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monitoring has attracted increasing atten-
tion, especially for health monitoring 
and early diagnosis.[3,4] For example, the 
presence of gait abnormalities could be 
an important predictor for the risk of 
developing dementia.[5] Effective gait 
monitoring can also be used in various 
health-related occasions, such as fall risk 
estimation, assessment of recovery, and 
the ambulatory monitoring for Parkinson’s 
disease.[6,7] In addition, researchers have 
shown that gait monitoring devices can 
be used in sport training that can improve 
the performance of athletes, including 
golf, running, and baseball training.[8–10] 
Due to the demand for these versatile 
applications, intensive efforts have been 
devoted on gait monitoring with various 
strategies and working mechanisms.[11–15] 
The camera-based method is one of the 
most effective methods to observe gait 
motions.[13] However, it has spatial and 
temporal restrictions that limit the anal-
ysis to be at a specific time and/or in a 

confined location. Force-plate instrumented treadmills may 
also provide such information, but they are expensive and lim-
ited to laboratory settings. Accelerometers/gyroscopes offer a 
lightweight and portable approach for gait monitoring, never-
theless, the accelerometer-based method cannot provide quanti-
tative and accurate results for gait analysis.[14] Thus, developing 
novel technologies for gait monitoring with the characteristics 
of wearable, easy to use, low cost, and accurate recognition 
remains challenging.

Triboelectric nanogenerator (TENG) is a kind of device that 
can convert mechanical energy into electrical output, taking 
advantage of contact electrification and electrostatic induc-
tion.[16] It has been demonstrated as a promising alternative 
for both mechanical energy harvesting[17–23] and self-powered 
active sensing[24–30] due to its various advantages, such as 
high power density, high efficiency, low cost, and lightweight. 
A liquid metal droplet based triboelectric nanogenerator 
has been reported as a self-powered sensor for human gait 
monitoring and analyzing.[31] However, that sensor could not 
recognize various gait patterns and only can detect them by 
frequency. In addition, the liquid metal mercury droplet used 
in the devices may pose potential threats to human body and 
not suitable for mass production due to the potential environ-
mental pollution.

Accurately monitoring human gait is critical for health evaluation and/or early 
diagnosis, especially for elder and injured people’s healthcare. The presence 
of gait abnormalities could be important predictors of the risk of developing 
diseases. Herein, a triboelectric nanogenerator (TENG)-based smart insole 
for real-time gait monitoring is reported. Due to the novel air-pressure-driven 
structural design, the elastic TENG-based sensors exhibit compelling features 
including simple fabrication, fast response time, high durability, and excellent 
mechanical robustness. The TENG-based sensors can be easily integrated 
into the conventional insole so that it can convert the mechanical triggering/
impact into electrical output. By analyzing such electrical signals, the smart 
insole could accurately monitor and distinguish various gait patterns in real 
time, including jump, step, walk, and run. The smart insole could also be 
used to monitor the abnormality of gait for rehabilitation assessment. In addi-
tion, the smart insole can play another important role in healthcare appli-
cations, for example, serving as a fall-down alert system for elder people or 
patients. This work not only paves a new way for real-time and long-term gait 
monitoring, but also presents a new perspective for the practical applications 
of remote clinical biomotion analysis.
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Smart Footwear

1. Introduction

With the rapid development of modern society, increasingly 
rapid pace of life today might affect human health.[1,2] Along 
with the population aging problem facing the world, gait 
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To address this issue, in this work, an ease-of-use and 
wearable smart insole based on triboelectric nanogenerators 
was developed for real-time multifunctional gait monitoring. 
The smart insole consists of two novel designed triboelectric 
sensors located in the front and rear of the insole. Each tribo-
electric sensor is composed of two parts: a TENG (convex) part 
on top of an elastic air chamber (EAC) part, which is made of a 
designed elastic latex film. The TENG part consists of a rubber 
layer and a copper layer, with another copper layer embedded 
in the rubber layer to reduce undesired signal induced by 
environmental factors. In general, TENGs rely on the contact- 
separation event happened between two triboelectric layers 
(rubber layer and copper layer, in this case) to convert the 
mechanical triggering into electrical output. Different from 
the abovementioned TENG reported previously that utilizing  
the restoring force of the selected material to trigger the contact 
and separation events between the two triboelectric layers, our 
designed triboelectric sensor takes advantage of the air pres-
sure within the sealed device, to achieve such events. When an 
external force is applied, two triboelectric layers are in contact 
with each other and the air in the (convex) TENG part will be 
squeezed to the bottom elastic air chamber part. As the mechan-
ical force is released, the bottom elastic latex film could drive 
the air back to the top convex to achieve separation between 
two triboelectric layers (original state). Through this structure 
design, the smart insole exhibits a fast response time of less 
than 56 ms compared with previous reported device, which is 
beneficial for real-time gait monitoring. Additionally, the elec-
trical output shows a negligible decrease over 1000 cycles, evi-
dently presenting excellent stability and mechanical durability. 
Based on the time difference of the forefoot and heel of the foot 
contact with ground, various gait patterns such as step, walk, 
and run can be recognized and monitored, which is different 
from the reported TENGs monitoring the gait by output ampli-
tude and frequency. Through the changes of the time differ-
ence between two feet, the treatment of the disease advancing 
state or health condition will be accurately monitored. More 

