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Abstract
The trends of health wearable monitoring system have led to growing demands for gait capturing device.
The comfortability and durability under repeated stress in the existing sensor-enabled footwear are still
problems. Herein, a �exible textile piezoresistive sensor (TPRS) consisting of rG-cotton fabric electrode
and Ag fabric circuit electrode is prepared. Based on the mechanical and electrical properties of two
fabric electrodes, the TPRS exhibits superior sensing performance, which includes high sensitivity of
3.96kPa-1 in the lower pressure range of 0-36kPa, wide force range (0-800 kPa), fast response time (170
ms), remarkable durability stability (1000 cycles) and dection ability in differrent pressures. For practical
application of capturing plantar pressure, six TPRSs are mounted on a �exible printed circuit board and
integrated into an insole. The dynamic plantar pressure distribution is displayed through drawing the
pressure maps during walking. The proposed full textile piezoresistive sensor is a strong candidate for
next-generation plantar pressure wearables monitoring device.

1. Introduction
Flexible wearable device, an unobtrusive sensing interface with the human body, has already become a
key tool for capturing human physiological parameters[1-4]. Recently the trend of �exible wearable
device has been focused on improving the performance of softness, breathability and stability[5]. Textiles
have become an ideal substrate material for �exible wearable devices due to their high extensibility, easy
processing, and low cost [6]. Especially, cotton textiles with large contact surfaces and excellent
mechanical properties are introduced to build �exible sensing systems that are comfortable for the
wearer [7]. These advantages play key roles in the performance of capturing human information when
integrated to a full wearable monitoring device. As a result, a signi�cant number of �exible textile devices
with high sensitivity and biocompatibility with skin have been designed for capturing the human
movement [8-11]. As piezoresistive pressure sensors are associated with simple preparation process, they
possess tremendous potential for wearable device applications [12-17]. For instance, an ultrasensitive
�ber-based piezoresistive sensor that can be used to observe the walking signal was fabricated [18].

Wearable plantar pressure capturing system is one of the candidates that greatly bene�t from the textile
piezoresistive pressure sensors. Analysis of dynamic plantar pressure patterns are used to early alarm
and prevention of foot deformities or discovery and rehabilitation monitoring in the advanced stages [19,
20]. The timely detection of abnormal pressures can prevent the development of diabetes ulcers for
diabetic [21, 22]. Also, deviations in gait dynamics could indicate the progression of dementia
development [23]. Traditional systems for capturing plantar pressure include force plates and pressure
sensing walkways [24]. However, the use of these devices is limited to laboratory settings, which makes
them unsuitable for continuous monitoring [25-28]. Hence, active engineering and research efforts have
been devoted to realize capturing plantar pressure continuously. Sensing insoles can detect dynamic
pressure patterns under the main weight-bearing locations of the foot [29-32]. Even though these systems
can re�ect the dynamic plantar pressure accurately enough, many of them are not biocompatible with the
human skin, and easily deform under repeated external pressure, which restricts their application in gait
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monitoring [33-35]. Hence, the growing trend of wearable system allow continuous monitoring of plantar
pressure patterns, and does not affect the comfort of wearing at the same time.

In the present work, we aim to design a �exible, yet mechanical and electrical stable full textile
piezoresistive sensing device with a monitoring system for capturing plantar pressure. Here, the cotton
fabric, a basic wearable material with the characteristics of softness, breathability and high
conformability, is designed as the substrate to construct the fabric electrode. The rGO-cotton fabric
electrode and Ag fabric circuit electrode demonstrate a high conductivity of 16.3 kΩ/cm and 0.5 Ω/cm.
With the help of rGO and Ag, the TPRS with high �exibility and durability endowed by fabric electrode
shows high sensitivity of 3.96kPa-1 in the lower pressure range of 0-36kPa, wide force range (0-800 kPa),
fast response time (170 ms) and remarkable durability stability (1000 cycles). To illustrate the use of the
proposed TPRS in capturing plantar pressure, six TPRSs are mounted on a �exible printed circuit board
that is attached to the textile part of a commercial insole to form a complete sensor device for monitoring
the plantar information. The device is connected to a custom electronic acquisition module, and its
capability to re�ect plantar pressure is proved. The provided pressure distribution performance results of
gait capturing indicate that the textile �exible piezoresistive sensor has tremendous application potential
in wearable device.

