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Abstract
Wearable sensing technology is receiving great attention due to potential applications in smart electronic devices, which 
requires the sensors own high sensitivity and flexibility at the same time. In present work, we fabricated piezoresistive 
sensors with the carbonized melamine foam (CMF) and silver nanowires (AgNWs). The CMF and AgNWs interlace and 
contact each other to form 3D network structures, thus increasing the conductive path. The CMF provided porous skeleton 
with elasticity. Due to the synergic effect of CMF and AgNWs, the prepared AgNWs@CMF piezoresistive sensor achieved 
a high sensitivity (4.97 kpa−1 at 30–50 kpa) and excellent stability during cycles within 4000 s (1000 times). Based on the 
sensor performance tests, it is proved that the AgNWs@CMF pressure sensor can be used to monitor different positions 
of the human body. This work provided a new opportunity to manufacture CMF based piezoresistive sensors with high-
performance in future development of electronic skin.
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1  Introduction

Due to the advancement of Artificial Intelligence technol-
ogy and smart electronics, wearable sensing technology has 
been developed rapidly and widely used in daily life [1–5]. 
As one of the important components of wearable sensing 
technology, the flexible pressure sensor has been applied to 
monitor human movement and health [6]. According to the 
pressure sensing mechanism, the flexible pressure sensor 
can be divided into piezoresistive sensor [7–11], capacitive 

sensor [12–16], piezoelectric sensor [17–20] and triboelec-
tric pressure sensors [21–23]. Among them, the piezoresis-
tive pressure sensors are widely concerned because of their 
simple structure, convenient preparation, low cost and stable 
performance. [24, 25].

Sponge is an easy-to-obtain, inexpensive porous elastic 
material. A conductive porous elastic nanocomposite based 
on sponge has become potential candidates for piezoresis-
tive sensors. However, the insulating elastic sponge matrix 
will not work properly when the conductive filler falls off. 
Therefore, it is particularly necessary to choose a conduc-
tive porous elastic matrix. The carbonized melamine foam 
(CMF) could not only retain the original porous structure 
of the sponge, but also has good electrical conductivity. 
Moreover, errors caused by shedding of conductive pack-
ing on insulating substrates can be reduced because of the 
conductivity of substrate. The light weight and hydrophobic 
properties of carbon-based materials are more in line with 
the requirements of wearable sensors.

Low initial current and large current output under cer-
tain pressure are the key elements to obtain high sensi-
tivity [26]. The conductivity of CMF itself is relatively 
low. Thereby, it is difficult to obtain a large current output 
under a certain pressure while obtaining a small initial 
current, so that high sensitivity cannot be obtained. It is 
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necessary to add a conductive filler with good conduc-
tivity. Due to the conductive mechanism of the electron 
tunneling process, silver nanowires (AgNWs) have good 
sensitivity. Compared with carbon nanomaterials, the syn-
thesis of AgNWs is more environmentally friendly and 
does not require strong acid reagents. At the same time, it 
is also the conductive filler with the highest neutral price 
of metal particles in flexible devices.

Here, we show a simple and economical method to 
manufacture AgNWs@CMF via dip-coating the CMF into 
a solution including AgNWs. Due to the CMF with rela-
tively low conductivity and AgNWs with suitable loading 
amount, the conductivity could be adjusted, and an incom-
plete conductive network ensures a small initial current. 
When the porous skeleton is subjected to certain pressure, 
AgNWs wrapped on CMF are connected to each other, 
forming a closer three-dimensional conductive network. It 
is coordinated with the contact effect of adjacent skeleton 
to ensure variable output of large current. The AgNWs@
CMF flexible pressure sensor could be used to monitor 
different movements of the human body as shown later. 
It has broad application prospects in wearable electronic 
sensing in the near future.

2 � Experimental section

2.1 � Preparation of carbonized sponge

First, the commercially available MF foam was cut into 
numerous pieces, and washed with acetone, ethanol and 
deionized water. Then, the MFs were dried in an oven at 
80 °C for 12 h. To obtain the CMF sponge, the MFs were 
placed in a tube furnace under nitrogen, and heated to 
500 °C temperature for 2 h.

2.2 � Preparation of AgNWs@CMF sponge

The synthesis process of AgNWs solution was according to 
previous reports [27–29]. Soak the CMF in a solution con-
taining AgNWs (5 mg/ml) for 30 min, squeeze out the excess 
liquid, and then dry it in an oven at 60 °C for 90 min. Repeat 
this process 5 times to obtain AgNWs@CMF.