importantly, upon an unexpected fall-down event occurs, the 
wearable smart insole could detect it immediately, rendering it 
feasible as intelligent healthcare products. With the features of 
wearable, ease of use, fast response as well as accurate recogni-
tion, the smart insole presents a more convenient alternative for 
human gait monitoring and evaluation, which could be widely 
adopted in motion tracking and medical healthcare systems.

2. Results and Discussion

Figure 1a,b shows the illustration of the smart insoles for 
human gait monitoring. Two TENG-based sensors are inte-
grated in the front (underneath the ball of foot) and rear (under-
neath rear foot) of the insole, respectively (Figure 1b). The 
sensor consists of a multilayered structure, including two main 
parts: a TENG part and an EAC part, as sketched in Figure 1c. 
The TENG part is composed of two major layers. A convex 
cambered rubber film with 20 mm diameter acts as the top 
layer, with a layer of copper integrated in it as a shielding layer 
to prevent interference from the environment. Another copper 
film was attached on top of the supporting acrylic layer to serve 
as the bottom layer of the TENG. When the external pressure 
was applied onto the TENG-based sensor, the rubber film was 
then in contact with the bottom copper film resulting in contact 
electrification (more working mechanisms of TENG-based 
sensor will be discussed in the next paragraph).

The elastic air chamber part is a layer of highly stretchable 
latex film serving as an elastic chamber to hold the air from the 
TENG temporary. Since the sensor was packed and encapsu-
lated completely by elastomer, upon applying an external force, 
the air in the TENG part is squeezed, therefore, the air flows to 
the designed elastic air chamber part leading to the expansion 
of the latex film. When the external force is released, the air can 
flow back to the convex TENG part, leading to the separation of 
the two triboelectric layers. This design can also prevent water 
permeation from environment or sweat. The overall design not 
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Figure 1.  Overview of the smart insole for gait monitoring. a) The smart insoles assembled into the shoes to serve as a self-powered gait monitoring 
system. b) The TENG-based sensors integrated in the front and rear of the insoles. c) The layer-by-layer structural design of the TENG-based sensor. 
d) A photograph of the as-fabricated smart insole.
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only possesses structural simplicity that could be compatible 
with conventional manufacturing processes, but also provides 
excellent robustness, making the sensor more reliable and 
durable in practical scenarios. A photograph of an as-fabricated 
smart insole based on triboelectric sensors is exhibited in 
Figure 1d. The detailed fabrication processes are discussed in 
the Experimental Section.

The working mechanisms of the TENG-based sensor rely 
on contact and separation between two triboelectric layers (i.e., 
rubber layer and copper layer). Taking advantage of the design, 
which can couple triboelectrification and electrostatic induction 
giving rise to alternating flow of the electrons. The electricity-
generating process is depicted in Figure 2. Since the copper is 
more triboelectrically positive than rubber, electrons are trans-
ferred from copper electrode on the surface of rubber film. 
When the two triboelectric layers contact with each other, the 
negative charges will be accumulated on the rubber side. These 
triboelectric charges are nonmobile and could sustain on the 
surfaces for a long period of time, as shown in Figure 2a.

