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One-Step Patterned Contact-
Resistance-Free Stretchable
Strain Sensors With High
Linearity and Repeatability
for Body-Motion Detection
Most of the resistive-type stretchable strain sensors exhibit large sensing ranges and high
sensitivity but suboptimal repeatability and linearity because of the contact-resistance
mechanism. To achieve high repeatability and linearity, several sensors with contact-
resistance-free structures are proposed. However, due to the different geometric layouts
of the conductive materials and the insulating substrates, the patterning of these
sensors requires multiple processes including photolithography and etching, which may
cause high costs and are not suitable for consumer wearable applications. Here, we
report a design for stretchable strain sensors based on a one-step patterned contact-resis-
tance-free structure, i.e., the independent-sensing-and-stretchable-function structure
(ISSFS). The stretchability mainly comes from the overall large deformation of the
wide curved segments (the stretchable parts), while the resistance variation is mainly
attributed to the tensile strain of the narrow straight segments (the sensing parts).
High linearity (R2= 0.999) and repeatability (repeatability error= 1.44%) are achieved
because neither unstable contact resistance nor nonlinear constitutive and geometric
behaviors occur during the sensing process. The conductive materials and the insulating
substrates do not need to have different geometric layouts; thus, they can be patterned by
only one-step laser cutting. The proposed sensors show great potential in body-motion
detection for wearable devices. [DOI: 10.1115/1.4056766]
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1 Introduction
Over the last decade, flexible electronics integrated with various

sensors, including strain sensors [1–8], pressure sensors [9–14], and
temperature sensors [15–17], have broken through the limitation of
traditional rigid electronics and have profoundly changed the mode
of industrial production and human lifestyles [18]. In particular,
strain sensors with large sensing ranges are required to allow the
monitoring of the body deformation and motion in applications of
health monitoring [1,19,20], human–computer interaction [21–
23], and eXtended Reality (XR) [8,24]. However, limited by poor
mechanical compliance and narrow sensing ranges [8,25,26], con-
ventional strain gauges cannot meet the growing requirements.
Intensive efforts have been made to develop new-type stretchable
strain sensors based on capacitive [2,27], resistive [1,21], piezoelec-
tric [28,29], and triboelectric [30] effects. Among them, the
resistive-type stretchable strain sensor is widely used for its
simple sensing mechanism and capability of anti-jamming [31].
Most of the resistive-type stretchable strain sensors adopted the

contact-resistance mechanism to achieve a large sensing range
and a high sensitivity [3,6,32–35]. The designed conductive micro-
structures include the prestrained conductive material array [36,37],
spring-like structure [6,32,38], fish-scale-like structure [5,39],
island-gap structure [40,41], crack [7,20,42,43], etc. The adopted
conductive materials include metal membranes/nanowires/nanopar-
ticles [7,22,43,44], carbon-based materials [3,20,23,41,44], and
conductive polymer [35,45]. However, many of these sensors
have the problems of suboptimal linearity and repeatability
caused by the unstable contact resistance and nonlinear constitu-
tive/geometric behaviors during the sensing process [46]. Consider-
ing that the installation regime of the sensor is not always
strain-free, the strain sensors with suboptimal linearity cannot guar-
antee the applicability of the calibration relationship after the oper-
ation of zero clearing [47]. The suboptimal repeatability can also
bring undesirable measurement errors in multiple measurements
under the same applied strain. Therefore, such sensors would run
into the plight of complicated calibration and the risk of large mea-
surement errors in practical applications.
To achieve high repeatability and linearity, researchers recently

proposed several stretchable strain sensors with the contact-
resistance-free structures where the resistance variation is caused
by the elastic deformation of conductive metal materials [19,46].
For example, Li et al. presented an off-axis serpentine sandwich
structure with the mechanism of the stretch−bending−stretch trans-
formation as one of the contact-resistance-free structures to achieve
high repeatability (repeatability error= 1.58%) and linearity

