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Scott–Russel Linkage-Based Triboelectric Self-Powered
Sensor for Contact Material-Independent Force Sensing and
Tactile Recognition

Dongwon Seo, Jimin Kong, and Jihoon Chung*

The rapid growth of Internet of Things (IoT) in recent years has increased
demand for various sensors to collect a wide range of data. Among various
sensors, the demand for force sensors that can recognize physical
phenomena in 3D space has notably increased. Recent research has focused
on developing energy harvesting methods for sensors to address their
maintenance problems. Triboelectric nanogenerator (TENG) based force
sensors are a promising solution for converting external motion into electrical
signals. However, conventional TENG-based force sensors that use the signal
peak can negatively affect data accuracy. In this study, a Scott–Russell
linkage-inspired TENG (SRI-TENG) is developed. The SRI-TENG has
completely separate signal generation and measurement sections, and the
number of peaks in the electrical output is measured to prevent disturbing
output signals. In addition, the lubricant liquid enhances durability, enabling
stable force signal measurements for 270 000 cycles. The SRI system
demonstrates consistent peak counts and high accuracy across different
contacting surfaces, indicating that it can function as a contact
material-independent self-powered force sensor. Furthermore, using a deep
learning method, it is demonstrated that it can function as a multimodal
sensor by realizing the tactile properties of various materials.

1. Introduction

The capability of Internet of Things (IoT), consisting of broad
sensor networks, is rapidly growing in convergence with artifi-
cial intelligence (AI). Among the various types of sensors in the
IoT area, the force sensor is widely used for smart manufactur-
ing, health monitoring, and robotics.[1–4] As force is one of the
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core concepts in physics, force sensors
can provide intuitive information about
the physical phenomena that occur in 3D
space through contact. However, conven-
tional force sensors rely on external power
sources such as batteries, which leads to
maintenance challenges, increased costs,
environmental waste, and various opera-
tional difficulties. To overcome these chal-
lenges, recent studies have focused on the
development of self-powered sensors based
on photovoltaic,[5–7] piezoelectric,[8–10] and
radio frequency (RF).[11,12] Among these
sensors, the triboelectric nanogenerator
(TENG) is an energy harvesting technology
suitable for not only driving functional elec-
tric components,[13–15] but also self-powered
sensors owing to its simple structure,[16]

material selection diversity,[17] and low fab-
rication cost.[18] TENG can convert me-
chanical movements into electrical signals
based on a combination of contact elec-
trification and electrostatic induction.[19,20]

Therefore, TENG-based force sensors use
external mechanical motion as input to gen-
erate electrical signals on their own.[21–23] In

conventional TENG-based force sensors, the magnitude of the
peak voltage is used to measure the external force.[24–26] How-
ever, the surface charge of the triboelectric material governs the
magnitude of the TENG output signal, the magnitude of the peak
voltage is material-dependent, because the external surface of the
contacting material directly makes contact with the TENG.[27–29]

This phenomenon negatively affects the accuracy and reliability
of the readings of the sensor. In addition, because TENG-based
sensors are generally fabricated using polymers and inevitably ex-
perience friction, their lifespans are limited because of frictional
wear. Therefore, the development of a robust self-powered TENG
force sensor that considers both external electrical influences and
mechanical lifespan is required.

In this study, we demonstrate a Scott–Russell linkage-inspired
TENG (SRI-TENG) that can be used as a self-powered force sen-
sor. The Scott–Russell linkage in the SRI-TENG converts vertical
displacement into horizontal displacement using the translation
joint in the horizontal axis. When a vertical external force is ap-
plied, the horizontal movement through the Scott–Russell link-
age can generate high-frequency AC electrical signals through a
freestanding-type TENG. Unlike conventional TENG-based force
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Figure 1. Scott–Russel linkage inspired triboelectric nanogenerator (SRI-TENG). a) Schematic illustration of SRI-TENG. (i) Structure of SRI-TENG, and
(ii) signal processing model b) Open-circuit voltage (VOC) passing over the electrode. c) VOC output of the SRI-TENG when the force is applied and
released. d) Dependence of accuracy on various spring constants of the SRI-TENG.

