
Vol.:(0123456789)

https://doi.org/10.1007/s10854-026-17553-w

J Mater Sci: Mater Electron          (2026) 37:1212 

Flexible PET‑based resistive tactile sensors 
via a hybrid fabrication approach using reduced 
graphene oxide/silver nanoparticle nanocomposite 
electrodes and graphene piezoresistive layer

Muhammad Izzuddin Mohamad Azhar1, Aliza Aini Md Ralib1,*, Nor Hidayati Diyana Nordin2, 
Syed Muhammad Hafiz Syed Mohd Jaafar3, Shafarina Azlinda Ahmad Kamal4, 
Nurul Hazierah Kamaruddin5, and Aiman Sajidah Abd Aziz5

1 VLSI‑MEMS Research Unit, Department of Electrical and Computer Engineering, Kulliyyah of Engineering, International Islamic 
University Malaysia, Jalan Gombak, 53100 Kuala Lumpur, Malaysia
2 Department of Mechatronics Engineering, Kulliyyah of Engineering, International Islamic University Malaysia, Jalan Gombak, 
53100 Kuala Lumpur, Malaysia
3 Centre of Innovative Nanostructure and Nanodevices (COINN), Universiti Teknologi PETRONAS, Seri Iskandar, 32610 Ipoh, Perak, 
Malaysia
4 Low Dimensional Materials Research Centre, Department of Physics, Faculty of Science, University of Malaya, 50603 Kuala Lumpur, 
Malaysia
5 Semiconductor R&D, MIMOS Berhad, Jalan Inovasi 3, Taman Teknologi Malaysia, 57000 Wilayah Persekutuan Kuala Lumpur, 
Malaysia

ABSTRACT
Precise measurement of force and pressure plays a vital role in human motion 
monitoring where it widely used in rehabilitation to track grip strength by meas-
uring force distribution generated during movement. Flexible commercial resis-
tive force sensor or so called force sensitive resistors (FSRs) are widely used in 
wearable electronics for detecting force changes associated with human motion. 
While commercial FSRs are commonly employed, it lacks adaptability, flexibility 
and ergonomic fit required in rehabilitation settings. Personalized and custom-
made resistive sensors provide tailored sensing range, sensitivity and flexibility 
to facilitate personalized therapy. Hence, this work explores the new technique 
for developing a flexible PET-based resistive tactile sensor using a hybrid fabri-
cation approach. The developed sensor consists of the interdigitated electrode, 
piezoresistive layer, and the gap spacer. The reduced graphene oxide/silver nan-
oparticle nanocomposite electrodes layer was fabricated using inkjet printing, 
while the graphene piezoresistive layer was fabricated using stencil printing. The 
measurement setup consists of dynamic mechanical analysis (DMA) system to 
analyze the sensing range, sensitivity, response and recovery time, and stability. 
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Measurement result shows a nonlinear response similar to the commercial FSR. 
The fabricated PET-based resistive tactile sensor achieved fractional change of 
resistance of 0.35 and reaching saturated resistance at 35 kPa. Low response time 
and recovery time was also recorded at 164.04 ms and 161.54 ms, respectively. 
The custom PET-based resistive tactile sensor demonstrated stable performance 
with minimal variation of output signal when subjected to a constant displace-
ment and load over 400 load cycles at a frequency of 1 Hz. The sensor was tested 
in a system to detect gripping action by sensing muscle contraction forces from 3 
upper forearm muscle groups. Hence, the proposed flexible PET-based resistive 
tactile sensor using inkjet printable rGO/AgNP nanocomposites conductive ink 
and graphene ink has high potential to be used for wearable pressure sensing 
applications.

1 Introduction

The current trend of wearable electronics is that these 
devices are opting for sensors that are becoming more 
flexible. While current rigid devices are still able to 
obtain signals from humans, the rigidity causes them 
to lack adaptability to various scenarios [1]. The 
demand for flexibility inside these sensors are increas-
ing in various applications such as health monitoring 
devices [2–4], soft robotics [5–7], sensors for smart 
clothes [8, 9], and flexible displays [10, 11]. Specifi-
cally, tactile sensors are among the growing areas for 
flexible electronics. Tactile sensors detect signals from 
various mechanical stimuli such as force [12, 13], strain 
[14, 15], and bending [16, 17]. Because of this, the sen-
sors can easily adapt to the scenario for obtaining 
real-time data through kinetic motion [18]. They can 
be used in many applications such as muscle activity 
[19, 20], space exploration [21, 22] and virtual reality 
gaming [23, 24].