When the TENG-based sensor is pressed by an external 
force, the two triboelectric layers come closer (the distance 
between the two layers will become smaller). As the charged 
rubber layer comes closer toward the copper layer, the elec-
trons transfer from the copper film surface to the ground due 
to the change of electrical field, as demonstrated in Figure 2b. 
Then electrons will flow through the load and finally reach an 
equilibrium. The detailed electrical signal generation processes 
could be found in Figure S1 (Supporting Information). We 
also conducted simulations of the potential distribution using 
COMSOL. The results for the distance between two triboelec-
tric layers (or air gap) from 2 to 0.1 mm are demonstrated in 
Figure 2c correspondingly, which agrees well with the above 
theory. Additionally, the acquired voltage and current signals of 
the TENG based sensor in the press and release states are dis-
played in Figure S2 (Supporting Information).

To characterize the electrical output performances of the 
TENG-based sensor, a computer-controlled linear motor was 
employed. In addition, a force gauge was used to measure 
the applied force. First, the open-circuit voltage outputs with 
different applied forces were investigated to understand the 
response of this TENG-based sensor to normal forces. As can 
be seen in Figure 3a, the amplitude of the output voltage rises 
linearly with increasing forces at a constant frequency of 3 Hz. 
Larger force can lead to better contacted between the elasto-
meric rubber layer and the copper film, thus a higher electrical 
output can be obtained. For example, when the lowest applied 
force (5 N) was used, the voltage output was 7 V; however, 
when the highest applied force (40 N) was exploited, the voltage 
output raised to 35 V (Figure 3a). These results also imply that 
it can detect very low external force (5 N). Figure 3b demon-
strates the relationship between short-circuit-current outputs 
of the sensor and applied force, which has a similar trend to 
the open-circuit voltage in Figure 3a. Subsequently, we inves-
tigated the effects of the operating frequencies on the output 
performance of the TENG-based sensor. As can be seen from 
Figure 3c, the open-circuit voltage is almost the same, about 
35 V, at different operating frequencies. However, the short-
circuit current increases from 0.05 to 0.25 µA as the operation 
frequency increases. In other words, the increase in frequency 
is favorable for the magnitude of the short-circuit current. The 
reason is that the transferred charges are constant under var-
ious operating frequencies, whereas the contact time between 
two layers of TENGs changes at different operating frequen-
cies. Therefore, the short-circuit current output of the TENGs 
would change. For example, a higher operating frequency can 
lead to a higher flow rate of charges, resulting in a higher cur-
rent output.

It is well-known that pressing objects (foot, hand, etc.) can 
naturally carry some charges on their surfaces, which could be 
generated by the contact-electrification process happening with 
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Figure 2.  Electrical signal generation process of the TENG-based sensor under applied force. a) 3D illustration of the working mechanisms of the 
TENG-based sensor. b) Potential distribution for the distance between two triboelectric layers (or air gap) changes from 2 to 0.1 mm.
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other objects or even with air.[28,32] The surface charges on these 
objects can also induce additional output signals, due to the 
electrostatic induction. Thus, to minimize the undesired sig-
nals from the environment, a copper thin film was integrated 
into the rubber film and connected to the ground to serve as 
the shielding electrode (Figure 1c). The electrical outputs of the 
sensor with and without the shielding electrode were tested by 
hand-pressing/releasing. Figure 3d shows that the unwanted 
voltage components induced from pressing object (e.g., fin-
gers) were greatly reduced with the shield electrode. That is, 
the output signals from the device with the shielding electrode 
are the ones that generated majorly from the interactions of dif-
ferent triboelectric layers within the sensor, not from any other 
undesired environmental factors. Hence, the shield electrode in 
our designed smart insole plays a key role of promoting signal 
accuracy by minimize the unwanted environmental factors.

To further investigate the performance of our TENG-based 
device, the response time of the sensor to external forces 
was also examined. Figure 3e shows the voltage output from 
applying an external loading to releasing it, exhibiting a 
response time of less than 56 ms under the force of 30 N. and 
the time response of the TENG-based sensor under different 
applied forces are shown in Figure S3 (Supporting Informa-
tion). The rapid response ensures the sensor can detect the 
signal in time when external force presents. Additionally, 
the stability of the TENG-based sensor was characterized by 
applying/releasing a force of 30 N for 1000 cycles. As can be 
seen from Figure 3f, the almost constant open-circuit voltage 
amplitude indicates the stability and durability of the sensor. 
Moreover, as shown in Figure S4 (Supporting Information), the 

output voltages remained nearly constant after 5000 cycles’ test 
under greater forces, showing a significant device robustness. 
To summarize the performances of the TENG-based sensor, it 
demonstrates a great force detection sensitivity, fast response 
time, and significant device robustness, which justify the practi-
cability of the sensor for gait monitoring.