2. Experimentation
2.1 Materials and reagents

The graphene oxide (GO) was purchased from Suzhou Crystal Silicon Electronice & Technology Co, Ltd,
china. The Ag paste and sodium hyposul�te were purchased from aladin. All reagents were of analytical
grade and used as received without further puri�cation.

2.2 Fabrication of rGO-cotton fabric electrode

To enhance the interface adsorption of cotton fabric, the fabric electrode was treated with oxygen
plasma. The pretreated cotton fabric was prepared by cleaning the fabric with deinonized water to
remove the impurities, after that the cleaned fabric was treated with oxygen plasma for 5min. And the
rGO cotton fabric electrode was prepared by repeatedly impregnating and reduction. The fabric was
immersed in 3 mg/ml GO in deionized water solution for 15 min and dried in an oven at 80°C for 30 min.
After repeating this process three times, the GO on the surface of the cotton was reduced to rGO in
sodium hyposul�te solution (10g/L) at 90°C for 8h.

2.3 Fabrication of Ag fabric circuit electrode

A mask was formed in the PI tape covering the surface of the cotton �bres using a laser cutting machine.
The unnecessary cut part of the PI tape was removed using tweezers to obtain the fabric electrode circuit.
After treatment with oxygen plasma, the circulation circuit was coated with silver paste, and the
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conductive circuit was treated in a vacuum drying oven at 70 ℃ for 30 minutes. Then, the conductive
fabric circuit was obtained by removing the PI tape.

2.4 Fabrication of the textile piezoresistive sensor

The TPRS was constructed with the conductive rGO cotton fabric electrode and Ag fabric circuit electrode,
where the outer surfaces of the both are covered by Polyimide (PI) tape substrate. In addition, the Ag
fabric circuit electrode was electrically connected with embedded copper electrode as interconnectors.

2.5 Fabrication of the sensor insole

With a limited number of sensors, the proper selection of sensor positions under the foot is essential [36].
In the insole, six piezoresistive sensors were mounted under the main weight-bearing positions, namely
the big toe, �rst and fourth metatarsal heads, the midfoot and heel. The sensors were �rst mechanically
�xed to the �exible printed circuit board using thin double-sided adhesive tape and were then electrically
connected. The sensor surface of the sole was covered with a thin transparent plastic sheet layer that
was also sewn to the textile base of a commercial insole. Finally, the complete sensor insole was placed
into shoes and connected to the electronic acquisition module.

In order to test the accuracy in re�ecting the pressure change, a commercial reference sensor has been
introduced for comparison with TPRS during walking. For that, each reference sensor was carefully
aligned on the top surface of its corresponding TPRS.

2.6 Characterizations

The SEM was used to investigated the morphology of fabric electrode. The swatches were coated with a
5-10 nm Au layer before the SEM imaging. A Keithley 2400 source/meter (4-wire) was employed to
measure the resistance of rGO cotton fabric electrode, Ag fabric circuit electrode. The pressure was
applied to the TPRS using the universal testing machine (AG-X plus, Shimadzu, Japan), and the
resistance of TPRS was tested using Keithley 2400 source/meter (4-wire). Before applying the pressure
on the TPRS, a cube (10mm× 10 mm) was designed to placed on the contact area.

3. Results And Discussion
Figure 1 demonstrates the fabrication process and structure of TPRS. The TPRS comprises the
conductive rGO-cotton fabric electrode (Fig1.b) and the Ag fabric circuit electrode (Fig1.c), in which the
outer surfaces of the both are covered by Polyimide (PI) tape substrate, as shown in 1a. And the TPRS are
assembled in different positions to obtain the insole which can monitor the gait information, as shown in
Fig 1d. Fig 1e-g show digital photographs of the insloe, encapsulated insole and smart shoe. A detailed
fabrication process of the TPRS is presented in the Experimental section.

Figure 2 shows the SEM images of morphology of the rGO-cotton electrode and the Ag fabric circuit
electrode. Compared with the control cotton fabric (Fig 2a), a uniform coating layer of silver paste was
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formed on the surface of cotton fabric, as shown in Fig 2b. And the surface resistance of Ag fabric circuit
electrode is 0.5Ω/cm, which can be attributed to the excellent conductivity of silver paste. To be noticed,
the reduced graphene oxide (rGO) is wrapped on the surface on the surface of cotton yarns, as shown in
Fig 2c-d. The surface resistance of rGO fabric electrode is 16.3KΩ/cm.

