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Abstract 
 

Due to the development of science and technology, people are increasingly interested in portable and flexible devices, and 
demand is deepening. Among them, sensors play an important role in signal transmission between people and equipment. 
We study a low-cost, easy-to-prepare, and can-be mass-produced flexible pressure sensor element, which is made of silver 
nanowires/polyvinyl butyral/melamine sponge (AgPMS). Due to the chemical stability of the silver nanowires and its wrapped 
structure on the melamine sponge skeleton, AgPMS can maintain constant resistance in 5000 times compression and at high 
temperatures for 15 days, indicating high mechanical stability and high oxidation resistance. With the 60% compression, 
AgPMS shows a 60% high resistance change rate. To apply it to actual sensing, we assembled the AgPMS into a 5 × 5 sensor 
matrix array (SMA). It shows the sharp difference in resistance change rate while under compression of 30% and 60%. We 
compare the force distribution exhibited by several different shapes of pressure, respectively. It indicates that each array 
element has high responsiveness to the resistance changes. And the sensitivity can be adjusted freely with the array size of 
the sensor. 
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1. Introduction  

Nowadays, due to the development and combination of 

electronic technology and biology, there has been growing 

interest in flexible and portable devices such as electronic 

skins (e-skins),[1-10] health-monitoring devices[11-14] and 

artificial muscles,[15-17] And it may be used in the field of brain-

computer interfaces[18-20] in the future. For example, high-

sensitive pressure sensors could be used in the continuous 

recording of pulse and blood pressure for the collection of 

fundamental health information.[21] Thus, people are gradually 

realizing the importance of pressure sensors and it becomes 

the focus of research. Through nearly a decade of scientific 

research, various pressure sensors have been developed based  

on the sensing mechanisms of piezoresistivity,[22,23] 

capacitance,[24-26] piezoelectricity,[27] and field-effect transistor 

(FET).[7,8,10] People use them to collect electrical signals which 

are converted from mechanical signals. Importantly, each of 

them has a different scope of application. 

Nevertheless, while these types of sensors show obvious 

advantages, they will also reveal some drawbacks. 

Piezoresistive type sensor has a simple structure and readout, 

fast response speeds, and low-temperature sensitivity.[1] But it 

shows drift and hysteresis. The capacitive-type sensor has high 

strain sensitivity, compatibility with static force measurement, 

and low power consumption. The most critical problem is that 

it is susceptible to interference from external circumstances. 

The piezoelectric-type sensor has a high sensitivity to dynamic 

pressure and fast response speed.[10] On the contrary, it is 

unreliable in static sensing. It is worth mentioning that FET-

type pressure sensors can take advantage of active-matrix 

sensors, which can provide high-quality sensing and reduce 

crosstalk between pixels.[28] The FET-type pressure sensor is 

expected to enable advanced sensing performance, including 

multi-parameter monitoring, high sensitivity and resolution, 

and a low degree of signal crosstalk relative to the capacitive-

type sensor.[7] However, the high cost and technical difficulties 

are problems that have not yet been solved. 

There are some research hotpots in the sensor field. First, 
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sensors are expected to be versatile and can enable the 

perception of pressure, bending, torsional forces, and acoustic 

vibrations.[2] Second, it is to make the sensors both flexible and 

strong and can adapt to a variety of use or environment, like 

different temperatures and air pressure conditions.[21,29] Third, 

sensors should be reusable, retain their functionality and 

reliability under large mechanical deformation,[4] and have 

high stability, like oxidation resistance. Forth, it is important 

to reduce the production cost and difficulty of manufacturing 

sensors on an industrial scale.[21]  

Herein, we report a facile, inexpensive, and scalable 

method for flexible mechanical sensor elements AgPMS, 

which can be further formed into an array sensor through a 

certain assembly. The new electrode material consists of a 

commercial melamine sponge (MS), which is fully infiltrated 

with prefabricated silver nanowires (AgNWs) and polyvinyl 

butyral (PVB) solution[30-32] during a vacuum processing step. 