3 � Results and discussion

The scheme in Fig. 1 illustrates the manufacturing process of 
AgNWs@CMF. MF is a kind of low-cost and readily avail-
able material with good compressibility. Specifically, CMF 
treated at 500 °C is still able to maintain a good elasticity, 
and is suitable as a base material of flexible pressure sen-
sors. Due to the conductivity of the CMF flexible matrix, the 
influence of the conductive filler falling off in the conductive 
composite material could be avoided. Moreover, CMF inher-
its the porous structure of MF, the pressure sensor can with-
stand a wide range of pressure. Given that sensor based on 
AgNWs has high sensitivity, but susceptible to mechanical 
deformation stress, the working range and the cycle stabil-
ity were limited. The composite of CMF and AgNWs could 
enhance the conductivity of CMF without sacrificing the 
elasticity of CMF. At the same time, it can also increase the 
stability of the sensor and reduce the irreversible deforma-
tion between AgNWs. [28].

Figure  2a is the digital photograph of the prepared 
AgNWs with a concentration of 5 mg/ml. Figure 2b is the 
CMF picture. The CMF sponge can be supported by green 
leaf without bending, indicating the extremely light weight 
of CMF. As shown in Fig. 2c, it can be clearly seen that the 
length of the AgNWs is about 10–20 μm. Figure S1(a) shows 
the XRD spectrum of AgNWs. Five characteristic diffraction 
peaks are observed at 2θ = 38.05°, 44.73°, 63.87°, 78.37° 

Fig. 1   Illustration for Preparing 
AgNWs@CMF
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and 81.38°, corresponding to (111), (200), (220), (311) and 
(222) planes of pure face-centered cubic silver crystals.[8] 
In Figure S1(b), the absorption peaks at 350 and 400 nm in 
the UV–vis spectrum are characteristic peaks of AgNWs. 
Figure 2d–f shows SEM images of the CMF, showing a con-
tinuous porous 3D structure, and the surface was smooth. 
Figure 2g–f is the SEM images of the composite material 
of AgNWs and CMF. As shown in Figure S4, it can be seen 
from the absorption spectrum that the CMF absorption 
intensity of the soaking over silver nanowire is significantly 
improved. After grinding the AgNWs @ CMF sponge into 
powder, XRD test is performed. The broad peak around 20° 
is attributed to carbon, and the peaks at 38.1°, 44.3°, 64.4°, 
77.5°, 81.5° can be well indexed to Ag (PDF#04–0783). 
In addition, we test the stress–strain curve of CMF and 
AgNWs@CMF, as shown in Figure S5. It can be seen from 
the figure that AgNWs@CMF can still maintain the same 
compression performance as CMF.

According to the related research of the pressure sensor, 
the sensitivity of pressure sensor can be defined as S = ∂(ΔI/
I0)/∂P, where ΔI is the relative change of current, I0 is the 
current of the elastomer without load, and ∂P is the pres-
sure variety. To study the pressure-current response of the 

AgNWs@CMF sensor, the current variation as a function 
of applied pressure was recorded in Fig. 3a. The response 
current of the AgNWs@CMF sensor increases as the applied 
pressure increases. Obviously, the sensitivity of the sensor 
can be divided into two parts: I area (0–30 kpa), II area 
(30–50 kpa). The sensitivity of sensor was 0.79 kpa−1 and 
4.97 kpa−1, respectively. The main reason was the structural 
variation inside the AgNWs@CMF sensor. Within the pres-
sure range of 0 to 30 kpa, the resistance of AgNWs@CMF 
was mainly determined by the CMF matrix, and the contact 
mode of the conductive porous skeleton was mainly point 
contact. This can be explained by the change in the number 
of contact points of the porous structure foam. When pres-
sure was applied to the foam, the porous material skeleton 
rearranges and the number of contact points between the 
conductive layers increases. Within the pressure range of 
30 to 50 kpa, the resistance of AgNWs@CMF will decrease 
rapidly. The point contact was no longer the main contact 
mode between carbonized sponges, and the regional contact 
become the main contact mode. Due to the tunnel distance 
decreases between the silver nanowires layers, the tunnel 
resistance was reduced. To verify the responsiveness of the 
AgNWs@CMF sensor, pressures of 0, 5, 10, 20, 30, 40, and 