(coefficient of determination > 0.999) [46]. These strain sensors
have contributed a lot to the high-precise measurement in the
medical and aerospace fields. However, due to the different geomet-
ric layouts of the conductive metal materials (e.g., gold) and the
insulating substrates (e.g., polyimide), the patterning of these
sensors [19,46,48,49] requires multiple processes including photo-
lithography, etching, and laser cutting. Besides, the sensors need to
be transferred among different processing platforms to complete the
whole fabrication process, which requires an ultraclean room and a
high degree of re-positioning accuracy of the processing platforms.
These strict factors dramatically increase the manufacturing cost of
consumer wearable applications and thus prevent them from popu-
larization. In addition, limited by the photolithography process, the
length of the fabricated sensors is typically less than 30 cm, which is
unfavorable for the average strain measurements over a large size
range such as the waistline, thigh circumference, and arm circum-
ference during exercise.
Here, we report a design for stretchable strain sensors based on

another kind of microfabricated contact-resistance-free structure,
i.e., the independent-sensing-and-stretchable-function structure
(ISSFS). The stretchability mainly comes from the overall large
deformation of the wide curved segments (the stretchable parts),
while the resistance variation mainly comes from the tensile strain
of the narrow straight segments (the sensing parts). Therefore, the
conductive metal materials and the insulating substrates do not
need to have different geometric layouts, and the patterning
process can be completed by only one step of laser cutting. High lin-
earity (R2= 0.999) and repeatability (repeatability error= 1.44%)
are achieved because neither unstable contact resistance nor nonlin-
ear constitutive and geometric behaviors would occur during the
sensing process. The consistency of the electrical responses in dif-
ferent stretching modes is verified to ensure accurate measurement
in practical applications. Furthermore, a design of temperature self-
compensation is proposed to free the sensor from the influence of
temperature. The present sensors show great application potential
in medical surgery, intelligent devices, and motion monitoring.
The design idea of the ISSFS can be extended to stretchable
strain sensors with high accuracy and other special advantages by
employing different conductive materials.

2 Results and Discussion
2.1 Design and Fabrication. Figure 1(a) illustrates an

exploded view of the designed strain sensor, consisting of an
ISSFS and the bottom and top encapsulation layers. The ISSFS is
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composed of a patterned conductive layer (constantan foil in this
work for its low resistance temperature coefficient) with two con-
nection pads soldered to external leads, and a polyimide (PI) sub-
strate with the same pattern. A soft silicone material (Ecoflex
00-30, Smooth-On, PA, USA) is employed to form the top and
bottom encapsulation layers. As shown in Fig. 1(b), the fabricated
strain sensor can be easily bent or twisted, indicating its excellent
flexibility.
Figure 1(c) shows the results of the finite element analysis (FEA)

and the experiment of the ISSFS stretched by 30% applied strain.
The agreement of the overall deformation predicted by FEA with
the experiment results validates the reliability of FEA as a tool to
understand the sensing mechanism. The ISSFS can be divided
into several stretchable parts (the wide curved segments) and
sensing parts (the narrow straight segments) connected in series.
The stretchability is mainly attributed to the stretchable parts. The
design of the thick PI makes the thickness in the same order as
the width. Thus, the stretchable parts will undergo mainly
in-plane deformation when stretched [50] and transform the
overall large displacement into small bending and rotation. While
the resistance variation mainly comes from the tensile strain of
the sensing parts, their linear elongation can derive a linear incre-
ment in resistance. Owing to the combination of the two parts
with different functions, neither unstable contact resistance nor
nonlinear constitutive and geometric behaviors would occur

during the sensing process. Therefore, the stretchable strain
sensor based on the ISSFS could have large stretchability, high lin-
earity, and high repeatability simultaneously.
The fabrication processes of the strain sensor can be realized by

standard planar micro-fabrication strategies including laser cutting
and encapsulation (Fig. 1(d ), details are shown in the Experimental
Section). The aforementioned design idea of the ISSFS enables the
conductive metal materials and the insulating substrates to share the
same geometric layouts. Hence, the double-layer material (a
5-μm-thick constantan and a 200-μm-thick PI) can be patterned
into ISSFS with a ultraviolet picosecond laser in one step. After
that, the ISSFS is soldered for connection to an external circuit
and encapsulated by the soft silicone material (Ecoflex). The
length of the strain sensor can be customized from a few to
several tens of centimeters per the above process. All of these pro-
cesses are industrially mature, low in cost, and have no require-
ments for the ultraclean room, which is favorable for mass
production and consumer wearable applications.