sensors, which utilize the magnitude of the generated peak volt-
age, the SRI-TENG can measure the contact force based on the
number of electrical peaks generated. The number of peaks is
governed by the compressed length of a spring. This enables
precise force measurements that are independent of the surface
charge of the contacting surface. Because the vertical movement
of the switchable spring in the SRI-TENG is dependent on the
spring constant, the dynamic range of the SRI-TENG can be ad-
justed by simply using an appropriate spring in its application. In
the wide dynamic range, the SRI-TENG measured precise aver-
age sensing accuracy as 92.7%. In addition, a lubricant applied
to the top layer of the TENG can prevent wear and guarantee
a longer lifespan. Even after 225 000 operation cycles, the SRI-
TENG generated a similar electrical output without a decrease in
the amplitude or number of peaks. Furthermore, the possibility

of utilizing the SRI-TENG as a tactile sensor was demonstrated
by applying a deep-learning model. SRI-TENG exhibited a 92%
accuracy in classifying five objects with different tactilities. The
SRI-TENG developed in this study can function independently
of the contact surface of the external material, making it versa-
tile for recognizing tactile and external forces in state-of-the-art
technologies.

2. Result and Discussion

Figure 1a shows a schematic of the SRI-TENG system. To rec-
ognize the tactile force and measure the applied force, contact
is inevitable. However, direct contact between the material and
the TENG surface is necessary to determine the tactile force
and measure the applied force. However, this contact affects the
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electric signal output because the TENG output is heavily gov-
erned by the triboelectric series between the two contacting sur-
faces. To prevent the contact surface charge from affecting the
electrical output, the SRI-TENG system (Figure 1a-i) is designed
using the following components: a Scott–Russell linkage, switch-
able spring, lubrication liquid on the PTFE film, and an interdig-
itated electrode (IDE). When the external surface makes contact
with the measuring point, which is on the upper side of the Scott–
Russell linkage, the spring connected to the measuring point is
compressed. The vertical movement of the spring is converted
into a horizontal movement through the Scott–Russell linkage,
and the copper rod on top of the freestanding TENG can move
depending on the vertical motion. As the contacting surface is
separated from TENG, which generates the electrical signal, the
output is unaffected by the surface charge of the material.

As shown in Figure 1a-ii, the signal can be analyzed using
two methods. For force sensing, the peak feature is utilized. The
SRI-TENG system generates multiple electrical peaks when an
external force is applied. Considering the IDE dimensions and
the initial position of the copper rod, the displacement of the
compressed spring can be used to measure the applied force.
For tactile recognition, features of output patterns can be used,
which varies depending on the rigidity of the material. How-
ever, directly using features of the output pattern from TENG
can be difficult due to external influences or unwanted triboelec-
tric effects.[30] There is a need for an effective method to clas-
sify these output patterns. Among many existing classification
deep learning algorithms for time series data, 1D convolution
neural network (1D-CNN) is used. 1D-CNN performs only 1D
convolutions and extracts features by itself. Although 1D-CNN
requires a large dataset, sometimes can consume more time for
training and needs a proper labeling process compared to other
algorithms,[31,32] the 1D-CNN model excels in powerful feature
extraction for time series data. 1D-CNN has a simpler structure,
requires no dimensional changes for time series data, is efficient
in test time, and has achieved high performance in many sens-
ing application areas.[33–36] Given that the output of SRI-TENG is
time series data, this advantage of 1D-CNN allows SRI-TENG to
effectively recognize the tactile properties of a material.

Figure 1b and Figure S1 (Supporting Information) show the
correlation between the electrical output generated by the SRI-
TENG and the IDE arrangement. When horizontal movement
occurs, the copper rod on top of the SRI-TENG slides over the
freestanding-type TENG, which consists of a PTFE and an IDE
on top of the FR-4 substrate. This generates a high-frequency fre-
quency AC electrical signal. Initially, the difference in the tribo-
electric series results in copper becoming positively charged and
PTFE negatively charged (Figure S1-i, Supporting Information).
As the copper rod shifts to the right, the electrical equilibrium
between the PTFE and right-side electrode breaks. The electrons
from the electrode on the left side flow to the right side to equalize
the potential difference (Figure S1-ii, Supporting Information).
When the copper rod moves completely to the right-side elec-
trode, the surfaces of the copper rod and PTFE form a new elec-
trical equilibrium state (Figure S1-iii, Supporting Information).
In addition, when the copper rod starts to move the electrode
on the left side, electrons flow in the opposite direction, creating
an opposite electrical current (Figure S1-iv, Supporting Informa-
tion). As the copper rod moves between the two electrodes, the