To demonstrate the smart insole can serve as a sensing 
device for practical scenarios, a real-time gait monitoring 
system is developed. The system consists of a pair of smart 
insoles based on triboelectric sensors, a multichannel data 
acquisition system, and the designed data monitoring and ana-
lyzing software. The signals generated from different sensors in 
the smart insole can be detected and recorded simultaneously, 
which are transmitted by the wire connected to multichannel 
data acquisition system. As shown in Figure 4a, when the fore-
foot steps on the floor, a negative peak is generated from front 
part of the insole (i.e., from the front TENG-based sensor in 
the insole). Similarly, a positive peak can be detected when the 
forefoot step off the floor. Interestingly, the time difference (t) 
between the negative peak and positive peak can be another 
critical factor for subtle gait monitoring. With the addition of 
anther TENG-based sensor on the rear of the sole, the time dif-
ference between front and rear sensors is also another critical 
parameter for the recognition and analysis of gait patterns.

Based on analyzing the abovementioned traits of the nega-
tive/positive peaks using our designed software, various gait 
patterns: stepping, walking, and running, can be recognized 
and distinguished, as demonstrated in Figure 4b,c. Figure 4b 
shows the gait signals of stepping. It can be seen that the right 
heel and forefoot lift sequentially when stepping, corresponding 
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Figure 3.  Electrical and mechanical characterization of the TENG-based sensor. a) Open-circuit voltage and b) short-circuit current at different 
applied forces. c) Electrical output (current and voltage) of the sensor at various pressing frequencies. d) Comparison of the output signals with and 
without shield electrode. e) Time response of the voltage in one cycle (external force applied and released: on and off). f) The mechanical durability 
characterization of one unit of the TENG-based sensor with ≈1000 continuous working cycles.
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to the positive peaks in region ①. Then the right foot naturally 
lands on the ground, as depicted in region ②. The right forefoot 
lands on the ground first, followed by the right heel landing. 
In the meantime, the left foot lifts from the ground with the 
similar sequence to the right foot, as demonstrated in region ③.  
Then the left foot also lands on the ground with the same 
sequence of forefoot first, followed by heel (region ④). This is 
the full cycle of signal generation progress of stepping.

The gait pattern of walk can also be characterized by the 
monitoring system. As the right heel lands on the ground, the 
left heel and forefoot lifts from the ground sequentially. Mean-
while, the right forefoot also lands on the ground, as systemi-
cally demonstrated in Figure 4c. The sensing signals of run are 
the same as those of walk, however, the frequency of the run 
is significantly higher than that of walk (i.e., the time different 
between the positive and negative peaks is much shorter), as 
shown in Figure 4d. We also examined the jump signals to 
demonstrate the capability of distinguishing various gait using 
our monitoring system. As can be seen from Figure S5 and 
Video S1 (Supporting Information), the signals of the right and 
left heels are generated simultaneously, and then the signals of 
the right and left forefoot also appear at the same time. These 

results not only indicate that the gait patterns can be easily dis-
tinguished by our system, but also suggest that smart insole 
can be further adopted for motion tracking, activity recognition, 
sports training, and various other applications.

In addition to the basic gait recognition, herein, we dem-
onstrate an example on how the smart insole can be used 
on sport training, taking advantage of its fast response time, 
light weight, and wearable properties. Specifically, the smart 
insole was used to monitor the gait of triple jump, as shown 
in Figure 5a. It could be found that the gait of both feet was 
recorded at each stage (approach, hop, skip, and jump). The 
corresponding peaks and response time (th, ts, and tj), could 
be further analyzed to evaluate every athlete’s motion for his/
her improvement in the training, without using any high-
speed video camera system or other expensive equipment. For 
example, does the athlete run on the right speed that can main-
tain his/her forward and height momentum; or does the athlete 
take off/land on the right foot/timing/position?