Fig. 2   a 5 mg/ml AgNWs solution; b CMF supported by green leaf without bending; c SEM image of AgNWs; d–f SEM images of CMF g–i 
SEM images of AgNWs@CMF
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50 kpa were applied to the AgNWs@CMF sensor as shown 
in Fig. 3b. Obviously, the value of ΔI/I0 increases with the 
increase in pressure, which is consistent with the results in 
Fig. 3a. Under the same pressure, the value of ΔI/I0 is the 
same, which shows the sensor performance was stable. As 
mentioned earlier, under the pressure of 30–50 kpa, the value 
of ΔI/I0 changes more obviously. Different pressures will 
change the internal arrangement of the porous framework. 
It also shows that the internal contact mode of the conduc-
tive porous framework is different under different pressures. 
As shown in Fig. 3c, CMF is a porous material with good 
electrical conductivity and superior mechanical properties. 
After being subjected to pressure, the porous framework will 
be compressed and cause the internal structure change. Ini-
tially, the main contact mode is "point contact." It is mainly 
affected by the performance of the carbonized framework 
itself, resulting in the number of conductive paths increases 
sharply, and the resistance decreases. After that, with the 
increase in compressive strain, "point contact" gradually into 
"regional contact." When " regional contact" becomes the 
main contact mode, the porous skeletons of the sponge are 
in contact to each other. The combined effect of AgNWs on 
the enhanced conductivity of the carbonized framework and 
the " regional contact" mode, the resistance decreases rap-
idly, making the piezoresistive sensor more sensitive. Under 
pressure, the CMF and the AgNWs will interlace and contact 

each other to form a 3D network structure, thus increas-
ing the conductive path. Because the conductivity of silver 
is very high, a large current change output under pressure 
could be achieved with a small initial current. Therefore, 
higher sensitivity can be obtained, and the performance of 
the sensor is guaranteed.

To verify the change in pressure in the schematic dia-
gram of Fig. 3c, stress simulation was performed as shown 
in Fig. 4 based on finite element analysis. A porous sponge 
model was built and different pressures were applied (0, 
2.38, 3.39, 6.45, 13.6, 19.7, 28.9, 49.3 kpa). Before the pres-
sure is 28.9 kpa, it can be observed that the sponge skel-
etons have less contact with each other, which is consist-
ent with the initial pressure range of the sensitivity of the 
second stage of the experiment. At this time, the contact 
is mainly point contact. Therefore, the main source of the 
influence of resistance changes is the CMF framework. As 
the applied pressure increases, the sponge skeleton is com-
pressed severely. The contact between the sponge skeletons 
changes from point contact to surface contact. From this, 
analysis shows that the sponge skeleton under high pressure 
will be in contact with each other, and the surface will be 
in contact with each other. The resistance decreases rapidly 
and the sensitivity increases.

Figure 5a shows schematic diagram of a flexible pressure 
sensor, which consists of two copper foils and AgNWs@

Fig. 3   a The ΔI/I0 of the 
AgNWs@CMF sensor changes 
with the increase of pressure. 
b ΔI/I0 of AgNWs@CMF sen-
sors with different pressures. 
c the schematic diagram of 
the porous structure with the 
increasing pressure
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CMF. As shown in Fig. 5b, the performance of sensors shows 
different behavior with different concentration of AgNWs. 
Compared with pure CMF device, the devices with the con-
centrations of 2 mg/ml and 5 mg/ml show great improve-
ment in performance. However, further increase in concen-
tration induces a performance decay, which is due to the 
increased conductivity by too much AgNWs in CMF. High 
concentration of AgNWs will make the sponge a conduc-
tor and thus lose its piezoresistive performance. Within the 
pressure range of 0 to 30 kpa, the performance of AgNWs@
CMF pressure sensor is slightly better than that of CMF sen-
sor. Because the AgNWs on CMF can improve the conduc-
tivity of the CMF framework. When the pressure is higher 
than 30 kpa, the main contact mode of the pressure sensor 
at this time is regional contact. The deformability of porous 
materials under high pressure is weakened. As the pressure 
increases, the rate of the mutual contact area increases will 
decrease. The deformability of the porous structure tends 
to be saturated, and the number of conductive paths tends 
to be stable. Thereby, even if the pressure increases, the 
conductive path remains unchanged, which cause the lit-
tle current change for CMF sensor. The thickness effect of 
AgNWs@CMF sensor on performance was explored and 
shown in Fig. 5c. When the thickness of AgNWs@CMF 
layer is 3 mm, the thicker matrix layer leads to uneven dis-
persion of AgNWs. Therefore, the current change caused by 
the shortening of the distance between the AgNWs layers 
is lower than that of 2 mm thick AgNWs@CMF. When the 
thickness of the AgNWs@CMF layer is 1.5 mm, the thinner 
layer will have excessive loading of AgNWs. As a result, 
the electrical signal enhancement effect of the AgNWs was 
weakened. Therefore, the AgNWs@CMF layer thickness of 
2 mm is the most suitable value. As shown in Fig. 5d, the 