electrons move back and forth to the left and right electrodes of
the TENG, resulting in an AC sinusoidal output. As shown in
Figure 1b, the number of peaks generated by the SRI-TENG rep-
resents the number of IDE. By counting the number of peaks
generated, the displacement of the copper bar is measured and
utilized to calculate the external force applied to the sensor.

Figure 1c shows the overall open-circuit voltage (VOC) output
of the SRI-TENG when an external force is applied. The kine-
matic movement of the Scott–Russell linkage can be defined by
the conversion of the vertical spring movement to a horizontal
movement in the SRI-TENG system. When an external force is
applied, the spring is compressed and generates an AC electrical
signal, depending on the number of IDE arrays. After the exter-
nal force is removed, the compressed spring is released, and the
copper rod moves back to its original position and generates a sig-
nal. Overall, two sets of electrical outputs can be observed when
an external force is applied to and removed from the SRI-TENG.

Furthermore, Figure 1d shows the accuracy of the expanded
dynamic range. The springs inside the SRI-TENG system can be
switched to different spring constants spring. This indicates that
the dynamic range of the sensor varies depending on its applica-
tion. As shown in the figure, SRI-TENG shows high accuracies
of 94.4%, 92.5%, 91.5%, and 92.5% when 0.5, 1, 2, and 3 N mm−1

springs are used, respectively.
Figure 2a is a simplified illustration of the SRI-TENG. The ori-

gin of the coordinates is point O, and the linkage moves along
the x- and y-axes. The initial positions of the links are repre-
sented by Y0 and X0. When the y-axis linkage moves from point
Y0 to point O with a displacement of YB during compression, the
x-axis linkage shifts from point X0 to point A with displacement
XA. As shown in the illustration, the length of each linkage (AC,
BC, and OC) is the same as L, and triangle OAB is a right trian-
gle. Based on geometry, and assuming that linkages AB and OC
are rigid bodies, the following equation can be obtained:

Y2
0 + X2

0 = (2L)2 (1)

When point A shifts according to the constraint conditions,
the positions of points A and B are obtained using the following
equations:

XA0 = XO + XA
YB0 = YO − YB

(2)

As the mass on the x-axis moves toward point A, the y-axis
moves vertically toward point B. The relationship compared to
the initial condition can be written as

Y2
0 + X2

0 =
(
X0 + XA

)2 +
(
YO − YB

)2
(3)

By simplifying Equation (3), it can be rewritten as

Y2
B − 2YOYB + 2XOXA + X2

A = 0 (4)

By solving Equation (4) for YB, we obtain the following
equation:

YB = −YO ±
√

Y2
O − 2XOXA − X2

A (5)
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Figure 2. Mechanism of force sensing and sensor performance feature. a) Kinematic model of the Scott–Russell mechanism. b) Displacement of the
Scott–Russell mechanism between the theoretical model and experiment measurement. c) VOC output depends on different triboelectric materials.
d) Microscale schematic of copper and PTFE surfaces at contact when lubricant is applied on the SRI-TENG. e) Enhanced VOC output depending on
different types of lubricant. f) Durability results of SRI-TENG for 225000 cycles.

Considering the geometric relationship, the final displace-
ment equation of point B can be written as

YB = −YO +
√

Y2
O − 2XOXA − X2

A (6)

Therefore, by substituting the measured x-axis displacement
(XA) into Equation (6), we can obtain YB. YB represents the com-
pressed distance of the spring, which indicates that the sen-
sor can measure the applied external force by dividing it by the
spring constant. A plot of the theoretical displacement versus the
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experimentally measured displacement is shown in Figure 2b.
The initial conditions are Y0 = 39.5 mm and X0 = 10 mm. The
experimental data fit the theoretical model. This indicates that
the SRI-TENG system can precisely measure displacement.