After 5 min in a 1 000 Pa vacuum, a metalized melamine 

sponge is obtained (Fig. 1). Lots of metalized melamine 

sponges can be produced simultaneously by batch pre-

punching the melamine sponge into precursors of a specified 

size, allowing for mass production. Benefiting from the 

micron-sized sponge structure of the melamine sponge, the 

AgPMS is ultralight (20.4 mg/cm3), which makes them easy 

to transport or carry. It has a high rate of resistance change 

(~60%), high electric stability (1000 cycles of cyclic 

voltammetry (CV)), can stable resistance for 5 000 times 60% 

compression tests, and a high temperature (80 ℃) for at least 

15 days. This method reduces the cost and difficulty of 

fabrication while maintaining significant electrical, chemical 

and mechanical stability. The strain sensitivity can be 

optimized by controlling the doping quality of silver 

nanowires. We show the fabrication of AgPMS by sponge 

metallization under mild conditions and the assembly of 

pressure sensors. Importantly, we demonstrate the sensing 

performance of SMA by applying different pressure to 

different pixel points.[33,34] The sensor can make a relatively 

obvious response to the strength of the current signal caused 

by the change in pressure. The advantage of it is that its 

accuracy can be adjusted freely according to the application 

requirements. As the array size increases, the precision of 

SMA will also improve. The substrate of SMA is made of 

polylactic acid (PLA) and can be also kept at 80 ℃ without 

softening.  

 

2. Experimental section 

2.1 Materials  

Polyvinyl butyral (PVB, Mw=170 000), polyvinylpyrrolidone 

(PVP, Mw=360 000), ethanol (GR, moisture content<0.2%), 

silver nitrate (AgNO3, 99.8%), cupric chloride dihydrate 

(CuCl2·2H2O, AR) and sodium chloride (NaCl, 99.5%) were 

purchased from Aladdin. Acetone (99.5%) is purchased from 

Modern Oriental (Beijing) Technology Development Co. Ltd. 

Melamine sponges and 3-dimension-printable PLA are 

commercially available. 

 
Fig. 1 Preparation and application of flexible mechanical sensor element, and structure of SMA. 
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2.2 Synthesis of AgNWs  

0.4 g of polyvinylpyrrolidone (PVP, Mw = 360000) and 0.5 g 

of silver nitrate (AgNO3) were sequentially dissolved in 100 

mL of ethanol under magnetic stirring. After being thoroughly 

dissolved, 0.8 mL of an as-prepared CuCl2·2H2O (3.3 mM) / 

ethanol solution was rapidly injected into the mixture and 

gently stirred. Next, the mixture was immersed in a preheated 

silicone oil bath at 130 °C for 3 h. Finally, the resulting 

solution was cleaned three times with acetone and ethanol with 

centrifugation at 3000 rpm for 10 min. The resultant AgNWs 

were dispersed in ethanol, forming a 100 mg/g 

AgNWs/ethanol solution for further use.[18] It is generally 

diluted into silver nanowires/alcohol solution of 20 mg/ml 

when we use it. 

 

2.3 Preparation of AgPMS  

In a pre-treatment process, some sponge was first cut into 0.7 

cm × 0.7 cm × 0.5 cm blocks by the 3D printed mold. Second, 

0.5 g of PVB was dissolved in 99.5 g ethanol to prepare 0.5 

wt.% PVB/ethanol solution and stirred at 25 °C for 6 hours. 

Then 1.0 g AgNWs/ethanol solution (20 mg/ml) was added 

into 9.0 g PVB/ethanol solution and stirred for 10 min. At last, 

dip the treated sponges into the AgNWs/PVB/ ethanol solution 

and underwent a vacuum treatment at 1 000 Pa for 5 min.[35,36] 

The AgPMS were finally obtained after natural drying. They 

are used for assembling sensors.  

And another part of the sponge will be made into a cylinder 

with a diameter of 1.7 cm and a height of 1 cm in the pre-

treatment process. The next steps are the same as above. They 

are used for electrical, mechanical, and chemical stability tests. 

 

2.4 Design and assembly of SMA  

The sensor matrix array is 3D printed using polylactic acid 

(PLA) material. The element slot is designed to be 0.7 cm × 

0.7 cm × 0.2 cm. The connection position of the signal clamp 

has been designed in advance on the SMA. 

First, the copper tape is attached to the channel of the array. 

Then put the sensor element into the element slot, and another 

layer of copper tape is attached. The upper and lower layers of 

tape are perpendicular to each other so that the position of 

pressure can be determined using coordinates.  

 

2.5 Micromorphological characterization 

X-ray powder diffraction data were collected using diffraction 

of X-rays (XRD, D/max 2 500, Rigaku, Japan) with Cu Kα 

radiation (λ = 1.54178 Å). Micromorphological images were 

recorded using a field emission scanning electron microscope 

(FE-SEM, LEO-1 530, Zeiss, Germany) with an EDX 

attachment module. An X-ray photoelectron spectrometer 

(Escalab 250Xi, Thermo Fisher, America) equipped with an Al 

Kα radiation source (1 487.6 eV) and a hemispherical analyzer 

with a pass energy of 30.00 eV was employed to obtain surface 

element information. The thermogravimetric analysis (TGA) 

and differential thermal gravity (DTG) analysis were 

performed using a thermogravimetric analyzer (STA 449 F3, 

Jupiter, Germany).  