2.2 Mechanical and Electrical Characterization of ISSFS.A
mechanical model of ISSFS is established for the quantitative
analysis and design optimization (Fig. 2(a) and Fig. S1 (available
in the Supplemental Materials on the ASME Digital Collection)).
Given the symmetry of geometry and loads, a quarter of the

Fig. 1 Strain sensor based on the ISSFS: (a) exploded view of the strain sensor, (b) bending
and twisting of a fabricated strain sensor, (c) FEA and experimental results shown in the top
view for an ISSFS in the initial state and stretched by 30% applied strain (inset: enlarged view
of maximum principal strain distribution near the joint of the stretchable part and the sensing
part), and (d ) illustration of the fabrication processes
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periodic structure is adopted for analysis. The stretchable part ABC
consists of n parallel beams (n= 2 in Fig. 2(a)). Each beam is made
up of an arc with radius R and central angle θ, and an arm with
length L1. The width of the beams is w1. The gap width between
the parallel beams is w3 when n is more than 1. The length and
width of the sensing part CD are L2 and w2, respectively. According
to the theories in mechanics of materials [51], the relationship
between the applied strain and the maximum strain of the constan-
tan foil εmax (the location is nearby point C) could be obtained ana-
lytically as (see Note S1 and Fig. S1 available in the Supplemental
Materials)

εapp

=
�λ
2
1 sinθ[(�λ

2
1+4�λ1�rθ+6k�r2)sinθ−6k�r2θcosθ]+n�λ2(�λ1+�rθ)
3�λ1 sinθ(�λ1+2�rθ)(�λ1 cosθ+�λ2�w+k�rsinθ)

εmax

(1)

where �r=R/w1, �λ1=L1/w1, �λ2=L2/w2, �w=w2/w1, and k=1−
1/(12�r2) are the dimensionless geometric parameters. The elastic
range of the structure εe.r. is set equal to the applied strain when
the maximum strain of the constantan reaches the elastic limit of con-
stantan (εmax=0.6%). Changes in dimensionless geometric

parameters may lead to changes in the stretchability of the stretchable
part and, consequently, have effects on the elastic range. According
to Eq. (1) with �r=6.25 and �w=0.3125, the effects of dimensionless
parameters n, θ, �λ1, and �λ2 on the elastic range are studied as shown in
Figs. 2(b)–2(e). It shows that a larger n induces a minor variation in
the elastic range (Fig. 2(b)). On the other hand, the elastic range
increases monotonously with increasing of θ (Fig. 2(c)) and �λ1
(Fig. 2(d)) and decreasing of �λ2 (Fig. 2(e)).
When the ISSFS is stretched, the resistance change is mainly

attributed to the tensile strain of the sensing part, and the resis-
tance change of the stretchable part and the two connection pads
is negligible. With the above mechanical deformation and electri-
cal analysis, the relative resistance change can be yielded as (see
Note S2 and Fig. S2 available in the Supplemental Materials)

ΔR
R0

=
n2(1+2νcons.)[�λ2�wsinθ−(n−1)(�d+1)−1/2](�λ1+θ�r)

�w[�wsinθ(�λ1+n�λ2+kθ�r)−n(n−1)(�d+1)−n/2]
εapp

×
�λ1 cosθ+�λ2�w+k�rsinθ

�λ
2
1 sinθ[(�λ

2
1+4�λ1�rθ+6k�r2)sinθ−6k�r2θcosθ]+n�λ2(�λ1+�rθ)

(2)

Fig. 2 Theoretical analysis of the ISSFS: (a) Mechanical model of the ISSFS under stretch.
(b) Effects of dimensionless parametersR/w1 on the elastic range. (c) Effects of dimensionless
parameters θ on the elastic range. (d ) Effects of dimensionless parameters L1/w1 on the elastic
range. (e) Effects of dimensionless parameters L2/w2 on the elastic range. ( f ) Effects of dimen-
sionless parameters R/w1 on GF. (g) Effects of dimensionless parameters θ on GF. (h) Effects
of dimensionless parameters L1/w1 on GF. (i) Effects of dimensionless parameters L2/w2 on
GF. ( j) Plot of maximal principal strain field and contour plot of electric potential of the conduc-
tive layer. (k) Relative resistance changes versus the applied strain with �λ1 = 40 and �λ2 = 40 for
the green dataset; �λ1 = 62.5 and �λ2 = 60 for the lavender dataset; �λ1 = 62.5 and �λ2 = 40 for the
blue dataset.
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Here, R0 and ΔR represent the initial resistance of the whole struc-
ture and the increment caused by geometric deformation, respec-
tively. �d=w3/w1 (n≥ 2) is another dimensionless geometric
parameter. νcons. is Poisson’s ratio of constantan. With �r=6.25,
�w=0.3125, and �d=0.625, the effects of dimensionless parameters
n, θ, �λ1, and �λ2 on gauge factor (GF, the ratio of change in relative
resistance to the applied strain) are also studied, as depicted in
Figs. 2( f )–2(i). A larger n and �λ2 results in a small rise of GF
(Figs. 2( f ) and 2(i)) for its minor effect on the relative stiffness,
while the GF decreases monotonously with increasing of θ
(Fig. 2(g)) and �λ1 (Fig. 2(h)), which is contrary to the trends of
the elastic range. The FEA results verify these analytic results
with nine sets of geometric parameters (circles in Figs. 2(b)–
2(i)). The design of ISSFS could be customized to meet the
demands of specific applications by using the above laws of pre-
dicting the elastic range and GF.
The stretchability and linear electrical response can be under-