There have been various sensing mechanisms used 
in tactile sensors, such as piezoresistivity [25–30], pie-
zoelectricity [25–30], and capacitive sensing [25–30]. 
However, piezoelectric sensing is highly susceptible 
to temperature, and the mechanism output can slowly 
drift over time [26, 30]. As for capacitive sensing, the 
capacitance between two plates in a sensor is suscep-
tible to parasitic capacitance that can affect measure-
ments in practical applications [31, 32]. Hence, current 
research has explored the fabrication of flexible sen-
sors using the piezoresistive sensing mechanism due 
to its simple read-out mechanism [26, 30, 33].

There are many types of sensors that have utilized 
the piezoresistive sensing mechanism such as resistive 
tactile sensors [12, 34–37], material geometry sensors 

[34, 37, 38], and MEMS pressure sensors [39, 40]. Resis-
tive tactile sensors are sensors that exhibit a decrease 
in resistance when force is applied. This is caused by 
the main electrode component being in contact with 
the piezoresistive component, forming a conducting 
path to allow current flow.

Commercial versions of these sensors, also known 
as Force Sensitive Resistors (FSRs) also use the piezore-
sistive sensing mechanism. FSRs have been explored 
in many applications such as force myography [41, 
42], posture monitoring [35], and robotic grippers [12]. 
Although they have been employed in many applica-
tions, current commercial FSRs are lacking in adapt-
ability for specific applications. Therefore, a custom-
made resistive tactile sensor with simple fabrication 
process will be highlighted in this work for rapid pro-
totyping and ensure sensor performance is enhanced 
for wearable tactile sensing applications.

There are various fabrication techniques that can 
be used to fabricate custom-made resistive tactile sen-
sors such as using microstructure molding [43–45], 
dip coating [38, 46, 47], and printing techniques [12, 
35, 36]. Microstructure molding is an emerging fabri-
cation process that mixes a polymer material with a 
conductive binder and casted into a microstructured 
master mold made out of silicon or metal [48]. While 
microstructure molding provides flexibility in sensor 
design fabrication, the fabrication process is inefficient 
for rapid prototyping due to the lack of consistency 
caused between different batches produced from 
each master mold. Dip coating is another fabrication 
method where a polymer material is dipped onto a 
conductive solution, resulting in a conductive material 
[49]. While this method is simple, it lacks the flexibil-
ity of fabricating various designs due to the process 
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requiring coating the entire structure into the conduc-
tive solution. Printing techniques are chosen for this 
work as it provides simple and scalable fabrication, 
while also allowing for various design modifications 
to produce a high performance resistive tactile sensor.

Printing techniques play an important role in fab-
ricating a printed resistive tactile sensor. It is crucial 
to determine which type of printing method is suit-
able the sensor design and geometry can be modified 
for rapid prototyping processes. Among the printing 
techniques used for flexible sensors are screen printing 
[12, 35, 37], 3D printing [7, 50], and inkjet printing [51, 
52]. Screen printing is widely used for printed flexible 
sensors. However, it has limitations including stencil 
mesh degradation [49], ink wastage from mesh reten-
tion [53, 54] and the need for highly viscous ink that 
make the stencil mesh harder [55], which is also dif-
ficult to clean. Hence, inkjet printing was chosen for 
sensor fabrication in this work as it eliminates the need 
for physical stencil mesh enables direct digital pattern 
design [56–58].

Inkjet printing also minimizes material wastage 
via drop-on-demand (DOD) mechanism where it will 
only deposit low viscosity ink onto the substrate when 
needed. [55, 59]. There have also been inkjet-printed 
resistive tactile sensors recorded from previous works 
[36, 51, 52]. However, current works use commercial 
conductive inks that lack modification for specific 
wearable sensing applications.

Conductive inks are among the common challenges 
in inkjet printing. This is because not only the conduc-
tive inks used to fabricate the sensor demands high 
electrical performance, but the ink should also possess 
mechanical stability after the printing process has been 
completed, to increase the sensor lifetime. There are 
various conductive inks that have been used to fabri-
cate inkjet-printed pressure sensors. Among them are 
carbon nanomaterials ink, metal nanomaterials ink, 
and conductive polymers. Carbon nanomaterials are 
commonly used in pressure sensors due to the low 
cost, high chemical stability, and high piezoresistive 
properties. Commonly used carbon nanomaterials 
ink are graphene and carbon nanotubes (CNT). Gra-
phene is a carbon nanomaterial that consists of a 2D 
carbon material nanostructure at an atomic thickness. 
This causes it to have strong mechanical properties 
that has high potential in pressure sensing applica-
tions. However, graphene is very hydrophobic in 
nature and may not be feasible to be formulated into 
a conductive ink. Hence, current research works have 

focused more on ink based on graphene oxide (GO). 
GO-based ink requires a reduction process, to ensure 
it becomes conductive to formed reduced graphene 
oxide (rGO). rGO, as a derivative of graphene, inher-
its all its properties to obtain performance similar to 
pristine graphene. However, the rGO nanostructures 
contain oxygen groups that can inhibit their electrical 
properties, and has a lower conductivity compared to 
pristine graphene.

