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The sensitivity improvement is the choke point of the soft strain sensor’s development. This paper focuses on heightening the soft
strain sensor’s sensitivity through changing the sensitive unit’s shape. The sensitive units in shape of square or sine wave with
different periods were studied in this work. Silver nanowires (Ag NWs) in excellent electrical conductivity and flexible
polydimethylsiloxane (PDMS) were used as sensitive nanomaterials and soft substrate. The soft strain sensor whose sensitive
unit is double cycled square wave performs the highest sensitivity whose gauge factor (GF) reaches to 14763.8. Based on the
high sensitivity, the sensor was applied on real-time detection of the human expression.

1. Introduction

Recently, the enthusiasm for flexible sensor research is inten-
sifying, and the soft sensors have been applied on soft robot,
E-skin health monitor, and so on [1–5]. However, some key
problems such as low sensitivity, graphical appearance, and
small range of application are overcoming to improving the
soft sensors’ properties [6–10]. Thus, more sensitive and
graphical flexible strain sensors are research hotspots. Based
on the soft strain sensors with better performances, the appli-
cation range can be greatly widen [11–14].

Carbon-based nanomaterials, such as carbon nanotubes,
graphenes, and graphene oxides with good mechanical prop-
erties have attracted great attention. As shown in Table 1,
graphene in different patterns has been investigated as sensi-
tive units of the flexible strain sensors, and the GFs are 29 and
35 based on PDMS and rubber substrates, respectively [15,
16]. The GF of the soft strain sensor composed by carbon
nanotubes and PDMS is 0.97 [17]; thus, some researchers
trying to improve the sensitivity via introducing different car-
bon nanomaterials. Branched carbon nanotubes and gra-

phene nanoplatelets were mixed as sensitive unit to gain a
higher GF at 144 [18]. Compared with carbon nanomaterials,
acting as sensitive unit of soft strain sensor and mental nano-
materials such as Ag nanomaterials shows better perfor-
mance in sensitivity improvement [15–21]. Moreover, the
Ag nanomaterials’ advances shown as mature synthesis
method and excellent conductivity. The flexible strain sen-
sors based on Ag NWs/elastic elastomer and Ag NWs/PU
were demonstrated that the GFs are 70 and 81, respectively
[19, 20]. Although the GF of the Ag NW-based soft strain
sensors are higher than carbon nanomaterials, some
researchers have been put their eyes on further improving
the sensitivity via changing the morphology of the Ag nano-
materials. The GFs of the Ag nanocrystal and zigzag-shaped
Ag nanoplate-based strain sensors reached to 312 and 2000,
respectively [22].

In this work, the soft strain sensor’s sensitivity was
heightened through changing the sensitive unit’s shape. The
sensitive units in shape of square wave or sine wave with dif-
ferent periods and amplitudes were studied through investi-
gating the piezoresistive performances of the sensors. High
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conductive Ag NWs and flexible PDMS were used as sensi-
tive unit and soft substrate. The piezoresistive sensing model
of sensors based on different shape sensitive units were estab-
lished to explore the mechanism of sensitivity improvement.
Finally, the soft strain sensor based on sensitive unit in the
square wave structure with double cycles was applied on
human expression detection.

2. Experimental

2.1. Preparation of Flexible Strain Sensors. The preparation
process of the sensor is shown in Figure 1(a). First, prepare
PDMS with rectangular grooves (purchased fromDow Corn-
ing, USA) by the template method. Ag NWs (purchased from
Changsha Weixi New Materials Co., Ltd.) were dispersed in
absolute ethanol (analytical grade, purchased from Tianjin
Beichen Foundry Reagent Factory). The morphology of Ag
NW was observed by FESEM (field emission scanning elec-
tron microscope, Japan Electronics JSM-7100F). After the
PDMS is cured, the Ag NW solution dispersed in absolute
ethanol is uniformly filled in the groove. After the absolute
ethanol in the groove is volatilized, a rectangular silver layer
is formed in the groove. Ag NWs are aggregated together
and deposited on the substrate due to the cohesive force gen-
erated by the evaporation of absolute ethanol. Then, the cop-
per electrode is fixed on the narrow end of the silver layer,
and the Ag NWs and the copper electrode are connected with
conductive silver paste. At the same time, due to the strong
viscosity of the conductive silver paste, the two can be com-
bined stably, reducing the impact of the contact resistance
of the sensor during stretching. Finally, PDMS is used to
encapsulate the Ag NWs, and PDMS is used as a protective
layer to protect the piezoresistive material layer during the
stretching process and ensure the stability of the sensor. After
the PDMS is cured, a flexible film with a sandwich structure
is prepared (sensor 1). The shapes of the sensors’ sensitive
units are shown in Figure 1(b), and sensor 1 to sensor 7 were
fabricated to investigate the performances of the sensors.