stood by the deformation mechanism. When ISSFS is stretched,
the overall large displacement is mainly transformed into small
bending of the arc and the rotation of the arm of the wide curved
segment (the stretchable part) under small deformation. In the
meantime, the n-parallel-beam design (n≥ 2) helps to reduce the
strain level with little influence on the resistance [52]. The tensile
and compressive strains caused by small bending distribute
almost symmetrically on the two sides of the central axis along
the direction of the potential drop, which makes the resistance
change of the wide curved segment offset to about zero
(Fig. 2( j)). Therefore, the wide curved segment functions as the
stretchable part and has a minor resistance change. On the other
hand, the narrow straight segment has a high initial resistance,
and the small tensile strain results in a predominant linear resistance
change. Therefore, the narrow straight segment functions as the
sensing part. Although the stretchable part could be designed into
other patterns, such as the serpentine [50], the current design is
less prone to stress concentration and the sensing part has a
clearer deformation pattern (see Note S3 available in the
Supplemental Materials). Due to the combination of the two parts
with different functions, there is neither unstable contact resistance
nor nonlinear constitutive and geometric behavior, rendering a
highly linear relationship between the applied strain and the electri-
cal response. The high repeatability of ISSFS is ensured because all
the materials just deform within the elastic limit. With n= 3, θ= 5π/
12, �w = 0.3125, and �d = 0.625, Fig. 2(k) compares the analytic,
experimental, and FEA results of relative resistance change of three-
set parameters (�λ1 = 40 and �λ2 = 40 for the green data set; �λ1 = 62.5
and �λ2 = 60 for the lavender data set; �λ1 = 62.5 and �λ2 = 40 for the
blue data set). Results under the same parameters agree well with
each other. The linearity can be quantitively defined as the coeffi-
cient of determination (R2) of the linear fit of output signals and
applied strain. Experimental results show that R2 of the ISSFS
can reach higher than 0.999, which is very close to 1, meaning
that the ISSFS presents super high linearity.

2.3 Mechanical and Electrical Characterization of the
Strain Sensor With Encapsulation Layers. A complete strain
sensor based on the ISSFS with encapsulation is shown in Figs.
1(a) and 1(b). A proposed sensor (detailed dimensions shown in
Fig. S4 available in the Supplemental Materials) was fabricated
and tested under five consecutive loading–unloading cycles under
27% applied strain. The experimental result shows that the sensor
presents super high linearity (R2= 0.999) and repeatability (repeat-
ability error [53]= 1.44%) (Fig. 3(a) and Note S4 (available in the
Supplemental Materials)), which is better than previous works that
adopted the contact-resistance mechanism [6,8,20,54,55]. The
excellent performance results from no contact resistance and
linear constitutive and geometric behavior during the sensing
process. Furthermore, the GF of ISSFS is relatively larger among
various contact-resistance-free and stretchable structures that can
be one-step patterned, such as the serpentine, the zigzag, and the

