based bacterial cellulose/chitosan (BC/CS) composites and polydimethylsiloxane (PDMS/Cu) films
doped with copper nanoparticles as the positive and negative friction electric layers, respectively
(Figure 5b). The triboelectric nanogenerator (TENG) exhibits good mechanical stability in the 10.5
kPa - 96.25 kPa range and a pressure sensitivity of 0.24 V-kPa'. Its ability to be mounted on various
body parts detects joint movements during sports, such as hand, elbow, armpit, knee, and foot
movements during hand clapping, badminton, running, shuttlecock, and jumping rope. Liu J.M. et
al. [50] developed a flexible and stretchable TENG with a coaxial spring-like structure (Figure 5c).
This unique structure allows it to generate electrical energy for different levels of tensile deformation.
Its output responds well to the strain and frequency of mechanical deformation. At the same time, it
has good stability and wearability. The TENG can be worn on human fingers, elbows, and knees to
monitor physical activity. Li H.[51] proposed a novel flexible triboelectric nanogenerator (SE-TENG)
with shape adaptation and scalability, which utilizes the biocompatibility, conductivity, and long-
term stability of lithium chloride solution as a working electrode for mechanical energy harvesting
and volleyball motion monitoring. The results show that the open-circuit voltage (Voc) of SE-TENG
can reach 360 V, and the short-circuit current (Isc) of SE-TENG can get 21 mA m?2. In addition, the
maximum output power of SE-TENG can be 2.4 W m=2. As a motion sensor, SE-TENG can obtain the
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motion information of various parts of the human body in volleyball, such as the elbow, knee, and

wrist.
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Figure 5. (a) Working principle of the sensing textile [48]; (b) Schematic diagrams of the TENG
structure. Reproduced with permission [49]; (c) Structure and working mechanism of the TENG [50].

2.5. Summary

Table 5 summarizes the advantages and disadvantages of commonly used sensor technologies
that can be applied to monitor walking gait. The advantages and disadvantages are based on publicly

available literature.

Table 5. The type of flexible strain sensors.

Type Sensing Mechanism Advantages Disadvantages
AN L t; .
\‘ /? AN Sim l(e)wrf)(;suction Hysteresis effect;
Piezoresistive P I‘ECGSS' Affected by
[15-24] p ’ temperature and
F Currently the most o
o hed humidity
D %f N researche
—— Simple structure;
] LOWCOSt;
_________ @ Not affected by
Capacitive [26- temperature; Low'sensitivity;
Low power Susceptible to external
37], [59-63] . s
consumption; electrical interference

Low detection
threshold;
Response time.




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 April 2024 d0i:10.20944/preprints202404.0418.v1

10

Special materials
Cannot be used for
High sensitivity under static measurements;

Piezoelectric . S
dynamic pressure; Limited in terms of
[38—45] i )
F | Response time tensile strength;
P S T T T S Affectedby
_an _l_||. LIRS temperature
—
Cannot be used for
%) Low cost; .
. . static measurements;
. . High sensitivity; .
Triboelectric [ . Susceptible to
precision; .
[46-51] . environmental
F¥ Response time;

influences;
Poor reliability;

I

3. Application of Flexible Strain Sensors as Walking Gait Monitoring

3.1. Rehabilitation Technology

In gait rehabilitation training, the early traditional rehabilitation training relies on the manual
assistance of physical therapists, but the rehabilitation effect depends on the experience and level of
the physical therapist; the work intensity is high; the manual training leads to uncertainty in the
training parameters; the trajectory of the movement, the speed and the strength of the action are
challenging to maintain good consistency, and other shortcomings constrain the effectiveness and
efficiency of the rehabilitation training. In recent years, the extensive research and use of gait
rehabilitation devices [52]to enhance the level of rehabilitation technology, such as Japan's HAL series
of robots with wearable exoskeleton structure (Figure 6) integrated with an inertial unit (IMU) for
detecting the posture of the lower limbs, plantar pressure sensors, and crutch control switches, to
achieve the identification of the patient's gait phases and the output of the appropriate driving torque
based on different gait phases.