 

2.6 Mechanical properties 

The mechanical stability of the AgPMS was measured at room 

temperature using a static testing system in cyclic compression 

mode (ZwickRoell 1 kN, Germany) combined with a 

computer-controlled electrochemical workstation (CHI 660E, 

CH Instrument, China). 

 

2.7 Electrical properties 

The measurement of the electrical conductivity of the AgPMS, 

CV, and linear sweep voltammetry (LSV) was taken from a 

computer-controlled electrochemical workstation (CHI 660E, 

CH Instrument, China). Arduino and chips (CD4067BE) are 

used in electrical signal testing to provide a path and brake 

control for the circuit. As the conductivity of AgPMS is 

isotropous, we use a cylindrical AgPMS for testing, it can be 

calculated by the following equation: 

𝑅 = 𝜌
𝐿

𝑆
=

𝑈

𝐼
                   (1) 

𝜎 =
1

𝜌
                     (2) 

𝜎 =
𝐿𝐼

𝑈𝑆
                    (3) 

where σ is the conductivity, L is the length of the AgPMS, S is 

the cross-sectional area of the AgPMS, and U and I are the 

applied voltage and the corresponding current which is 

available through the electrochemical workstation, 

respectively. In the sensing performance tests of SMA, we also 

manually measure the change of resistance through the 

electrochemical workstation to ensure the accuracy of the test 

data. 

3. Results and discussion  

AgPMS is consist of self-locking silver nanowires, a micron-

sized melamine sponge skeleton, and PVB (Figs. 2a, 2b). The 

function of self-locking silver nanowires is for electrical 

conduction. The sponge skeleton is for mechanical support 

because of its flexibility and elasticity. And PVB is for the 

adhesion between the AgNWs and the sponge skeleton. 

However, a thick and insulating PVB layer could appear due 

to film formation near any residual air in the melamine 

sponge[18]. Therefore, an additional vacuum treatment is 

necessary to completely remove the air. The TGA and DTG 

analyses indicate that AgPMS prepared by the synthesis 

method in this paper is loaded with about 7 wt.% Ag. The high 

load of Ag makes the electrical signal have a small loss in the 

transmission process. X-ray photoelectron spectroscopy (XPS) 

analysis of the AgPMS shows that both Ag and PVB were 

loaded on the sponge (Figs. 2c, 2d), suggesting that a highly 

conductive surface with a trace of the polymer coating is 

present in the insulated melamine sponge. The peaks at 368.8 

eV and 374.8 eV both correspond to Ag, and the peaks at 367.7 

eV and 373.7 eV correspond to lose features, which are 

observed to higher binding energy side of each spin-orbit 

component for Ag metal. And the peaks at 286.1 eV and 288.6 

eV correspond to C-O-C and O-C=O bonds in PVB, 
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Fig. 2 (a) XRD pattern of the AgPMS and melamine sponge; (b) TG (black) and DTG (red) of the AgPMS; XPS peak-differentiation-

imitating analysis of (c) C1s and (d) Ag3d performed on the AgPMS; (e) SEM images of the AgPMS. 

 

respectively. Meanwhile, AgNWs are wound on the MS 

skeleton (Fig. 2e). The reason for this structure is that AgNWs 

are long and wound under the combined action of vacuum 

treatment and PVB. This winding structure prevents the 

AgNWs from falling off easily when AgPMS is under pressure 

and helps to stabilize the signal transmission under repetitive 

compression. 

Electric performance is a key factor of sensors for signal 

recording. AgPMS has different conductivity (σ) because of 

the precursor solutions with different silver content (Fig. 3a), 

which is 1 wt.%, 2.5 wt.%, 5 wt.%, 10 wt.% and 20 wt.%, 

respectively. The results showed the higher the silver content, 

the higher σ was, indicating that the conductivity was 

adjustable and depends on the mass ratio of the AgNWs. The 

AgPMS shows a linear conduction characteristic with a stable 

resistance for a 1 000-cycle voltammetry (CV) test (Fig. 3b). 

The LSV characteristics (Fig. 3c) of the AgPMS suggest that 

the resistance could be stable at the same compression, and the 

resistance responded differently when compression changed. 