2.2. Characterization. The current-voltage curves were mea-
sured by the Keithley 2400 Source Meter at room tempera-
ture. Stretching experiments were carried out on the
stretching platform (Zolix TSM25-1A and Zolix TSMV60-
1 s, Zolix Corporation, Beijing, China), and the resistance of

the sensors was measured by Keithley 2400 Source Meterat.
The resistance changes of the most sensitive sensor during
surprised, confused, smiling, angry expressions were charac-
terized by the Keithley 2400 Source Meter.

3. Results and Discussion

The electrical characteristics of the sensor are characterized,
and the ohmic characteristics of the sensor are detected by
current-voltage curves of the sensors.

The cross-sectional size of the sensor is shown in
Figure 2(a), and the thickness of the conductive material is
about 20-30μm. As shown in Figure 2(b), the Ag NWs were
uniformly dispersed, and the nanowires had a diameter of
50 nm and a length of 20μm. Figure 2(c) shows the resistance
changes of seven devices. The current-voltage curves of the
seven different sensors are smooth straight lines, all with
good ohmic characteristics. The resistance of sensor 1 is
0.9Ω, which indicates that the soft strain sensor with rectan-
gular sensitive cells has excellent conductivity. The resis-
tances of 3 and 4 are 8.55Ω and 8.3Ω, respectively, which
is slightly lower than the 9.42Ω of sensor 2. Comparing the
shape of the sensitive unit of these three sensors, the resis-
tance is related to the period on the same horizontal length.
The resistances of sensors 5, 6, and 7 are 3238.8Ω,
806.45Ω, and 4454.45Ω, respectively. Different from the
sensor with the square wave-shaped sensitive unit, the sensor
with the sinusoidal-shaped sensitive unit has a closer rela-
tionship between resistance and length. At the same time,
the direction of the conductive path is a key factor in the con-
ductivity of the sensor, and a conclusion can be drawn by
comparing sensors 2, 3, and 4 with sensors 5, 6, and 7. This
means that lower resistance depends on the composition
direction of the conductive path and the applied electric field.
In order to confirm the conductive network formed by Ag
NWs, the morphology of Ag NWs was observed by SEM.

The relationship between resistance and strain range is
shown in Figure 3(b). The schematic diagram of sensor 1,
whose sensitive unit is a rectangular square wave, is shown
in Figure 4(a). The resistance increasing owing to sensitive
unit’s deformation and tunneling effect. The resistance
expression is expressed as equation 1, where ρ is the resistiv-
ity of the material (the international unit system isΩ, m), L is
the length of the resistance (the international unit system is
meters, m), and S is the conductor wire cross-sectional area
(the international unit system is square meters, m2). The con-
ductive path of the sensitive unit becomes longer and nar-
rower, so the resistance increases according to R = ρðL/SÞ.
Besides, cracks’ distances of the nanomaterials increase dur-
ing stretching. The electrons can tunnel through the polymer
matrix and form a quantum conductive junction when the
crack distance is smaller than the distance between two
neighboring nanomaterials and 30 times higher than the dis-
tance of a single nanomaterial. Those are the reasons that the
resistance of sensor 1 increases from 0 to 46.8 Ω during
stretching in the X direction, which is shown in
Figure 4(b), when the sensitive unit is a rectangular strip.
When the sensor is stretched in the X direction, the resis-
tance of the sensor exhibits an increasing tendency based

Table 1: Research status of the strain sensors based on
nanomaterials.