sinusoid (see Note S5 and Fig. S7 available in the Supplemental
Materials). The stretchable part of the ISSFS and the three stretch-
able structures (the serpentine, the zigzag, and the sinusoid) are
mainly in bending deformation mode when they are stretched.
The tensile and compressive strains caused by bending distribute
symmetrically on the two sides of the central axis, which makes
the resistance change offset to zero. On the other hand, the
sensing part of the ISSFS allows a tensile strain and a corresponding
resistance change by the overall stretching. Attributed to the idea of
independent function and the sensing part, the ISSFS could have a
larger GF under the same applied strain. The GF of the sensor cal-
ibrated in Fig. 3(a) is calculated as 0.0038. The corresponding ideal
error of the sensor regardless of wiring noise is about 0.089% strain
(see Note S6 available in the Supplemental Materials) for the
applied strain ranging from 0.5% to 30% (see Note S7 and
Fig. S8 available in the Supplemental Materials) [47]. As shown
in Fig. 3(b), the strain sensor can reliably distinguish a small
strain of 0.5% despite fluctuations caused by noise, which is good
enough for body-motion monitoring. The dynamic performance is
studied in Figs. 3(c) and 3(d ) and Fig. S9 (available in the
Supplemental Materials). At different applied strain rates of
1.67% s−1, 3.33% s−1, and 8.33% s−1, the sensor could derive
almost the same relative resistance changes, confirming the robust
output of the sensor (Fig. 3(c)). The relative resistance changes of
the sensor under a loading–unloading cycle with 15%, 20%, and
25% applied strain (see Fig. S9 available in the Supplemental
Materials) also verify the high linearity and repeatability of the fab-
ricated sensor, which is consistent with the result in Fig. 3(a). When
15%, 20%, and 25% strain is applied at the strain rate of 8.33% s−1,
almost no overshoot occurs (Fig. 3(d )). Mechanical durability is
examined by 1500 consecutive loading–unloading cycles under
20% applied strain (Fig. 3(e)). Some abnormal data at the lower
and upper ends of the cycle are caused by the rapid and unstable
change in the loading speed of the testing machine when the
loading direction is reversed (see Note S8 and Fig. S10 available
in the Supplemental Materials). The electrical response near the
end of the test exhibits no noticeable drift compared to that of the
beginning of the test. Such high durability and repeatability are
favorable for practical applications that need multiple
measurements.
Strain sensors are commonly calibrated with two ends fixed on

the tensile tester, leaving the rest freestanding (mode 1, top sub-
graph of Fig. 3( f )). While in many practical applications, the
sensors are bonded with the sensing targets and share the same
strain distribution at the interface (mode 2, bottom subgraph of
Fig. 3( f )). The ideal sensor should give consistent outputs under
the same applied strain regardless of the stretching modes. In this
case, the calibration results are applicable to the guidance of the
practical tests. Experimental results suggest that the sensor (detailed
dimensions shown in Fig. S11 available in the Supplemental
Materials) with thin encapsulation layers would generate GFs
with large disparities in two modes under the same applied strain,
while the sensor with thick encapsulation layers would not
(Fig. 3(g) and Fig. S12, Note S9 (available in the Supplemental
Materials)). Figure 3(h) compares the FEA results of the elastic
ranges in two stretching modes with different encapsulation thick-
nesses. As the thickness of the encapsulation layer increases, the
elastic range gradually decreases in mode 1 (red lines) but increases
sharply and then increases slightly in mode 2 (blue lines). In both
modes, the elastic range will converge to the same stable value
when the encapsulation layers are thick enough. This phenomenon
can be explained by investigations of the strain distribution
(Fig. S13 available in the Supplemental Materials). In mode 1,
the bending of the stretchable part would be restrained by the adja-
cent encapsulation layers. Consequently, these are a curvature decre-
ment at the arc and an increment at the right end of the arm, which
contributes to the increase of the maximum strain of the constantan
and accordingly the decrease of the elastic range. However, in
mode 2, thick encapsulation layers can relieve the strong local con-
straint from the sensing target to the ISSFS, and the sensor with
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thick encapsulation layers could have a larger elastic range than that
with thin encapsulation layers. When the encapsulation layers are
thick enough, the local constraint from the sensing target to the
ISSFS is small and can be ignored. The strain distribution tends to
be similar to that of mode 1 under the same applied strain. In this
case, the sensor derives consistent outputs under the same applied
strain in both modes.