The change in the resistance value comes from the change in 

the silver density in AgPMS. The silver density increased 

during compression, which leads to an increase in the 

electrical conductivity and resistance change rate.[18,37] The 

oxidization of metal-based electrode materials is a critical 

problem for long-term operations. Thus, to investigate the 

oxidization ability, we then performed accelerated oxidation 

experiments on AgPMS at 80 ℃ for 15 days (Fig. 3d). The 

result showed that the resistance did not change in such an 

environment. Flexibility and mechanical stability are two 

other important properties of AgPMS. We test the direct 

relationship between the force and the compression (Fig. 3e). 

The microstructure of a sponge is not destroyed during 

compression. We performed repeated compression 

experiments on the AgPMS to test its long-term mechanical 

stability, and flexibility (Figs. 3f-3h). The resistance of the 

AgPMS remains unchanged after 5 000 cycles with a 15% 

compression ratio. Under more extreme conditions, the 

resistance of the AgPMS increases only by 8% with a 60% 

compression ratio. The high mechanical stability of the 

AgPMS is mainly due to the initial bendability of the one-

dimensional silver and the mechanical support provided by the 

melamine sponge skeleton.[38] It is worth mentioning that the 

highest resistance change rate was approximately 60%, which 

was tested with a 60% compression. Even after 5 000 cycles, 

it can still have a 60% resistance change rate. Such a high 

resistance change rate provides support for a wide range of 

AgPMS applications. 

We assembled the AgPMS into a pressure-resistance 5×5 

sensor matrix array (SMA) (Figs. 4a, 4b). The structure of 

SMA consists of four parts: a PLA substrate, AgPMS, and two 

layers of perpendicular copper tape for signal transmission. 

We use matrix form to number the AgPMS in different 

positions (Fig. 4c). To prove the AgPMS has the same 

flexibility as a single element after assembling into an SMA, 

we did a mechanical test which suggested flexibility of 

AgPMS is completely retained in SMA.  

Then, we design a circuit connection for testing the signal 

transmission of the SMA (Fig. 4e). We connect the signal 

output port of the microprogrammed control unit (MCU), 

Arduino, with the signal input ports of the two analog switches, 

firstly. High-level and low-level output signals, which are in 

the form of 1 and 0, respectively, are transmitted to the 
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Fig. 3 (a) The conductivity varies with silver content, (b) 1000 cycles of CV, (c) The LSV for different compression ratios (15%, 

30%, 45%, and 60%), and (d) The accelerated oxidation experiment performed in air at 80 °C of AgPMS; (e) The relation between 

element compression and shape variable; (f) The resistance change rate of 5000 cycles with different compression ratios were 

recorded by electrochemical workstation; (g) Details of the resistance rate change curve; (h) Photographs of the mechanical stability 

test setup for AgPMS in its initial state and 60% compressed state. 

 

switches by program control. The various permutations and 

combinations of the input signals correspond to the switches 

with different pins. We control the rows and columns of the 

SMA with two switches, respectively. It is similar to when the 

two pins connecting the first row and the first column are on 

at the same time, we can obtain the resistance of the (1, 1) 

coordinate. Next, we use a regulated power supply to provide 

the working voltage for two switches. We used a computer-

controlled electrochemical workstation to obtain the resistance 

of each position sensor element. They exhibit different rates of 

resistance change for different pressures (Figs. 4f, 4g). 

Furthermore, we demonstrate the resistance of SAM under 

different shapes of pressure (Fig. 4h).[39] We made four models 

of the letters "b", "u", "p" and "t" by 3D printing and overlaid 

them on SAM, respectively. By comparing the resistance 

change rates of covered and uncovered elements, the results 

indicated that the SMA can discriminate the pressure of 

different shapes. With the increase in array size, SMA could 

be more accurate in pressure position resolution.  
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Fig. 4 (a) Schematic diagram of SMA structure; (b) Photographs of SMA; (c) The numbering method of each element in the SMA; 

(d) The relation between compression and shape variable; (e) Schematic diagram of SMA test circuit connection; Resistance change 

rate of each element under (f) 30% compression and (g) 60% compression; (h) Sensor performance demonstration. 

 

4. Conclusions 

In summary, we successfully prepared a flexible mechanical 

sensor element AgPMS with a facile, inexpensive, and 

scalable method. The experiments show the AgPMS has 

excellent electrical, chemical, and mechanical stability. Its 

resistance change rate is high enough to be used in a pressure 

sensor. In addition, we also successfully assemble the SMA, 

which can discriminate the pressure of different shapes. And 

we can freely control the resolution of the SMA by adjusting 

its size, with the increase in size, SMA could be more accurate. 
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We envision that AgPMS is a solution to the problem that 

sensor components cannot be manufactured on a large scale, 

and SMA could be used more in pressure sensing due to its 

stability under 5000 times 60% compression.  
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