Hence, the novelty of this work will develop a cus-
tom-made contact resistive tactile sensor that consists 
of an electrode, piezoresistive layer fabricated onto 
flexible PET-substrates, and the gap spacer. A for-
mulated nanocomposite ink that consists of reduced 
graphene oxide and silver nanoparticles will be used 
to fabricate the electrode layer using inkjet printing 
technique. The proposed nanocomposite ink has the 
potential to improve the performance of the sensor by 
combining the flexible properties of reduced graphene 
oxide (rGO) sheets with the conductive properties of 
the silver nanoparticles (AgNPs), demonstrating simi-
lar conductivity of the printed sensor, at higher values 
of force.

The organization of the article are as follows. Sec-
tion 2 discusses on the design concept and the sens-
ing mechanism of the resistive tactile sensor. Section 3 
explores the experimental section of the ink formula-
tion, sensor fabrication along with the material charac-
terization of each component along with the measure-
ment setup of the assembled sensor. Section 4 presents 
the results of the fabricated components of sensor, 
along with the performance of assembled FSR. Finally, 
the conclusion and future works were given in Sect. 5.

2 �Design concept and sensing mechanism

The resistive tactile sensor fabricated in this work is 
based on the Shunt Mode Force Sensitive Resistor 
(FSR 402, Interlink Electronics). The sensor consists 
of 4 main components which are the 2 substrates, the 
electrode layer, the piezoresistive layer, and the gap 
spacer. Firstly, the two substrates are the flexible sur-
faces that holds the electrode layer and the piezoresis-
tive layer. The electrode layer maintains current flow 
in the circuit and must be stable when a load of force is 
applied. The piezoresistive layer helps increase current 
flow by adding more conducting paths when a force 
is applied. Lastly, the gap spacer is the component 
that holds the piezoresistive layer and prevent false 
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readings of the sensor when there is no force applied. 
The isometric view and exploded view of the sensor is 
shown in Fig. 1a and Fig. 1b, respectively, to show the 
topology and the arrangement of the entire sensor. The 
sensor has two sections as visualized at the top view in 
Fig. 1c, where the square area is the sensing area, and 
the tail extended from the sensing area is for connect-
ing the sensor with the external circuit. Figure 1c also 
shows the dimensions of width of electrode and gap 
between electrodes.

The sensing mechanism of the resistive tactile sen-
sor follows a percolation-driven contact resistance 
sensing mechanism as shown in Fig. 1d. This mecha-
nism follows the working principle mentioned from 
Weis and Worn [60]. When in the initial state, there 
will be no conducting paths formed, and resistance 
will be at its maximum. When a force is applied onto 
the electrode layer in the pressed state, it increases 
the conductive pathways thus increase the contacts 
resistance. The contact between the electrode and 

Fig. 1   a The isometric view of the flexible PET-based resistive 
tactile sensor. b The exploded view of the sensor, showing the 
individual components. c The top view of the sensor, consisting 
of the tail and the sensing area. The sensing area is zoomed in to 
view the width of electrode and gap between electrodes. d The 

cross-section of the sensing area of the sensor, demonstrating the 
sensing mechanism and resistance path of each pair of electrodes 
at a pressed state. e The equivalent circuit of each pair of con-
tacted electrodes. The total resistance, RTotal is measured during 
the pressed state
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piezoresistive layer results in the interface resistance, 
Rs. When more force is applied, the volume resistance 
of the piezoresistive layer, Rv, will also decrease due to 
the changes in geometry of the model [60]. This results 
in Eq. 1:

From this equation, the equivalent circuit of each 
pair of electrodes contacting the piezoresistive layer 
during the pressed state can be summarized in Fig. 1e.

3 �Experimental section

3.1 �Materials for resistive tactile force sensor 
fabrication

Polyethylene terephthalate (PET) sheets were pur-
chased online from a local site (Shopee Malaysia) as 
the flexible substrate for both the electrode layer and 
the piezoresistive layer. Generally, for the fabrication 
of the electrode layer, reduced graphene oxide/silver 
nanoparticles (rGO/AgNPs) nanocomposite ink was 
synthesized as explained in Sect. 3.2 was used. The 
piezoresistive layer uses a reduced graphene oxide 
(rGO) ink (Mi-GraphPrInk, MIMOS Berhad), where 
the parameters of the ink will be discussed in Sect. 3.3. 
For the gap spacer, acrylic double-sided tape (Sony 
G9900) was used, with the adhesive thickness without 
its backing paper is 0.15 mm.