Figure 2c shows the VOC output according to the
triboelectrification-layer materials used in the SRI-TENG.
Owing to its triboelectric series and surface charges,[37] poly-
tetrafluoroethylene (PTFE) shows the highest voltage output
compared to PET, PI, and PPS. Because the number of peaks
is used to measure the distance moved by the copper rod, a
high signal-to-noise ratio (SNR) is required, considering the
precision of peak counting and signal processing. Therefore,
PTFE, which exhibits the highest VOC peak value is selected as
the triboelectrification layer in the SRI-TENG system to attain a
high SNR.

Figure 2d shows the output enhancement and friction reduc-
tion mechanisms achieved by introducing a liquid lubricant. Dur-
ing the dry-friction process, the triboelectric charge on the sur-
face is exposed to air; it is lost by air breakdown when the elec-
trical potential difference reaches the breakdown voltage.[38] To
suppress breakdown, a liquid lubricant is added between the sur-
faces of the two materials and the gap is submerged in the liquid.
Because the breakdown voltage of the liquid lubricant is higher
than that of air, it can suppress the loss of triboelectric charge
on the surface[39–41] (Figure 2d-i). In addition, numerous contact
points form on the asperity tips of the surfaces at the microscopic
level. This leads to high contact pressure and subsequent plastic
deformation when the two materials slide (Figure 2d-ii). This de-
formation causes cold welding and the formation of strong adhe-
sive bonds between the two materials in contact. Strongly bonded
cold welds must be sheared for sliding.[42] This phenomenon
contributes to surface damage and negatively affects the lifespan
of the sensor. However, under full-film lubrication conditions,
the asperity tips are submerged, and this allows the liquids to
support the entire external force. This suppresses cold welding,
thereby improving the durability of the device surface.[43] Com-
mercial lubricant liquids are tested to determine their ability to
suppress surface discharge, enhance the negative charge on the
PTFE surface, and avoid surface damage.

Figure 2e shows the VOC output when various liquid lubricants
are applied to the SRI-TENG. The peak voltages of paraffin, squa-
lene, and silicone liquid are 0.12, 0.15, and 0.21 V, respectively.
Unlike in dry conditions, with a liquid lubricant, the overall out-
put of the SRI-TENG is higher. When a lubricant is applied to
a triboelectric surface, the electric double layer (EDL) is a major
factor that influences electrical output.[44] When a charged solid
and a liquid make contact, the liquid forms an EDL, and the thick-
ness of the EDL can be defined as the Debye length (𝜆D).[45] For
lengths within the Debye length, the electrostatic potential of a
solid surface is not screened; however, it is screened for lengths
beyond the Debye length.[46] Thus, a large Debye length ensures
that a wider surface area is affected by the triboelectric charge.
Thus, a lubricating liquid that can produce a long Debye length
can generate a higher electrical output.

Figure 2f shows the VOC output for a sensor operating at a
1 Hz input for 72 h (225 000 cycles). As shown in the plot, the
SRI-TENG system continues to generate a similar electrical out-
put even after 225 000 cycles, maintaining the initial output. This
demonstrates that the lubricating oil can protect the surface from

damage by supporting an external force and that the SRI-TENG
system can be utilized for robust external force measurement.

Furthermore, the electrical output of the SRI-TENG system
was analyzed under various spring constants, dynamic ranges,
and contact surface material conditions. Figure 3a shows a VOC
output of the SRI-TENG system and the number of peaks for
springs with spring constants ranging from 0.5 and 3 N mm−1

under an external force of 4.9 N. As shown in the plot, the SRI-
TENG with a spring whose spring constant is 3 N mm−1 gener-
ates 15 peaks, while with a spring constant of 0.5 N mm−1 shows
54 peaks, which is ≈3.6 times more. When a spring with a high
spring constant (3 N mm−1) is used, the length of the spring
compressed is shorter compared to the SRI-TENG with a lower
spring constant (0.5 N mm−1). This indicates that the x-axis dis-
placement of the SRI-TENG (XA in Figure 2a) with a high spring
constant is smaller and consequently generates fewer peaks. In
contrast, XA is much longer when a low-spring-constant spring
is used, resulting in the generation of more peaks.