Figure 6. A HAL exoskeleton. Reproduced with permission [52].

The priority in the various rehabilitation training modes is to develop a gait exercise program
suitable for the patient, i.e., gait planning. Walking in ordinary people is a mechanical movement of
the human body that experiences a specific time in a particular space by interacting with the ground
and does not require thinking. It is a complex random movement of the human body that includes
central commands, body balance, and coordinated control. It involves synergistic activities of many
muscles, such as the trunk and limbs, and various joints. The gait parameters of hemiplegic patients
differ from normal gait parameters, reflecting gait abnormalities [53]. Therefore, determining a
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rehabilitation gait quickly, accurately, and naturally for patients with different body morphologies
and disease conditions is essential to rehabilitation training.

Currently, video motion capture systems, force platforms, and instrumented trails are
considered the gold standard for quantitative gait analysis but are expensive, resource-intensive, and
limited to stationary use in laboratory settings [54]. Prolonged monitoring of kinematics is also not
possible in everyday life. As a result, optical motion analysis systems need more applications in
clinical and health promotion settings. Instead, a more affordable, easy-to-use, and less restrictive
method of gait analysis is currently available in wearable sensors [55].

3.2. Measurement of Knee Angle

Knee joint angle measurements are essential in medicine, rehabilitation, sports science, and
biomechanics. By measuring the angle changes of the knee joint under different activity and
movement conditions, researchers can analyze biomechanical properties such as joint movement
patterns, mechanical load distribution, and joint stability to understand further and improve human
movement and gait [56].

Wearable sensors widely used for knee angle measurement include inertial and flexible sensors.

In knee angle measurement, inertial sensors are mounted on different limb segments to
determine the human body's movement. By measuring the angular velocity and acceleration changes
generated during the rotation of varying limb segments and after calibrating and aligning the sensor
coordinate system with the human body coordinate system, the angles of different limb segments
turned relative to each other are calculated using angular velocity integrals or rotation matrices, etc.
Then, the angle of the joints in the human body that needs to be measured is obtained [57]. However,
low-cost inertial sensors have low measurement accuracy and noisy raw data; high-precision inertial
sensors are expensive and difficult to apply in daily human motion detection. In addition, inertial
sensor measurements come from angular velocimeters, accelerometers, and magnetometers, which
all have limitations in knee joint angle measurement; angular velocimeters and accelerometers can
lead to the accumulation of drift errors over a long period, and magnetometers can interfere with the
surrounding magnetic fields, such as metal products and electronic devices [58].

Flexible sensors are widely used in knee joint angle measurement due to their flexible material
properties, high comfort, portability, and fast response time. Flexible strain sensors can be arranged
on the surface of human skin or garments to fit the joint surface and measure the change in joint
angle.

Some researchers have used simple fabricated flat plate capacitive strain sensors to measure the
knee joint angle by modeling calculations. Hiroyuki Nakamoto et al. [59] proposed a capacitive
stretchable strain sensor that stretches more than 200% at low elastic strains and accurately measures
strain. The main advantages of this strain sensor are its thinness, lightweight, and low elastic
modulus. If the strain sensor is attached to the human skin above a joint, it does not impede the joint
movement; therefore, the skin's degree of stretching can be measured. The proposed method uses a
simple mechanical model to estimate the joint angle by skin stretching. The strain sensors are applied
to the knee and ankle joints in the experiments. The average error between the estimated angle
measured by motion capture and the reference joint angle is within 5°.

