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1. Introduction

E-skin has recently attracted significant 
attention due to their facile interaction with 
human body and simple structure.[1] It emu-
lates human skin to detect temperature,[2] 
strain,[3–9] humidity,[10] and pressure[11–15] 
by converting external stimuli into elec-
trical signals. Improving the performance 
of electronic skin (e-skin) and adding more 
features is its development goal. With the 
development of technology, e-skin will 
eventually become an important way for 
us to accurately sense various external 
stimuli.

In terms of performance, for e-skin that 
can sense strain, researchers often use 
rigid conductive materials to construct 
new structures, such as graphene,[16] 
carbon nanotubes,[17,18] and carbons,[19]  

but their sensitivity is generally low, while microcrack-based 
metal film strain sensors have good performance[5]; for e-skins 
that can sense pressure, capacitive pressure sensors have 
the advantage of simple structure. In this respect, it is better 
than piezoelectricity[20,21] and piezoresistivity.[22,23] In terms 
of functionality, recently researches reported the e-skin to be 
no longer limited to the function of human skin; it has been 
successfully expanded to sense light, magnetic field, and 
proximity.[24]

In practical applications, human skin is subjected to different 
external stimuli simultaneously. This means that the e-skin 
must be designed to allow multiple modes to sense multiple 
stimuli in order to better mimic human skin.[10] Achieving this 
goal requires a single point of multilayer device fabrication.[25] 
So far, several approaches have been reported to simultaneously 
measure pressure and other physical quantities, such as tem-
perature[26–28] or humidity[10] simultaneously. However, there 
are still some problems as follows: 1) more material waste,[29] 
2) not environmentally friendly, 3) sophisticated fabrication 
processes including photolithography, vacuum deposition, and 
electroless plating processes;[30] these operations are very com-
plicated, 4) difficult to commercialize.

In this condition, we need a high-efficient, eco-friendly, 
cost-saving manufacture technology; one of the most prom-
ising alternatives is the inkjet printing. Inkjet printing is a 
material-conserving deposition technique used for liquid 
phase materials.[31] Inkjet printing has many other advantages, 
such as mask-free, cost-effective, and non-toxic. Materials  
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for inkjet printing are extensive: organic[32,33] and inor-
ganic[34,35] conducting, semiconducting,[36] and dielectric 
materials can be used as ink for printing. Ink can be printed 
on a variety of substrates like paper,[37] polymer,[38] textile,[39] 
plastic,[33] and glass.[39] With this patterning methodology 
and proper inks, various types of sensors have been pre-
pared by inkjet printing, such as biosensor for detecting 
several analytes,[40] touch sensing device,[41]strain sensor,[42] 
humidity sensor,[43] pressure, and temperature bimodal 
sensor,[28]

Here, we use an all-inkjet-printing method to prepare such 
a bimodal sensor that can simultaneously sense bending 
strain and pressure. Silver nanoparticles (AgNPs) suspen-
sion was used as the conductive ink. The sensor unit is com-
posed of a bottom electrode on polyethylene naphthalate 
(PEN) and a top electrode on paper. The bottom electrode 
serves as a strain sensor based on micro crack; it combines 
with the top electrode to form capacitive pressure sensor. The 
resulting pressure sensor exhibited high sensitivity, low pres-
sure-detection of 2  Pa, wide range of pressure sensing, and 
fast response time of 126  ms, high stability more than 5700 
cycles. At the same time, the strain sensor had high sensi-
tivity, fast response (154 ms), good stability (over 4500 cycles), 
and high gauge factor (4000). The gauge factor refers to the 
relative change in resistance and corresponding mechanical 
strain ratio. Furthermore, we demonstrated 16 pixels pressure 
sensor arrays and quadrangular strain arrays which can sense 
pressure and strain distribution.