2.4 Design of the Temperature Self-Compensation
Structure. In practical applications, the sensing performance of
strain sensors may be affected by the temperature of the environ-
ment and the sensing target. There are two common strategies to
reduce the effect. One uses materials with a low temperature coef-
ficient as sensing materials, such as the constantan (8 ppmK−1 at
20 °C [56]). That is, a temperature variation of 1 °C will cause a rel-
ative resistance change of 8 × 10−4%, which is equivalent to a small
effect of 0.21% applied strain for the sensor tested in Fig. 3(a). In
the vast majority of wearable applications, the body surface temper-
ature in wearable applications would not vary by more than 10 °C,
which corresponds to an effect of 2% applied strain. The other relies
on the design of temperature self-compensation to further reduce the
influence of noise caused by temperature variation. Here, we
propose a temperature self-compensation structure (TSS) integrated
into the strain sensor (Fig. 4(a)), which is practical for strain mea-
surement in a variable-temperature environment. The TSS is com-
posed of a serpentine structure with the same material as the
ISSFS, and its resistance is equal to that of the ISSFS. The deforma-
tion mechanism of the TSS is similar to that of the stretchable part of

the ISSFS, i.e., the symmetrical distribution of tensile and compres-
sive strains along the direction of the potential drop (Fig. 4(b))
renders little resistance variation when the TSS is stretched (laven-
der line in Fig. 4(c)). Therefore, the GF of the TSS can be consid-
ered equal to zero. A half Wheatstone bridge circuit is built with the
ISSFS and the TSS as two resistors. Figure 4(d ) depicts the corre-
sponding equivalent circuit. Here, R1, R2, and Rs represent the resis-
tances of the ISSFS, the TSS and a standard resistor, respectively.
Us and Uo are the supply and output voltage, respectively. The
resistances of the ISSFS and the TSS follow the linear relation-
ship Ri(T , εapp) = Ri(T0, 0)(1 + αΔT)(1 + Kiεapp) when they are
subjected to the applied strain εapp and the temperature variation
ΔT=T− T0 from the initial temperature T0 to the current temp-
erature T. Here, α is the temperature coefficient of resistance, the
GF K1≠ 0 and K2= 0. The output voltage variation could be
obtained as follows (see Note S10 available in the Supplemental
Materials)

ΔU =
K1Us

4
εapp (3)

The output voltage ΔU is independent of temperature items; i.e., the
output of the sensor would not be affected by ambient temperature.
Combining the strategies of low-temperature coefficient materials
and the design of the TSS, a sensor was fabricated and tested
with five consecutive loading–unloading cycles under 5% applied
strain (Fig. 4(e)). The result shows the sensor with the TSS
retains high linearity (R2= 0.999) and repeatability (repeatability
error= 2.22%). A temperature variation experiment was also

Fig. 3 Mechanical and electrical characterization of the strain sensors based on the ISSFS:
(a) Relative resistance change of the sensor versus the applied strain under five consecutive
loading–unloading cycles. (b) Change of the dimensionless output voltage under
0.5%-stepped applied strain (measured by a half Wheatstone bridge circuit). (c) Curves of
the relative resistance change versus the applied strain with different applied strain rates.
(d ) Relative resistance changes for a step strain (strain rate 8.33% s−1) from 0% to 15%/
20%/25%. (e) Relative resistance change under 1500 cycles consecutive loading and unload-
ing with 20% applied strain (measured by a half Wheatstone bridge circuit). ( f ) Illustration of
two stretchingmodes. (g) Comparisons of the GF of sensors with thin and thick encapsulation
layers in twomodes. (h) Effects of the thickness of encapsulation layers on the elastic range in
two modes.
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carried out. The sensor with the TSS was placed in a temperature-
controlled cabinet (Fig. S14 available in the Supplemental
Materials) and underwent a 25 °C temperature increment (FLIR
T420, FLIR Systems, VA, USA; Fig. 4( f )). The relative voltage
output varied little (from 0 to 4.5 × 10−3, Fig. 4(g)) after around
1200 s heating, which corresponds to less than the effect of 0.5%
applied strain. The result validates the temperature self-
compensation function of the TSS.