Goto D. et al. [60] developed a bending angle sensor based on a double-layer capacitive type and
performed three tensile, bending, and cyclic tests to evaluate its effectiveness. The sensor minimized
the change in capacitance difference in the tensile test. The hysteresis rate and root mean square error
(RMSE) were 8.0% RMSE and 3.1°in the bending test compared to the optical motion capture method.
Cyclic experiments on human joint angle measurements yielded RMSEs ranging from 4.7°to 7.0°.
Practical quantitative analysis of knee motion (Figure 7).
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Figure 7. Double-layer capacitive bending angle sensor in knee joint [60].

Some researchers have made innovative designs on flat plate structures to enhance the
performance of capacitive strain sensors to monitor knee activity more effectively. Han X. et al. [61]
used a novel multi-needle water bath electrostatic spinning method to coat polyamide 6 (PA6)
nanofibers on the surface of silver-plated nylon (thiocyanate) core yarn. SCN/PA6 nanofiber core-
spun yarns were prepared, and linear flexible capacitive sensors with double helix structures (Dual
helix structure of linear flexible capacitive sensors, DHSCSs) were prepared by putting two different
elastic rubber wires. The linearity and sensitivity of the DHSCSs gradually decreased with increasing
strain. The DHSCSs were capacitively stable under long cyclic stretching conditions with good
repeatability and stability. The sensing performance of DHSCSs did not change at different stretching
speeds, and the change in capacitance was not affected by the stretching rate. DHSCSs can monitor
intermittent and continuous knee flexion, walking, and human body movement in real time.

Geng W. et al. [62] produced a capacitive filament with high performance obtained through a
simple material and manufacturing process using dip plating. The capacitor was designed to create
a sensor with high baseline capacitance and low noise through the use of an interface between the
dielectric layer and the electrodes, good mechanical response through the use of a primitive core
filament to support the capacitive sensor assembly, and high stable and reliable signals without the
need to use specific conductive devices. The sensor is highly linear over the sensing area required by
the knee brace device (Figure 8), which can predict knee angles within 1.79° with a simple calibration

protocol.
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Figure 8. Capacitive sensors with high-performance capacitive filaments for knee applications [62].

Some researchers have used conductive fabrics in capacitive strain sensors to make the sensors'
linear output more stable in monitoring knee motion. Atalay O. [63] presents a new sensor design to
create stretchable, capacitance-based strain sensors for human motion tracking. This involves using
stretchable, conductive knitted fabrics in a silicone elastomer matrix that acts as interleaved
electrodes. The conductive material created a secure conductive network for the electrodes, while the
silicone matrix provided encapsulation and dimensional stability to the structure. During benchtop
characterization, the sensor showed linear output, i.e., R?=0.997, with high response time, i.e., 50 ms,
and high resolution, i.e., 1.36%. Finally, the motion of the knee joint was successfully recorded in
different scenarios (Figure 9).
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Figure 9. Capacitive sensors based on stretchable conductive fabrics for knee joints [63].

3.3. Measurement of the Lower Limb Muscles

Normal walking requires the alternating involvement of various lower limb muscle groups.
Normal variation of muscle groups during walking constitutes the gait characteristics of an
individual, and variation beyond a certain range due to pathological factors constitutes abnormal gait
[53]. Each skeletal muscle has three parts: a muscle belly and two tendon ends. Muscle contraction is
elicited by activation potentials transferred through nerve cycle connections. Electromyography
(EMG) utilizes this property to derive voltages measured with electrodes. Most studies use
electromyography (EMG) to measure superficial muscle activity; deep muscle activity cannot be
sensed, the signal is susceptible to interference, and it is unsuitable for prolonged monitoring.

Nerves and muscles control lower limb movement, and the muscle belly contains multiple
muscle patches. Each muscle patch consists of muscle fibers composed of fine muscle fibers. During
muscle contraction, the filaments in each muscle fiber slide against each other. Contraction can be
perceived visually as increased muscle abdominal circumference due to fiber sliding [64].