2. Results and Discussion

The body’s skin is a huge sensory system that can detect 
external pressure on it and its own bending, and then pass 
through the neurons to the body’s processing system—the 
brain (see Figure  1a). As shown in Figure  1b, we demon-
strate an all-inkjet-printing approach for fabricating flexible 
pressure and strain bimodal sensor to simulate this sensing 
process. The device implements a single point dual function 
sensing. The diagram in blue dashed line is the principle of its 
test; LCR meter and computer serves as processing system of 
our simulation system.

Figure  2a presents the fabrication procedure of bimodal 
sensor. We used PEN with thickness of 125  µm as the sub-
strate due to its good flexibility and hydrophilicity; so, 
the devices can be flexible and the PEN was printed with 
AgNPs directly which did not require hydrophilic treatment. 
AgNPs suspension was printed on a cleaned PEN film and 
was sintered at 100  °C for 2  min to enhance its conduct-
ance and decrease drying time; sintering leads to enhance 
particle network densification;[44] too dense metal film is not 
conducive to be strain sensor. The thickness of metal film on 
PEN is 3.3 µm (see Figure 2e). After the Ecoflex was coated 
onto the substrate as a dielectric layer, a piece of paper was 
tiled on it. The paper can be firmly attached to it due to 
the high viscosity of Ecoflex surface. Finally, a top electrode 
was printed on paper and the device was encapsulated by 
Ecoflex (see thickness of each layer in Figure S1, Supporting 
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Figure 1.  Human body sensing system and simulation. a) Processing of human body senses pressure and bending. b) Simulation of human skin 
sensing process.
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Information). The effective length of bottom electrode is 
10  mm, and the effective area of top electrode is 9  mm2 
(see Figure S2, Supporting Information). The reason of 
choosing such a size is shown in Figure S3 in the Supporting 
Information.

The pan paper we used was soaked in glycerinum, so, 
the ink will not spread when printed on it. The paper is a 
porous structure (see Figure  2b); silver ink will penetrate 
into the paper and the internal AgNPs can be observed 
(see Figure 2d). Figure 2c shows the top view scanning elec-
tron microscopy (SEM) images of paper covered with AgNPs 
at different magnifications, showing that the surface of paper 
is completely covered by AgNPs and the AgNPs coating is 
uniform. The paper electrode was bent by a linear motor 
for 900 cycles to confirm the durability and flexibility. Due to 
the good performance of paper, the resistance of the conduc-
tive paper shows no obvious degradation (see Figure S4, 
Supporting Information). The top electrode is printed on 
the paper layer. Soft and porous structure of paper can avoid 
cracks and maintainthe effective area of the electrode during 
the bending process. The thickness of metal film above 
paper is about 2.7 µm; this result is calculated based on the 
average thickness (see Figure  2d).Various patterns and let-
ters were successfully fabricated on PEN without mask (see 
Figure 2f); this fully proves the flexibility of inkjet printing. 
Figure 2g shows that the smallest line spacing and width are 
66 and 155 µm, respectively.

2.1. Characterization of Strain Sensor

The bimodal sensor is flexible as the PEN and paper are very 
thin. Before the device is used, we need to pre-bend the device. 
Some cracked channels which perpendicular to the direc-
tion of pre-bend appeared had been caused by Poisson effect. 
And most of them stray closed after the strain disappearwith 
the overlapped crack edges. Therefore, the working principle 
of the sensor can be interpreted as overlap mode and tunnel 
effect[5] (see Figure S5, Supporting Information). Applying an 
external strain would change the state of cracks; as a result, the 
output current changes. Calculation of bending strain is shown 
in Figure S6 in the Supporting Information. What needs to be 
emphasized is that the strain sensor can act as a bottom elec-
trode, cooperating with the top electrode to form capacitive 
pressure sensor. The variation of capacitance is responsible for 
the sensor’s response to the applied external pressure.