The sensing mechanism of TPRS is explained with the change in the resistance of the contact between
the rGO-cotton electrode and the fabric circuit one upon the application of pressure over the outer sensor
surfaces. Increasing pressure leads to the formation of small compressive deformations that enhance the
contact between the two conductive fabrics and reduces the interlayer distance between them. Thus also,
the number of electrical pathways between the two electrodes increases. With small forces, the decrease
in resistance is small, while it becomes evident at higher pressures. Also, upon initial contact between the
two electrode parts, the resistance of the sensor decreases rapidly, while this decrease becomes gradual
upon reaching full contact between the surfaces of the electrodes. This behavior of change of the sensor
resistance is explained with the fact that the graphene sheets are stacked together to form a graphite-like
bulk body, which accelerates charge hopping between the overlapping graphene islands [37]. When high
pressure is applied to the TPRS, charge hopping occurs between the overlapping graphene islands. After
unloading the pressure, the TPRS recovers its initial shape, which results in decreasing the contact area
and less electrical pathways. The changes of resistance upon the application of different pressures is
also thoroughly tested.

In this study, the sensing performance of the TPRS is assessed in terms of normalized resistance change,
response time, stable durability and dynamic response. A computer-controlled force gauge platform and
an electrical signal analyzer are used to test the dynamic characteristics under different test models. To
invetigate the performance of TPFS, the relative current changes (ΔI/I0) versus pressure is showned in Fig

3a. And the sensitivity of the TPFS is 3.96kPa-1 in the lower pressure range of 0-36kPa while the
sensitivity lowers to 0.49 kPa-1 in higher pressure range. This performance of TPFS in different pressure
range is consistent with the results discussed above. Fig 3b shows the relative resistance change of full
textile piezoresistive sensor under a pressure of 5 KPa. In this case, the TPFS shows the stable resistance
response, excellent repeatability and durability. The response and recovery time of TPRS are 170 ms and
261 ms, respectively, as shown in Fig 3d-e. Interestingly, the releasing time for higher pressure is much
longer. Under a larger force, the rGO cotton fabric electrode and Ag fabric circuit electrode are in close
contact, and recovery needs a longer time. It is worth emphasizing that the primary goal in the design is
to obtain a wearable full textile sensor that accurately re�ects plantar pressure changes rather than
pursuing fast response times.

In order to verify the adaptability of TPRS to varying plantar pressure and stability to repeated pressure
cycles, cyclic force (including loading and unloading process) between 0 and 80 N at a speed of 20
mm/min with 5s pause is applied to the TPRS. It is important for the TPRS to have excellent recovery
characteristics to ensure stable performance and a long lifetime. The durability performance along the
repeated cycles is illustrated in Fig 4a. Due to the excellent recovery characteristics of the cotton fabric,
the TPRS resistance returns to its initial value after unloading the pressure. The phenomenon of signal
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drift and structural damage are not signi�cant during the load/release cycles due to the excellent
mechanical and electrical properties of the cotton fabric electrodes. As shown in Fig 4b-d, the resistance
value of TPFS �uctuated at the moment of loading and releasing the pressure. In the whole cycle, the
inherent elasticity of the fabric electrode makes it di�cult for the two fabric electrodes to response
quickly to the external pressure, which brings about a delay of resistance variation. Interstingly, we
observe that the resistance of the TPFS has a jump and then chang rapidly as the pressure increases, as
shown in yellow area of Fig 4b-d. This can be explained by the contact resistance changed between rGO
cotton fabric electrode and Ag fabric circuit electrode upon the application of pressure over the outer
sensor surfaces. At the beginning, the resistance of the TPRS decreases suddenly when the two fabric
electrodes �rst contact. The increasing pressure leads to the formation of small compressive
deformations that enhance the contact point between the two conductive fabrics and reduces the
interlayer distance between them. For capturing plantar pressure, the sensor needs to have a high
sensitivity and this ability is also tested, as shown in Fig 5a. There is obvious resistancechange under
varying pressure with high sensitivity. It can be seen that the TPRS is more sensitive in a smaller pressure
range, but less sensitive to pressure in a larger pressure range. And the TPRS is capable of operating up
to the pressure of 800 kPa before failure (Fig S1). The sensor shows high sensitivity to the external
stimulus under the pressures as high as 800 kPa that are typical for plantar pressure measurements.