Additionally, providing detailed gait information for the 
patients with gait disorders or injury is getting increasing 
important for clinical gait analysis and/or rehabilitation 
assessment. It has been reported that the gait pattern of ankle 
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Figure 4.  The gait monitoring signals of the smart insoles. a) Typical detected signals when the foot step is on and off. Sensing signals for different 
gait patterns: b) stepping, c) walking, and d) running.
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or keen injured person may be different from that of the 
healthy person.[33] Thus, we mimicked the gait pattern of a left 
ankle injured (sprain) person (i.e., by walking with a slower 
motion and not putting too much pressure one foot) and used 
a pair of the smart insoles to monitor the gait of an injured 
person. The recorded real-time gait behavior signals are dis-
played chromatically in Figure 5b. It clearly elucidates the time 
spent of every step for the right foot tr and left foot tl, indicating 
that the time difference. By comparing the time spent between 
right foot tr and left foot tl, the injury condition or rehabilitation 
of the patient could be monitored and analyzed.

On top of the clinical treatment application, our devise has 
a potential in medical health care monitoring application. For 
example, it can be used as an emergency fall detection alert 
system, as the system diagram elucidated in Figure 5c. When 
an elder people or patient falls down, the smart insole can 
detect the event in real time and send an alarm immediately. 
Figure 5d shows an example of real-time recorded gait sig-
nals for a fall-down event detected by the smart insole. First, a 
typical walk gait signal was detected, then four positive peaks 
from the TENG-based sensors were emerged at the same time, 
indicating both feet off the ground, demonstrated in the inset 
of Figure 5c and Video S2 (Supporting Information). Based 
on the distinct signals from the sensor, the smart insole could 
recognize the fall-down event in real time. This demonstration 
shows a great potential of our smart insole in medical appli-
cations, especially in real-time remote healthcare monitoring 
system, and emergency medical alert system for elder people 

and patients. With further optimization of the gait monitoring, 
it is anticipated that the monitoring system would be further 
integration such as wireless transmission with greatly improved 
wearing comfort in the field of healthcare monitoring.

3. Conclusions

In summary, we demonstrated a wearable, easy-to-use smart 
insole based on TENG for real-time gait monitoring. Com-
pared to existing gait monitoring devices, our novel approach 
addresses some major limitations of the current technologies, 
such as high cost, difficult-to-use or difficult-to-install, and/or 
special limitations. With the desirable features, such as wear-
able, rapid response, decent durability, and easy-to-fabricate, the 
TENG-based sensor enabled smart insole not only can achieve 
realize real-time gait monitoring, but also may be suitable for 
mass production. More importantly, the designed smart insole 
is capable of distinguishing various gait patterns, such as jump, 
step, run, and walk. The collected data from the smart insole 
may also be applied to the analysis of patients’ gait for reha-
bilitation assessment. In addition, this smart insole can serve 
as alert system for fall-down events detection, which could be 
important for patients and elder people. This study demon-
strates a novel design in wearable devices for gait monitoring, 
which can further contribute to the design of activity recogni-
tion, remote healthcare monitoring, and other health evaluation 
devices.

Figure 5.  Demonstrations of the smart insoles for a) triple jump training, b) gait rehabilitation treatment, and c,d) warning of fall down.
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4. Experimental Section
Fabrication of the Triboelectric Nanogenerator-Based Sensor: An acrylic 

sheet was first processed by laser cutting and sculpting (TR-6040) to 
form a spherical groove with 20 mm in diameter. Then, silicone rubber 
solution (Ecoflex 00-50) (1:1, volume ratio) was drop-casted onto the 
spherical groove to form a convex cambered rubber film. A layer of 
copper thin film serving as a shielding layer was placed on the rubber 
film. Subsequently, the cambered rubber film coated with copper was 
dip-coated with another silicone rubber layer as the triboelectric layer. 
An acrylic plate was cut into a disk shape (20 mm in diameter) with five 
holes for air flow. Another thin copper film was attached on the surface 
of the tailored acrylic plate. Then, the acrylic plate was tightly adhered 
underneath the cambered rubber film made previously. Finally, a layer 
of highly stretchable latex film was prepared and which was sandwiched 
by the tailored acrylic plate and acrylic circular ring to form an elastic air 
chamber.

Electrical Characterization and Mechanical Measurement: A dual-
range force sensor (Vernier Software & Technology, LLC) was employed 
to measure the force applied onto the TENG-based sensor. The 
open-circuit voltage was measured by a Keithley system electrometer 
(Keithley 6514), and the short-circuit current was measured by using 
an SR570 low noise current amplifier (Stanford Research System), 
respectively. Informed consent was obtained from the participant, who 
volunteered to perform these studies. All testing reported conformed to 
the ethical requirements of Georgia Institute of Technology.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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