Here, we use custom-built sensor probe station to characterize 
electromechanical capability of the strain sensor; a liner motor is 
used to apply strains and LCR meter measure the change of resist-
ance (see Figure S7, Supporting Information). Figure 3a shows the 
deformation state of the device when tested for strain. It should 
be noted that the top electrode is facing the endpoint of effective 
area of the bottom electrode, as shown in Figure 3b. 0.52% strain 
was used to bend the device, the resistance of the strain sensor has 
changed, and the capacitance of pressure has a negligible response. 
This proves that the two sensors do not interfere with each other.

Adv. Mater. Technol. 2019, 1800703

Figure 2.  The fabrication of bimodal sensor. a) Schematic illustration of the fabrication of bimodal sensor and circuit diagram. b) SEM image of the 
morphology of paper surface. c) SEM image of AgNPs coating on the paper at different magnification. d,e) SEM images of the cross section of paper 
and PEN covered by AgNPs, respectively. f) Different conductive drawings printed on PEN. g) Line spacing and width.
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The strain sensing capability of the bimodal sensor was 
explored by applying bending force to the sensing cell. 
Figure  3d shows the relative resistance change (ΔR/R0) of 
the strain sensor at different strains. The minimum meas-
urement limit of strain is about 0.21%, because the bottom 
electrode we prepared is thick, and the small strain does not 
cause cracks. At the beginning, the relative resistance change 
increases slowly; after 4% strain the curve becomes sharp 
with the increasing strain. This phenomenon can be perfectly 
explained by the proposed working mechanism. The gauge 
factor (GF) is an important index to evaluate the perfor-
mance of the strain sensor, and is defined as GF = (ΔR/R0)/ε 
(ε is the mechanical strain); the highest GF value of our 
strain sensor is about 3500 (see Figure  3e), which is better 
than most strain sensor based on graphite,[45] nanowires.[46] 
As shown in Figure  3f, the stepped strain is applied to the 
strain sensor to study its reproducibility. The result indicates 
the sensor have good reproducibility at the wide range of 
0.41–1.10%. Figure 3f,g shows that the sensor has negligible 

hysteresis, when the strain is increased, the device gener-
ates new cracks. When the strain is gradually reduced, the 
same strain resistance will increase slightly due to the new 
crack. Figure  3h shows the strain sensor process five cycles 
at 0.93% strain and the inset view shows that the response 
and relaxation times of the sensor is 154 and 155 ms, respec-
tively. This strain sensor shows good stability by repeatedly 
load/unload strain of 0.76% and 1.07% for about 4500 cycles 
without obviously degradation of the sensing performance 
(see Figure 3i).

2.2. Characterization of Pressure Sensor

Similar to Figure 3a, the performance of the bimodal sensor 
capability as a pressure sensor was investigated by using 
a custom-built sensor probe station (see Figure S7, Sup-
porting Information). Figure  4a shows device deformation 
when pressure is applied. As shown in Figure  4b,c, when 
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Figure 3.  Electromechanical capability of the strain sensor. a) Schematic diagram of the strain exerted on the device. b,c) The change of resistance and 
capacitance when 0.52% strain was used to bend the device. d) Relative resistance changes of the strain sensor with a rising strain. e) Gauge factor of 
the strain sensor under different strains. f,g) The resistance of the strain sensor under increasing and reducing strains. h) Time response of the strain 
sensor. Inset shows the response times of 154 and 155 ms for rising and recovering, respectively. i) Mechanical durability of the strain sensor under 
a strain of 0.76% and 1.07%, respectively.
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a pressure applied to the bimodal sensor, pressure sensor 
has a clear response and the resistance of the strain has no 
obvious change. The performance of the bimodal sensor 
capability used as a pressure was investigated. Figure  4d 
plots the relative capacitance change under different pres-
sure loading; the curve shows a quasi-bilinear character, 
which is due to incompressibility of the Ecoflex dielec-
tric.[10] Initially, the dielectric layer is easily compressed, and 
as the thickness of the dielectric layer decreases, a greater 
force is necessarily applied to reduce the same thickness. 
In order to evaluate the performance of our device, here, 
the sensitivity S of the pressure sensor was introduced, 
which defined as the slope of the curve, as given by equa-
tion S = (ΔC/C0)/ΔP (C0 defined as the original capacitance 
of the device, ΔC is the change of capacitance, ΔP being the 
change in applied pressures).[47] For pressures below 2.9 kPa 
and above 2.9  kPa, the sensitivity of the pressure sensor 
is 0.0049 kPa−1 and 0.081 MPa−1, respectively. In practical 
applications, frequency-dependence of pressure sensor is 