Figure 3b. shows the number of peaks from the VOC output
plot at an applied force of 4.9 N under for springs with spring
constants ranging from 0.5 to 3 N mm−1. The corresponding
VOC output plot for each spring constant is provided in Figure S2
(Supporting Information). When springs with spring constants
of 0.5, 1, 2, and 3 N mm−1 are utilized, the average number of
peaks is 56, 36.25, 20.25, and 14.25, respectively. As shown in the
plot, the number of peaks gradually decreases as the spring con-
stantly increases. This indicates that the sensitivity and dynamic
range of the SRI-TENG system can be easily adjusted depend-
ing on the application, by simply replacing the spring component
with springs having different spring constants.

Figure 3c shows the dynamic range of the SRI-TENG system
with different spring constants. The spring components used in
the SRI-TENG have spring constants of 0.5 (above), 1, 2, and
3 N mm−1 (below). As shown in the plot, the number of peaks
can be used to calculate XA using the dimensions of the IDE ar-
ray. The compression spring length can be obtained using Equa-
tion (6), and the external force applied to the SRI-TENG can be
measured using the following equation:

F = kxTENG (7)

where k is the spring constant, and xTENG is the x-axis displace-
ment. When a spring with a constant (0.5 N mm−1) is inserted
into the SRI-TENG system, the measured forces are 82, 198.5,
309.8, 417.3, 550.3, 632.1, 716.3, and 792.7 g, respectively, from
the applied input force in the range of 100–800 g. For the spring
with a spring constant of 1 N mm−1, applying forces in the range
from 300 to 600 g in 200 g intervals, the corresponding mea-
sured forces are 285.5, 377.7, 447.5, and 538.9 g, respectively.
Furthermore, in the 2 N mm−1 spring constant condition, the
SRI-TENG system generates forces of 538.8, 767.2, 895.1, and
1087.8 g, under the application of external forces 600 to 1200 g in
200 g intervals. In addition, when the applied force is 1000, 1200,
1500, and 2000 g the measured force is 856.5, 1110.9, 1427.6, and
2062.8 g respectively. This indicates that the SRI-TENG system
can be used to accurately measure forces over a broad dynamic
range by simply switching its spring constant.

Figure 3d and Figure S3 (Supporting Information) illus-
trate the number of peaks and VOC output depending on the

Small 2024, 2403394 © 2024 The Author(s). Small published by Wiley-VCH GmbH2403394 (5 of 9)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202403394 by K
um

oh N
ational Institute, W

iley O
nline L

ibrary on [21/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 3. Performance of SRI-TENG. a) VOC and b) the number of peaks under different spring constants. c) The dynamic range of SRI-TENG with
different spring constants. d) A number of peaks depends on various counterpart materials.

following contact surface materials: PTFE, nylon, nickel, cop-
per, aluminum, and polyimide. The materials are attached to
the weight surface, and the signal output is measured under
the same weight conditions. These materials have different sur-
face charges,[47] which affect the VOC output of the SRI-TENG
system if the contacting surface is in direct contact with the
TENG. The VOC output of conventional TENG depending on
the contacting material is shown in Figure S4 (Supporting In-
formation). As shown in the graph, the electrical output varies
depending on the contacting material. The electrical output of
the SRI-TENG system is made independent of the contacting
surfaces by converting the external force to a horizontal move-
ment through the Scott-Russell linkage. As shown in the plot,
PTFE and PI, which have negatively charged surfaces, have an
average number of peaks of 27.75 and 27 peaks, respectively. In
addition, nylon, nickel, aluminum, and copper, which have rela-
tively positively charged surfaces, generated 28.75, 26.75, 27.25,
and 26.75 average number of peaks, respectively. Representative
materials with negative and positive surface charges exhibit sim-
ilar numbers of peaks. This indicates that the SRI-TENG sys-
tem generates an output that is unaffected by the material of the
contacting surface. Therefore, the number of generated peaks is
only force-dependent, regardless of the composition of the con-
tact surface. The characteristics of the SRI-TENG system enable
its use in various force-measuring situations with accurate force
measurements.