Nanomaterials Substrate GF Reference

Fragmentized graphene foam PDMS 29 15

Graphene Rubber 35 16

Carbon nanotubes PDMS 0.97 17

Carbon structures TPU 144 18

Ag nanowires Elastic elastomer 81 19

Ag nanowires PU 70 20

Ag nanocrystal PET 312 21

Zigzag-shaped Ag nanoplates PDMS 2000 22
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on the increases of L and decrease of S, and the tunneling
effect occurs along the stretching direction. If the sensor is
stretched in the Y direction, the resistance tends to decrease
due to decrease of L and increase of S, so this decrease trends
of resistance change were abandoned to measure in this
work. The gauge factor (GF) is defined as equation 2, where

ΔR is the relative resistance change under the deformation,
R0 is the initial resistance of the sensor, ΔL is the relative
elongation of the axial specimen, and L0 is the initial length
of the sensor. The GF of sensor 1 was calculated as 544.2
according to GF = ΔR/R0/ΔL/L0.The schematic diagram of
sensors 2-4 whose sensitive units are rectangular square wave
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Figure 1: (a) Sensor preparation process. (b) Different shapes of sensitive units.
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Figure 2: Ohmic characteristic curve of different sensors. (a) SEM image of sensor cross-section. (b) SEM of the sensitive units Ag NWs. (c)
The relationship between sensitive units’ shapes and as-prepared sensors’ resistances.
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is shown in Figure 3(a) during stretching. When the sensor is
stretched in the X direction, the conductive path of the sensi-
tive unit becomes longer and narrower, so the resistance
increases. When the sensor is stretched in the Y direction,

the conductive path of the sensitive unit becomes shorter
and wider, which leads to the reduce of the resistance. There-
fore, the resistance changes of the sensors stretching along
the X direction are studied, and results are shown in
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Figure 3: (a) Sensor stretching schematic diagram of square waved sensitive units. (b) Tensile characteristic curve of sensor 2. (c) Tensile
characteristic curve of sensor 3. (d) Tensile characteristic curve of sensor 4.
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Figures 3(b)–3(d). The stretching range and the GF of the
sensor 2, whose sensitive unit is two rectangular wave
periods, are 9.5% and 14763.8, respectively. The GF of sen-
sors 2 and 3 with one rectangular wave period sensitive unit
in different lengths exhibits 140 and 7391.3 during 20% and
11.5% stretching. The sensor 2’s sensitive unit is longer than
the other two sensors; thus, the sensitive unit’s length
changes more during stretching. That is the reason that the
sensitivity of sensor 2 is the highest. Besides, the nanomater-
ials in sensor 2 are more than sensors 3 and 4, which leads to
larger tunneling resistance during deformation. The sensing
range of the sensor 3 is wider when comparing with sensors
1, 2, and 4. This phenomenon is owning to the shortest initial
length in the Y axis of the sensor 3, and the relative length
change means larger ΔL/L0. The wider sensing range of the
sensor 4 than sensor 2 demonstrates the corners’ negative
effect for sensing range during stretching.

Figure 5(a) shows the schematic diagram of the sensor
with the sinusoidal sensitive unit. The conductive path of
the sensitive unit becomes longer and narrower during
stretching in the X direction, so the resistance increases.
Figures 5(b)–5(d) represent the resistance changes of the sen-
sors 5-7 during stretching. The GF of sensor 5 with two sine
wave periods sensitive unit is 13636.4 during 5.7% stretching.
However, the resistance does not increase gradually with
stretching. In the contrast, the resistances of the sensor 6
and 7, which the sensitive unit is one sine wave periods,
increase gradually during stretching. The GF of sensor 6 is
450 during 10% stretching, which is higher than that of sen-
sor 6 in 307.7. The sensitivity and the strain range of the sen-
sors with sinusoidal sensitive unit are both weaker than other
sensors. Moreover, the resistance does not change gradually
with deformation. The direction of the force is not parallel
to the direction of the sensor sensitive unit, so the way of

56.25 mm45 mm
X: 25%

20 mm

Y:
 2

5%

25 mm

Te
ns

ile
str

en
gt

h

Tensile
strength

(a)

𝛥
R/

R 0

𝛥L/L0 (%)

50

45

40

35

30

25

20

15

10

5

0

0 1 2 3 4 5 6 7 8 9 10

(b)

Figure 4: (a) The schematic diagram of the rectangular sensitive unit. (b) Corresponding sensor 1 tensile characteristic curve.
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Figure 5: (a) Stretching schematic diagram of a sensor with a sinusoidal circular wave. (b) Tensile characteristic curve of sensor 5. (c) Tensile
characteristic curve of sensor 6. (d) Tensile characteristic curve of sensor 7.