current–voltage (I–V) curve of the AgNWs@CMF pressure 
sensor under different pressures shows good linear ohmic 
characteristics. Which shows the AgNWs@CMF sensor has 
stable response ability. As shown in Fig. 5e, the response 
time of the pressure sensor when loading is ~ 0.3 s, and 
the recovery time is ~ 0.2 s. Figure 5f shows the brightness 
change in red LEDs without and with pressure loading. The 
lighting image on the right hand indicted the conduction 
status of the sensor under enough sensor.

Figure 5g is the cycling test of electrical signal for 1000 
times within 4000 s under a pressure of 20 kpa. The sensor 
showed remarkable circulation and repeatability with little 
change after 1000 times. In Fig. 5h and i, the sharp resist-
ance amplitude of the loading and unloading cycles in the 
first and last 20 s is almost the same, which indicates the 
sensor performance is stable.

As mentioned above, the flexible AgNWs@CMF sensor 
has good sensitivity for wearable electronic devices. To 
confirm this, we have tested it on daily life behaviors. The 
AgNWs@CMF sensor is fixed at different positions in the 
human body to tests sensing ability. The response of sen-
sor to human motion is recorded and shown in Fig. 6. The 
movements of throat, cheek, blowing, elbow, and finger 
are monitored by the sensor and corresponding results are 
shown in Fig. 6a–e. Each movement can create a steady 
change in current, which explains the sensor's ability to 
monitor tiny movements. Blowing air onto the AgNWs@
CMF pressure sensor could observe the obvious change in 
resistance, which indicates that AgNWs@CMF sensor is 
efficient in monitoring human breathing. This proves that 
AgNWs@CMF can be used to monitor tiny movements in 
the human body.

Fig. 4   Finite element analysis of the mechanical properties of the sponge structure under different pressures (0 kpa, 2.38 kpa, 3.39 kpa, 6.45 kpa, 
13.6 kpa, 19.2 kpa, 28.9 kpa,49.3kpa) 
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Figure 6f shows the AgNWs@CMF sensor is placed 
on the mouse to monitor pressure variation. The current 
changes with the movement of the finger obviously. The 
response of sensor to pressure is also tested by attaching it 
to paper cups with different water loading amount (empty 
cup and cup filled with water). As shown in Fig. 6g, we 
test the changes of ΔI/I0 of the sensor under the above two 
different conditions. Both theΔI/I0 values change obvi-
ously when the tester picks up a paper cup, and that of cup 
filled with water change larger, indicating that the sensor 
could distinguish the weight difference. In addition, the 
variation of current with time under different finger motion 
is tested and shown in Figure S6, which indicates the isot-
ropy of present material.

4 � Conclusion

In summary, AgNWs@CMF composite has been synthe-
sized through a simple and low-cost manufacturing pro-
cess, and is proposed as a key component material for 
compressible piezoresistive pressure sensor. The sensor 
exhibited a maximum sensitivity of 4.97 kpa−1 at 30–50 
kpa, and showed excellent stability over a period of 4000 s 
(1000 times). This is due to the CMF’s three-dimensional 
network architecture and the greater current variation out-
put of the AgNWs under pressure. The theoretical and 
experimental analysis both indicate that the contact mode 

Fig. 5   a Schematic diagram of AgNWs@CMF sensor. b Influence 
of different concentrations of AgNWs on sensor performance c The 
change of ΔI/I0 of pressure sensors with different thicknesses of 
AgNWs@CMF under different pressures. d Current–voltage curve 
of AgNWs@CMF sensor under different pressures. e The response 

time is about 0.3 s. f The brightness change of the small bulb before 
and after the AgNWs@CMF sensor is pressed. g cycling test of 
AgNWs@CMF sensor under 20 Kpa, h the change of ΔI/I0 in the 
first 20 s, i the change of ΔI/I0 in the last 20 s
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between the sponge skeletons changes from point con-
tact to surface contact, which induce two signal variation 
stages. The prepared sensor is very suitable for monitoring 
different positions of the human body, such as the face, 
laryngeal knot, arms, and fingers. This study lays a founda-
tion for the design of pressure sensors, and the improve-
ment of performance of wearable electronic.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00339-​021-​05143-y.
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