As the electrical output of the SRI-TENG system is indepen-
dent of the contacting surface, the SRI-TENG system can gener-
ate accurate signals from external forces regardless of the con-

tacting surface material. The generated signal can contain infor-
mation regarding the applied force as the number of peaks and
secondary information on the surface tactile data, which is shown
as a pattern of the generated peaks. However, the pattern of the
tactile information is unclear, and the data cannot be directly con-
verted into force measurements. Machine learning is one of the
best solutions for subtle signal feature extraction when an SRI-
TENG system is used as a multimodal sensor.

Figure 4a shows a schematic of the operation of the SRI-TENG
system, from signal acquisition to tactile recognition. In the ini-
tial step, the SRI-TENG generates a signal from an external con-
tact. The signal is measured and converted into digital data. Sub-
sequently, the data preprocessing process is performed on the
signal from the previous step. A fast Fourier filter is utilized for
external noise filtering in the measurement device, dimension re-
duction is applied to reduce the training time, and data normal-
ization and preprocessing are used for high classification accu-
racy. Considering the characteristics of the signal generated sig-
nal by the SRI-TENG system, the timing of signal generation is
important. This indicates that the order of the data is more impor-
tant than the information of the surrounding data. The 1D-CNN
algorithm is applied for data recognition because of its appropri-
ateness for timeseries data and fast response.[48] Consequently,
using a trained deep-learning model, the SRI-TENG system can
distinguish the tactile information of the contacting surface. To
utilize the 1D-CNN method in the SRI-TENG system and train
the deep-learning model, materials with five different rigidities
are fabricated, as described in the following experimental sec-
tion. Each material is attached to a 500 g weight surface, and the
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Figure 4. Tactile recognition of SRI-TENG. a) Schematic of data processing and recognition. b) Structure of the tactile recognition model. c) VOC output
in different rigidity of counter material. d) Confusion matrix of the tactile recognition.

multimodal signal is recorded from the SRI-TENG system when
the surface makes contact with the measuring point and the
spring is fully compressed. The total dataset contains 250 sam-
ples, and each class contains 50 data samples. From each class,
60%, 20%, and 20% of the 50 samples are randomly split into
the train data set, validation data set, and testing data set, respec-
tively. After splitting the dataset, the CNN model is trained using
50 training iterations.

Figure 4b illustrates the 1D-CNN structure. The 1D-CNN
model consists of four convolution layers, four max-pooling lay-
ers, and fully connected layers. The detailed parameters are listed
in Table S1 (Supporting Information). The convolution and pool-
ing layers analyze the preprocessed signals and extract the fea-
tures. The fully connected layer classifies the classes based on
features extracted from the multimodal signal.

Figure 4c shows the responses of the SRI-TENG system for
materials with Young’s Moduli of 0.1 , 0.3 , and 0.5 MPa, and
a rigid body. If the applied force does not depend on time and
the contact force is equivalent, time is the only variant that can

change the generated signal. Under these conditions, the rigid-
ity of the material can be explained by Young’s modulus. When
the Young’s modulus is high, less time is required for deforma-
tion; conversely, when the Young’s modulus is low, more time
is required for deformation. The response signal shows that a
harder material generates longer signals. This indicates that the
SRI-TENG system recognizes tactile signals. The duration differ-
ences between 0.3, 0.5 MPa, and the rigid body signal are evident,
but the 1D-CNN model is utilized to distinguish ambiguous sig-
nals by extracting unclear data such as the signals from 0.1 MPa
foam.

As shown in Figure 4d, the trained CNN model exhibits a high
recognition accuracy of 92% for the test data set of five differ-
ent materials. The validation and training losses are presented in
Figure S5 (Supporting Information). As the epochs progress, the
training and verification accuracies converge to 1. Moreover, the
verification and training losses converge to zero. While the train-
ing loss is maintained at zero, the verification loss remains at zero
and does not diverge to a high loss. This indicates that the trained

Small 2024, 2403394 © 2024 The Author(s). Small published by Wiley-VCH GmbH2403394 (7 of 9)
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model is not an overfitting model. Consequently, the SRI-TENG
system successfully recognized tactile stimuli with high accuracy
and without overfitting and can be used universally.