6 Journal of Sensors



0.35

0.30

0.25

0.20

𝛥
R/

R 0

0.15

0.10

0.05

0.00
0 2 4 6 8 10

t (s)

12 14 16 18 20 22

(a)

𝛥
R/

R 0

t (s)

0 2 4 6 8 10 12 14 16

0.6

0.5

0.4

0.3

0.2

0.1

0.0

(b)

0 2 4 6 8 10 12 14 16 18 20
0.00

0.05

0.10

0.15

0.20

0.25

𝛥
R/

R 0

t (s)

(c)

Figure 6: Continued.

7Journal of Sensors



the nanomaterials separating from each other and reforming
the conductive path is irregular in the stretching process. The
strain range of the sensor 6 seems in range of sensors 1 and 2,
while the initial length in the Y axis of is the shortest. There-
fore, the relative longer strain range is not owing to the sen-
sor’s performance. In other words, the performance of
sensors with sine wave period sensitive units is poor.

In summary, the graphical study of the sensor sensitive
unit helps to improve the sensitivity of the sensor, and the
sensitivity of the sensor with square waved sensitive unit is
27 times larger than sensor with simple rectangular sensitive
unit. Compared with other sensors with different sensitive
unit shapes, the detection range of the sensor with double
rectangular waved sensitive unit is 0~ 10%, and the highest
GF of the sensor is 14763.8. Thus, this sensor is selected as
the flexible device for the expression recognition application.
When the sensor was attached to the forehead of the human
body along the X direction, the experimenter made a sur-
prised expression and a confused expression. The resistance
changes of the sensor with volunteer’s expression changes
are shown in Figures 6(a) and 6(b). The distance between
the eyes becomes larger when the human makes a surprised
expression as shown in Figure 6(a). The surprising expres-
sion causing the muscles of the forehead stretching the sen-
sor, and the resistance increases during this process. When
the volunteer makes a confused expression as shown in
Figure 6(b), most part of the sensor was stretched while a
short length of the sensor shrieked, so the resistance of the
sensor increased first. During keeping the confused expres-
sion, the muscle tremor is the source of the slightly contrac-
tion of the sensor. Therefore, the resistance has a small
process of sudden decrease during the process of resistance
increasing. When the sensor was attached besides the mouth,
the resistance changes with the volunteer’s happy expression
and angry expression were shown in Figures 6(c) and 6(d).
When the human face makes a smiling expression, the resis-
tance increases with the sensor stretching with the movement
of the face. The resistance returns to the initial value at a slow

speed as the face slowly returns to the normal state. The sen-
sor rapidly stretching as the face bulging rapidly when the
human face makes an angry expression; thus, the resistance
increases in this process. After the expression ends, the face
quickly returns to the normal state. This process is faster than
the smile on the facial expression. The muscle movement of
the smiling is in the largest range, so the peaks of the resis-
tance changing during the angry expression are the highest.

4. Conclusion

This study focuses on heightening the soft strain sensor’s sen-
sitivity through increasing the sensitive units’ length in the
same volume. The sensitive units in shape of square wave
or sine wave with different periods and amplitudes were
studied in this work. The graphical study of the sensor sensi-
tive unit helps to improve the sensitivity of the sensor, and
the sensitivity of the sensor with square waved sensitive unit
is 27 times larger than the sensor with simple rectangular
sensitive unit. The soft strain sensor based on sensitive unit
in square wave structure with double cycle performs the
highest sensitivity, whose GF reached to 14763.8. The flexible
sensor was applied on real-time detection of the human
expression based on its high sensitivity.

5. Statement

The experiment was carried out with the consent of the
experimenter, and the experiment did not have substantial
contact with the human body.

Data Availability

All data, models, and code generated or used during the
study appear in the submitted article.
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