In order to interpret the relationship between current and voltage, pressure and current, and pressure and
resistance, a circuit are designed. And one of the bene�ts of the transimpedance ampli�er circuit is that it
maintains a constant voltage over the sensor, thus avoiding in�uence of eventual non-linearities of the
voltage-current characteristic of the sensor. As the reciprocal slope of the straight line represents the
resistance of the TPFS based on R=V/I, the current and voltage of the sensor are linear when the
resistance is constant. As shown in Fig 5b, the current almost increase linearly with the applied voltage
and the slope of the line did not change at the same pressure. When the constant voltage applied to the
TPFS, the current through the sensor increases correspondingly with the pressure increase. The
resistance will decrease when pressure is applied, resulting in an increase in the current (I=V/R). And the
slope of lines (Slope=I/V) will increase with the increase of pressure applied in TPFS, indicating that the
resistance value of TPFS decreases with the pressure increasing. It indicates that the TPRS exhibits high
resistance sensitivity and a high linear relationship between pressure and resistance.

Different pressure points under the foot can re�ect gait information. If the force points of the TPRS are
selected not properly, the correct gait information will not be detected [36]. Here, we demonstrated a
wireless wearable plantar pressure capturing device that employed our proposed textile piezoresistive
sensor. In the fabrication of insole for capturing plantar information, six piezoresistive sensors are
mounted under the main weight-bearing positions named as “big toe”, “methatarsal 1” “methatarsal 4”,
“midfoot”, “heel 1” and “heel 2” respectively. TPRS “big toe” located in the medial upper corner of the
insole is employed to detect the pressure mainly under the big toe area. TPRS “methatarsal 1”and
“methatarsal 4” located below the big toe are used to detect the pressure under the proximal
interphalangeal joint area. TPRS midfoot is located in the metatarsal-phalangeal joint area. And TPRS
“heel 1” and “heel 2” are located in the heel area. Here, the proposed insole is con�gured to collect and
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save the data in real time during walking at a comfortable speed. The micro control unit, the circuit board,
and the battery are mounted on a wearable shoe, as shown in Fig 1g. The measured TPRS outputs are
transferred to a computer via Bluetooth Low Energy v. 5. And the electronic acquisition module is
designed to obtain the signals of all insole sensors in real time, as shown in Fig S2. As a result, a wireless
monitoring system that can remotely monitor the pressure sensor signals is designed to prevent electrical
wires from restricting natural body movements.

A custom commercial sensor has been introduced for comparison with TPRS during walking, as shown in
Fig 1f. To ensure the custom sensors and TPRS receive the same pressure during walking, two types of
sensors are placed at the same point, where the custom sensor is top on the surface of the TPRS. As
shown in Fig 6, both TPRS and the custom sensor can accurately distinguish and react to the changes in
pressure during walking. The TPRS and the custom sensor appear under the same external force
exhibited obvious response difference. The change of TPRS is more intuitive and obvious after being
subjected to external force, which makes the fabric sensor more suitable for the collection of human foot
information.

In addition, for verifying the response of TPRS on the smart insole to external pressure accurately, the
calibration procedures (Fig S3) of TPRS are carried out. In order to demonstrate the excellent
performance of smart insole for gait recognition, a healthy adult volunteer with a weight of 60 kg is
invited to wear the �ber-based smart insole. The volunteer wear comfortable sportswear and athletic
shoes equipped with pressure-sensitive foot insole and is asked to walked over a 100 m at self-selected
speed for some minutes to become familiarized with the equipment. The 5 times data of plantar pressure
changes during walking are collected and analyzed. In particular, subject is requested to repeat the
ground-level walking task for 5 times at a self-selected slow speed, and for 5 times at a self-selected
normal speed. The resistance change of the TPRS in different parts of the insole during walking is shown
in Fig7. Fig 7 clari�es the experimental setup and the gait cycles re�ected by the signals collected from
the insole.