3. Conclusion

In summary, a material-independent triboelectric force sensor
whose dynamic range can be modified by switching its spring
was developed. The Scott–Russell linkage mechanism was stud-
ied based on a geometric relationship, and a theoretical model
was suggested. The theoretical model accurately fits the actual
motion of the SRI-TENG, indicating that the model can explain
the displacement of the SRI-TENG system. Furthermore, by in-
troducing a lubricant liquid, the SRI-TENG system can enhance
both output and mechanical durability. The VOC output increased
by more than three times compared with dry conditions, and the
system exhibited excellent output durability over 72 h (225 000
cycles). The force measurement characteristics of the SRI-TENG
were investigated under various dynamic ranges and for differ-
ent contact surfaces. Under these conditions, a relationship be-
tween the number of peaks and applied force was observed for
the SRI-TENG. In addition, contact material recognition using
1D-CNN was demonstrated. SRI-TENG has shown a high accu-
racy of 92% without external power sources. This is attributed to a
simple linkage structure of SRI-TENG, which effectively isolates
the measurement and the signal-generation components. By in-
tegrating a self-powered TENG sensor based on Scott-Rusell link-
age and robust data processing algorithms, we enhanced the ac-
curacy and reliability of the sensor data. Our experimental results
and comparative analysis show the potential of this approach
for contact material-independent tactile recognition and external
force detection.

4. Experimental Section
Fabrication of a Scott–Russell Structure-Inspired TENG (SRI-TENG):

The SRI-TENG consists of a Scott–Russell linkage and TENG components.
A polylactic acid filament (DY AIR) and a 3D printer (Flash Forge Adven-
turer3 Lite) were used to fabricate the Scott–Russell linkage components.
The parts were printed at a 70 mm s−1 printing speed, and the temper-
ature of the plate was 85 °C. Once all the parts had been printed, they
were assembled. The TENG was fabricated using a printed circuit board
(PCB). The width and length of the PCB were 12.7 and 32 mm, respectively,
and the substrate thickness was 1.6 mm. The PCB contained a total of 98
electrodes, and the gap and thickness of the electrodes were 150 μm, as
shown in Figure S6 (Supporting Information). A 50 μm-thick PTFE film was
attached on the upper side of the PCB electrodes as a triboelectric layer,
and then the PCB was attached to the Scott–Russell linkage as shown in
Figure S7 (Supporting Information).

SRI-TENG Spring Constant Adjustment Procedure: The SRI-TENG can
switch its spring constant for appropriate measurements. Any spring can
be mounted when the spring meets the standard. The procedure is shown
in Figure S8 (Supporting Information).

Fabricating tactile samples: Polyurethane (PU) foam, ecoflex-30
(Smooth-On), and Sylgard184 (Dupont) were used to fabricate the differ-
ent tactile samples. The area of the material, which had a cylindrical shape,
was ≈12.5 cm2 and the height was 1.5 cm. The fabrication method for
samples with different Young’s modulus has been previously reported.[49]

Each silicone sample was mixed according to the manufacturer’s recom-
mendations. For Sylgard184, the ratio was 10:1(Part A:Part B, wt%), and
for Ecoflex, it was 1:1(Part A:Part B). After pre-mixing, different silicones

Table 1. Mixing ratio and properties of different silicone elastomer
mixtures.

No. Young’s modulus Part A Ratio Part B Ratio

1 0.1 MPa Sylgard 184 - EcoFlex 1

2 0.3 MPa Sylgard 184 1 EcoFlex 3

3 0.5 MPa Sylgard 184 3 EcoFlex 1

were obtained according to the mixing ratios shown in Table 1. Each mix-
ture was placed in a vacuum chamber for 5 min to degas then cast into a
mold and dried in an oven under 80 °C for 2 h. Different tactile materials
were obtained by peeling the dried silicone from the mold. The foam was
cut into the same shape as the sample, and all samples were attached to
a weight.

Measurement: The open-circle voltage signal of the SRI-TENG was
measured using a digital oscilloscope (Tektronix MDO34). Mechanical in-
put is given during the durability experiment with a function generator
(AFG3021C, Tektronix Co.), vibration tester (ET-126B-4, Labworks Co.),
and preamplifier (pa-151, Labworks Co.).

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