2.5 Applications in Motion Monitoring, Intelligent Devices,
and Medical Treatment. Strain variations in the human body
reflect human motions and could be recorded for human–machine
interactions and diagnostic aids. Figure 5(a) illustrates some poten-
tial sensing locations and corresponding motions in the human
body. For instance, people who ignore their sitting posture are vul-
nerable to cervical spondylosis caused by prolonged head bowing.
A wearable device based on the present strain sensor could be
attached to the back of the neck, monitor the motion (Fig. 5(b)),
and remind the user to sit straight and keep a good posture. The dis-
tinct signals of respiration at different frequencies (Fig. 5(c)) and the
knee flexion and extension (Fig. 5(d )) captured by the sensor indi-
cate its ability to record both subtle and large body motions. To
keep the sensors from compression, they were pre-stretched
before installation.
The strain sensor also has the potential for application in intel-

ligent devices. For instance, a smart glove integrated with the
present sensors might detect different gestures and transmit com-
mands to the computer dynamically (Fig. 5(e)). Figure 5( f ) shows
the smart glove recognized bent fingers and then controlled the
box in the computer (Unity 3D Software) to move right (bent
finger I) and left (bent finger II). The schematic circuit of the
smart glove is demonstrated in Fig. S15 (available in the
Supplemental Materials). In future virtual reality (VR) systems,
strain sensors may assist in sensing changes in body size due to
activity, body state variation, etc. A small-size strain sensor inte-
grated into VR devices can only be used for localized strain mea-
surement. On the one hand, uneven skin deformation makes
localized strain measurements fail to accurately catch changes in
overall body size (Fig. 5(g)). On the other hand, the location

change of the small-size strain sensor caused by the slide of the
device when on the skin surface could result in measurement
errors (light blue line, Fig. 5(h)). Fortunately, owing to the simpli-
city and maturity of processing, our sensors can be fabricated
longer than 30 cm (see Fig. S16 available in the Supplemental
Materials) to fit snugly around the body part and successfully
measure the total deformation of the upper arm (dark blue line,
Fig. 5(h)). A sensing target has m different strain regions with
the tensile strain, and the length of the ith region are εi and Li.
The total elongation can be calculated as ΔL =

∑m
1 Liεi. For the

strain sensor whose GF k(εi) varies with the applied strain εi, the
electrical output

∑m
1 Li · k(εi)εi cannot be used to uniquely calcu-

late the elongation. However, with a linear electrical response,
k(εi) of our sensor is a constant K, and thus, the electrical output
K ·∑m

1 Liεi = K · ΔL of our sensor could reflect the total elonga-
tion and allow the correct evaluation of the average strain.
Tendons are soft connective tissues that withstand and trans-

mit large forces between muscles and bones [57]. After repeated
motion and degeneration, the mechanical properties of injured
tendons may differ from normal ones, which could bring about
long-term pain and impairment in motion function. The strain
sensor could provide surgeons with quantitative information
about the deformation of tendons. As a demonstration in
Fig. 5(i), the sensor was attached to the Achilles tendon of a
lab rabbit. The high linearity of the sensor ensures that the mea-
surement results would not be affected by the inevitable prestrain
due to installation. While the leg was driven to perform repeated
movements between two different levels (ankle angle θ= 90 deg
and 150 deg), the sensor derived an electrical response with
repetitive peaks and valleys (Fig. 5( j)). With the quantitative
information about the strains of the tendon in different postures,
surgeons could determine the tightness of tendons during the
repair surgery and thus improve the recovery of patients’ joint
function.

3 Conclusion
In summary, we propose the one-step patterned

contact-resistance-free stretchable strain sensors based on the

Fig. 4 (a) Optical image of a strain sensor with the TSS. (b) The maximal principal strain distribu-
tion of part of the ISSFS and the TSS. (c) Relative resistance changes of the ISSFS and the TSS
versus the applied strain under five consecutive loading–unloading cycles with 5% applied
strain. (d ) Circuit diagram of the half Wheatstone bridge for measurement. (e) Relative voltage
changes of the sensor under five consecutive loading–unloading cycles with 5% applied strain.
( f ) Infrared thermogram of the strain sensor placed in a temperature-controlled cabinet. Top:
before heating. Bottom: after heating. (g) Relative output voltage changes during undergoing a
25 °C temperature increment.
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ISSFS. The strain sensor could have super high linearity (R2=
0.999) and repeatability (repeatability error= 1.44%) because
neither unstable contact resistance nor nonlinear constitutive and
geometric behaviors would occur during the sensing process.
Owing to this novel design, the conductive metal materials and
the insulating substrates do not need to have different geometric
layouts, and the patterning process can be completed with laser
cutting in only one step. Besides, an integrated TSS is proposed
and allows the sensor to eliminate the influence of the variable envi-
ronment temperature. The collective results demonstrate that the

proposed strain sensor has promising applications in medical
surgery, intelligent devices, and motion monitoring.