Measurement of muscle deformation is a new area of research, and several scholars have begun
using flexible sensors to monitor it. Hughes and Lida [65] developed a strain sensor incorporating
conductive particles into a non-conductive silicon matrix for measuring gait and muscle contraction
(Figure 10a). Wang H.M et al. [66] fabricated a DS-TENG matrix as a strain sensor, and monitoring
the output voltage could reflect the degree of deformation in different muscle regions (Figure 10b).
Zahid et al. [67] designed a textile-based strain sensor to monitor human muscle activity effectively
during rehabilitation therapy (Figure 10c). Alvarez ].T. [68] proposed a method capable of tracking
soft strain sensors' changing muscle force output by non-invasively measuring muscle deformation
(Figure 10d).



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 April 2024 d0i:10.20944/preprints202404.0418.v1

Rubber Strain sensing Electrodes to

strap material sensor

Time (sec)

(c)

Figure 10. (a) Piezoresistive strain sensors for muscle contraction measurements [65]; (b) DS-TENG
strain sensors for localized muscle deformation degree measurements. [66]; (c) Fabric-based resistive
strain sensors for human muscle activity measurements. Reproduced with permission [67]; (d)
Piezoelectric strain sensors for muscle deformation measurements [68].

4. Conclusions

With the aging of society, the health of the elderly is of great concern. Both disease visits and
rehabilitation put tremendous pressure on the healthcare system. At the same time, increasingly
elderly people want access to home healthcare as the core of wearable devices for comfortable,
portable, and effective access to the lower limb activities of the elderly, so flexible strain sensors have
a prominent future. It is believed that in the future, with the research and development of materials,
improvement of process, development of communication network, improvement of data processing
capability, and solution of the sensor energy problem, flexible strain sensors will play a greater
application value in lower limb movement monitoring under walking gait, which will, in turn,
promote the development of intelligent portability in the whole medical rehabilitation field. Despite
all these efforts, wearable sensors still need to be improved to be useful as a long-term, continuous
tool for observing walking gait in rehabilitation programs. There are several aspects that require
further consideration.

1. Sensor design aspects: Firstly, it is important to understand the material-dependent structure-
property relationships that control the conduction mechanisms of each sensor to further improve
the form factor, flexibility, robustness, and efficiency style of the final device. Integrating
piezoresistive materials into garments to provide high GF while maintaining stretchability is a
key challenge that has yet to be satisfied. Achieving high linearity in the output signal and
realizing low hysteresis behavior are two other important factors that need to be addressed
through improved material design and selection. Therefore, improving the performance of the
sensors remains the main research direction for applying flexible sensors to knee joint activity
detection. Second, unimodal devices have been developed and introduced to detect a single
sensory signal in most previously reported sensors. However, multimodality, ie., the
simultaneous detection of multifaceted sensory signals such as knee motion, muscle activity,
and plantar pressure, is urgently needed during real-world walking gait monitoring. Therefore,
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approaches such as integrating multiple responsive materials into a single structure or
minimally integrating multiple sensors are worth considering. Third, the development of sensor
apparel integration that can be quickly and easily put on and taken off can provide users with
comfort and long-term applications and should be seriously considered in the future.

2. Sensor data processing: The data collected during walking, such as knee angle, muscle activities,
foot pressure, etc., the ability to distinguish or classified different walking gaits requires
intelligent processing algorithm. Those require the support of big data and the application of
machine learning, which is one of the directions for future research.

3. Energy aspects of sensors: Providing power is integral to designing any electronic device. Low-
power devices can be considered to make sensors work efficiently in long-term applications
without batteries. Some researchers have also thought differently and utilized self-powered
sensors as power providers. For example, Yuan J. et al. [69] developed a fully automated force-
leg motion sensing system integrating (F-TEG), low-power sensing, edge computing, wireless
transmission, and smart power management for daily human health monitoring. F-TEG
achieves highly efficient thermoelectric conversion (up to 1600 uW) and demonstrates good
flexibility and excellent sustainability in wearable thermoelectric performance, allowing the full
powering of the entire monitoring system.
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