The ground contact is initiated by the heel strike and re�ected by the highest amplitude of “heel 1” and
“heel 2” sensor signals. Then, foot �at phase is re�ected by the relatively low-amplitude signal of the
midfoot sensor. Finally, the signals of the metatarsal sensors and the big toe sensor denote the end of the
ground contact. After obtaining the plantar pressure data, we analyze the pressure distribution of smart
insole and drawn the distribution of the plantar pressure when walking, as shown in Figure 8. The gait
signal is smoothed and noise is removed. In the process of �ve situations: feet off the ground, feet start
to land, feet on the ground, feet start to get off the ground, feet off the ground, the pressure distribution of
the corresponding part of the insole will also change accordingly. Normally, the heel �rst contacts,
followed by the midfoot, the forefoot, and then toe pressure. As shown in Fig 8a-i, a complete pressure
distribution diagram (see details in supporting information Figure movie S1) is shown from the foot
touching the ground to the foot leaving the ground. First, the plantar pressure distribution demonstrates
that the plantar pressure basically does not change when the foot is lifted during walking, as shown in
Fig 8a. And the pressure on the insole changes in the order of “heel 1” and “heel 2” (as shown in Fig 8b),
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“midfoot” (as shown in Fig 8c), “metatarsal 1” and “methatarsal 4” (as shown in Fig 8e) respectively
when the foot begins to touch the ground. Then, the pressure at each part of the sole reaches the
maximum value when the foot is in full contact with the ground, as shown in Fig 8e. Next, Fig 8f-h shows
the pressure distribution change of smart insole after the foot starts to leave the ground. Finally, the
insole is basically free of force when the foot leaves the ground, as shown in Fig 8i. Judging from the
pressure distribution of plantar pressure, the pressure of “methatarsal 4” is higher than other parts when
walking. In contrast, the pressure on “midfoot” received the minimal pressure. Our proposed sensor may
be employed to feedback gait information and to assess health status for both hemiparetic patients and
healthy individuals. These results demonstrated that the proposed insole is suitable for real time gait
recognition in various environments.

Conclusion
In summary, we design a novel wearable piezoresistive sensor based on excellent mechanical and
electrical properties of two kinds of fabric electrodes for capturing plantar pressure. And the smart insole
is success fully prepared by mounting TPRS into six different points on each insole. The TPRS
demonstrated high sensitivity of 3.96kPa-1 in the lower pressure range of 0-36kPa in a wide pressure
range (0-800 kPa), outstanding response to external pressure, stable durability (1000 cycles) and fast
response time (170 ms) con�rming its potential for real-time detecting human movement. And the
develop monitoring insloe takes advantage of high sensitivity, high resolution under different pressure
and excellent durability, which allows stable plantar signals under different contact pressure. The
analysis of pressure distributions under the foot sole can be evaluated by drawing the pressure maps in
different gait phases. The proposed TPRS holds a promise for e-skin and other wearable sensing
applications.
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Figures

Figure 1

Schematic illustration of fabric electrode and TPRS: (a) The preparation process of the fabric electrode
coated with silver paste, (b) The preparation process of the fabric electrode coated with rGO, (c) the
assembly process with PI tape, (d) the preparation process of the complete TPRS. Optical images of the
(e) the insole, (f) encapsulated insole and (g) smart shoe.
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Figure 2

The SEM images of the surface morphology of (a)control cooton fabric, (b) the Ag fabric circuit electrode
and (c-d) the rGO-cotton electrode.
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Figure 3

(a) The sensitivity performace of TPRS. (b) Real-time response of the sensor under an applied pressure of
5 KPa. (c) Pressure response showing a single cycle, and the corresponding (d) response time and (e)
releasing time.
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Figure 4

(a) The TPRS durability test (1000 cycles), (b) The enlarged view of the red area of (a), (c) The enlarged
view of the blue area of (a), (d) The enlarged view of the green area of (a).
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(a) Relative electrical resistance changes under different pressure. (b) The relationship between voltage
and current.
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Figure 6

(a) commercial sensor placed over TPRS; (b) signals of sensor 2 and TPRS; (c) signals of sensor 6 and
TPRS.
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Figure 7

gait cycles re�ected by the signals of the designed insole
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Figure 8

Pressure maps under the foot at different gait phases: (a) feet off the ground, (b)-(d) feet start to land, (e)
feet on the ground, (f)-(h) feet start to get off the ground, (i) feet off the ground

Figure 8
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