one of the major characteristics. Figure  4e shows the rela-
tive capacitance change of the pressure sensor at different 
frequencies with a pressure of 202.8  kPa, the base value 
has a slight increase; this result is attributed to the vis-
coelasticity of the Ecoflex dielectric layer; as the frequency 
increases, the dielectric layer does not return to the initial 
state within a gradually shortened time. Frequency of 4  Hz 
is enough to meet practical application. Figure  4f shows 
representative capacitance profiles (ΔC/C0) of the pressure 
sensor at five different pressures. As shown in Figure  4g, 
increasing and reducing pressure are applied to the pres-
sure sensor; it can be seen that the two sets of experimental 
data are almost completely coincident, which indicates that 
our device has good reversibility. Response and delay time 
of the pressure sensor is 126 and 126  ms, respectively. 
After 6000 s (about 5700 cycles) repeated loading-unloading 
cycling tests, no degradation can be found in Figure  4i, 
which indicates our device have credible stability and  
durability.

Adv. Mater. Technol. 2019, 1800703

Figure 4.  Pressure sensing capability of the bimodal sensor. a) Schematic diagram of pressing the device. b,c) Two signal responses when pressure 
of 202.8 kPa applied to the bimodal sensor. d) Relative capacitance change (ΔC/C0) of the pressure sensor versus pressure. e) Relative capacitance 
response of the pressure sensor as a function of the loading frequency at a pressure of 202.8 kPa. f) ΔC/C0 versus time four cycles of five different 
applied pressure. g) The reversible capacitance changes of the pressure sensor under increasing and reducing pressure. h) Response and delay time 
of the pressure sensor. i) The durability test of our pressure sensor under a pressure of 202.8 kPa.
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2.3. Application of the Bimodal Sensor

Due to high flexibility and excellent performance of the 
bimodal sensor, we use this device to detect human motion 
and explore its practical applications. Figure  5a shows 
capacitance responses to different pressure, indicating that 
our device can accurately detect the magnitude of external 
force in real time. Our device can be attached to the joint of 
the finger to detect the bending of the finger; the greater the 
degree of bending the greater the corresponding resistance 
(see Figure 5b).

Strain and pressure sensors can work together 
(see Figure 5c). The device is attached to the lower part of the 
palm; when the hand to grasp the jar, due to the palm and the 
object’s squeeze, pressure sensor produces a change in capaci-
tance, and the bending of the palm will cause the strain sensor 
to produce a resistance response. As expected, with different 
squeeze pressures, the response of the pressure sensor will 
be different. Since the radius of curvature of the jar is con-
stant, the grip strength does not affect the degree of response 
of the strain sensor. The pressure measurement limit of this 
device is 2 Pa (see Figure S8, Supporting Information). Due to 
the high sensitivity and stability of the two sensors, our device 
can be mounted on the hand, and when gripping an object, 

the magnitude of the force and the curvature of the object can 
be perceived. Figure  5d indicates the actual measurement of 
objects with different curvatures and experimental curve are 
almost completely coincident.