4 Experimental Section
4.1 Measurement Setup. Static/dynamic stretching tests were

carried out with a programmable tensile testing machine
(ZQ-990LB, ZHIQU, Dongguan, China). The strain sensors with
temperature self-compensation were powered by a programmable

Fig. 5 (a) Illustration of the potential sensing locations and corresponding motions in human
body. (b) Electrical signals of the repetitive motion of the neck. (c) Electrical signals of respira-
tion at two different frequencies. (d ) Electrical signals of the extension and bending of the knee.
(e) Illustration of a smart glove integrated with the strain sensors and communicating with the
computer. ( f ) Photographs showing the control of the box game through finger gestures and
the corresponding bending signals recorded by the smart glove. (g) Illustration of the uneven
distribution of strain on the arm. (h) Comparison of the electrical signals of a sensor wrapping
the arm and a small-size sensor. Inset: Optical images of the sensor wrapping around the arm
and the small-size sensor attached to a localized area of the arm. (i) Illustration of a strain
sensor on the Achilles tendon of a lab rabbit and the ankle angle. ( j) Relative resistance
change of the strain sensor with repeated movements of the rabbit leg between ankle angle θ=
90 deg and 150 deg.
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DC power (DP831A, RIGOL, Beijing, China). The electrical
responses of the strain sensors were measured with a digital multim-
eter (DAQ970A, Keysight, CA, USA) for resistance variations and
output voltage signals.

4.2 Finite Element Analysis of Deformation. ABAQUS/
Standard software was used for static FEA of the deformation of
the ISSFS and the strain sensors with encapsulation layers.
Ecoflex was regarded as the Mooney–Rivlin material [58,59] with
C10= 0.00805369 MPa, C01= 0.00201342 MPa, and D1=
2 MPa−1. PI [19,58–60] and constantan [46,61,62] were both
treated as linear elastic materials with Young’s modulus EPI=
2.5 GPa and Econs.= 163 GPa, Poisson’s ratio νPI= 0.34, and
νcons.= 0.33, respectively. C3D8RH elements modeled the encapsu-
lation layers, and C3D8R elements were utilized for the rest. The
symmetry boundaries of “XSYMM” and “YSYMM” were
applied on the left and bottom cross sections, respectively. The
right cross section was applied with a constant displacement load.
More details can be found on Note S11 (available in the
Supplemental Materials).

4.3 Finite Element Analysis of Staticelectrics. The commer-
cial software COMSOL was adopted to solve the electrical
potential distribution and resistance variation of the ISSFS with
coupled multifields of solid mechanics and electric currents. The
boundary conditions for the physics of solid mechanics were
similar to the same as in ABAQUS. The elastic moduli were
also the same as those settings in ABAQUS. For the physics of
electric current, the left end of constantan was set as a 1 A
current terminal, and the right end was implemented as a
ground. The conductivity of constantan was set to be a constant
value σcons.= 2.0833 × 106 S/m. More details can be found on
Note S11 (available in the Supplemental Materials).

4.4 Fabrication Process of Strain Sensors. Step 1: The
double-layer material (Hanzhong Jingce, China) composed of a
5-μm-thick constantan foil and a 200-μm-thick PI was patterned
into a structure connected in series by stretchable parts and
sensing parts, by a ultraviolet picosecond laser (DL566PU,
DCT, Tianjin, China). Step 2: The ends of the structure and
copper wires were joined by solder for connection to an external
circuit. Steps 3 and 4: Ecoflex 00-30 (Smooth-On, PA, USA)
with a 1:1 mixing ratio of A to B is mixed using a magnetic
stirrer at 200 rpm for 5 min. The mixture is transferred to a mold,
cured at room temperature for 1 h, and forms a bottom encapsula-
tion layer. The ISSFS is placed on the Ecoflex film and covered
with a new Ecoflex mixture followed by curing.

4.5 Additional Experimental Details. The experiments
involving human volunteers were approved by the Institutional
Review Board at the Institute of Mechanics, Chinese Academy of
Sciences (Approval No. 2022005), wherein the volunteers took
part following informed consent. The animal experiments were
also approved by the Institutional Review Board at Institute of
Mechanics, Chinese Academy of Sciences (Approval No. 2022005).
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