3. Array Sensor of the Device

Here, we built a bimodal sensors array to spatially map strain 
and pressure distribution. As shown in Figure 6a, the sensing 
array contains 4 × 4 pixels; maskless inkjet printing method was 
used to print designed bottom strain sensor and top electrodes; 
the other steps are the same as for making a single device. 
Figure 6b shows this array is attached to the back of the hand to 
measure the strain distribution of the device. From Figure 6c we 
can see that the strain distribution is in line with the bending of 
the opisthenar. Since the lower half of the back of the hand is 
narrower, the lower left corner of the array device mainly meas-
ures the bending of the wrist, which is the most curved.

Accurate pressure distribution can be achieved here. As 
shown in Figure 6d, the array can accurately identify the posi-
tion of the acrylic cylinder. Next, different numbers of cylinders 
are randomly distributed on the device; its number and position 
can be correctly identified (see Figure  6e–h). When N-shaped 

Figure 5.  Detection of different human motion and application of the bimodal sensor. a) Optical images and corresponding capacitance signal of the 
bimodal sensor when pressing the device. b) Photograph images and related current signal of the device when attaching the device on a bent finger. 
c) Detecting the process of grasping an object and corresponding two different signals. d) Resistance change versus curvature curve of the bimodal 
sensor and measured data of nine objects with different curvature.
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acrylic cylinders were placed on the pressure sensor arrays 
(Figure 6i) the output signal literally represents the shape of the 
placed object.

4. Conclusion

In conclusion, we report an all-inkjet-printing approach for fab-
ricating flexible bimodal sensor and large-area sensing arrays. 
The sensor can simultaneously detect external pressure and 

strain stimuli. The device has excellent performance with low 
pressure-detection of 2  Pa and high stability over more than 
5700 cycles for pressure sensor and high gauge factor (4000) 
and good stability (over 4500 cycles) for strain sensor. The 
devices can monitor human activities like human skin, and 
even real-time-readable measuring the pressure of the contacted 
object and its curvature. Subsequently, pressure and strain dis-
tribution is achieved using the multipixel sensor arrays. Based 
on inkjet-printing, the work is expected as a foreshadowing to 
create simple and multimodel e-skin.

Figure 6.  Detection of stain and pressure distribution by the strain sensor array. a) Schematic view of the bimodal sensor array with 4 × 4 pixels. 
b) Photograph of strain sensor array is attached to the back of the hand. c) The corresponding mapping of strain distribution. d–h) Photographs of the 
sensing array with increasing number of acrylic cylinder and corresponding mappings of the pressure distribution. i) A photograph of the sensor array 
pressed by 10 cylinders with N-shaped and the corresponding capacitance signals of the 16 pixels.
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5. Experimental Section
Fabrication of Strain Sensors: PEN with a protective film on both sides, 

did not require further cleaning. Subsequently, it was fixed on a glass 
substrate. Then, a silver metal layer was deposited on the PEN substrate 
via the inkjet printer (SonoPlot).Finally it was baked at 100 °C for 5 min.

Fabrication of the Bimodal Sensor: On the basis of the previous step, 
a layer of Ecoflex was covered onto strain sensor which was prepared by 
solidifying the mixture of the A and B with a weight ratio of 1:1 at 70 °C 
for 10  min. Subsequently, a piece of paper was tiled on top of Ecoflex 
and placed in a vacuum oven to remove air bubbles. Then, the ink was 
printed on paper and dried. Finally, the sensor was encapsulated with 
Ecoflex.

Fabrication of Multipixel Sensor Array: The first layer of metal thin film 
with the design pattern was firstly printed on the PEN substrate by inkjet 
printer. Subsequently, the second layer of Ecoflex and the third layer of 
paper were deposited on the first. Finally, the 4 × 4  pixel arrays were 
printed on paper to form large-area, patterned bimodal sensors.

Characterization: A LabVIEW controlled digital source meter 
(Keithley 2450) was used to measure the I–t and C–t curves in real-time. 
The SEM images were collected using a Hitachi SU8200. A step motor 
(LinMot E1100) was used to test the mechanical stability of the device.

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