3.2 �Formulation of rGO/AgNP nanocomposite 
ink

This optimized nanocomposite ink was formulated 
using the exact reduction method from Ismail et. al. 
[61]. To prepare the hybrid rGO/AgNPs ink, graphene 
oxide (GO) was first exfoliated by sonicating and stir-
ring a 1 mg/ml colloid. A mixture of PAA, DEA, and 
deionized water was added dropwise, followed by 
silver nitrate (AgNO3) (6.8 M) to serve as the silver 
source. After stirring for 30 min, the solution was left 
overnight to allow for AgNP growth. The resulting 
composite was purified via ethanol washing and cen-
trifugation, then dispersed in deionized water using a 
nano-premixer to achieve a 0.1 g/ml concentration of 
hybrid rGO/AgNP colloid. Finally, the hybrid colloid 
was blended with methanol and ethylene glycol for 
rapid drying and viscosity enhancement, respectively, 
to form a water-based ink [61].

(1)R
Total

= 2R
S
+ R

V

3.3 �Materials for piezoresistive layer 
fabrication

For the fabrication of the piezoresistive layer, gra-
phene conductive ink (Mi-GraphPrInk, MIMOS Ber-
had) was used. This ink was formulated with a blend 
of graphene nanoparticles, and uses PEDOT:PSS as a 
conductive polymer, and binder agent. The ink has a 
particle size of less than 30 nm, viscosity of approxi-
mately 3.8 cP, and a sheet resistance range from 0.10 
to 0.25 Ω/sq [62]. The ink has been tested to be com-
patible with the Dimatix DMP Series materials inkjet 
printer [62].

3.4 �Design parameters of sensor components

Figure  S1 shows all the dimensions of the indi-
vidual components of the FSR. For the substrate 
in Fig.  S1a, the sensing area dimensions were 
18.30 mm × 18.30 mm. The tail was extended from the 
center of the sensing area, with a length of 35.80 mm. 
The tail also has a length of 7.30 mm. For the elec-
trode Fig. S1b, the sensing area design is a pair of 
interdigitated electrodes, and each electrode has a 
tail of length 42.45 mm, which is longer than the sub-
strate tail length. This is for the electrode pair to be 
crimped with extra legs to ensure easier connectiv-
ity with an external circuit. For the sensing area of 
the electrode in Fig. S1c, the area dimensions were 
15.00 mm × 15.00 mm. The width for each electrode 
was 0.25 mm, while the gap between the electrodes 
were 0.50 mm. The ratio between electrode width 
and gap between electrodes have been optimized in 
a previous finite element simulation work [63]. This 
was done to ensure that the sensor electrode will con-
tact the piezoresistive layer evenly, ensuring a lower 
resistance at instantaneous force [63]. Both electrodes 
were separated at the tail by 1.00 mm gap width. For 
the piezoresistive layer in Fig. S1d, the area dimen-
sions were 14.00 mm × 14.00 mm. The gap spacer in 
Fig. S1e, the outer dimensions of the sensing area 
were 18.30 mm × 18.30 mm, while the inner dimen-
sions were 14.00 mm × 14.00 mm. The inner dimen-
sions of the gap spacer were similar to the dimensions 
of the piezoresistive layer to ensure that the gap spacer 
will hold the shape of the piezoresistive layer as the 
graphene ink dries. This also ensures the thickness of 
the piezoresistive layer remains constant with the gap 
spacer thickness during its fabrication.
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3.5 �Fabrication process of resistive tactile 
sensor

The PET sheet was cleaned using isopropyl alcohol 
(IPA) and wiped with a dry cloth. The design of the 
electrode layer (Layer 1) was loaded on the onto the 
Dimatix DMP software as a .dxf file. Using the formu-
lated rGO/AgNP ink, the electrode layer was printed 
using a materials inkjet printer (PiXDRO LP50, SUSS 
Microtec). The optimum droplet printed was driven 
by an input waveform with an amplitude of 25–35 V 
across frequencies ranging from 1 kHz, ranged from 5 
to 6 m/s using a Dimatix Samba printhead. Using the 
temperature of the inkjet printer, which is 40 °C, the 
printed ink will be dried concurrently when the ink is 
printed onto the substrate. The optimization of num-
ber of printing layers has been reported in previous 
work [61]. As the number of printed layers increases, 
the electrode becomes thicker and structurally more 

complex, which elevates stress concentrations at the 
layer interfaces and consequently increases the possi-
bility of microcrack formation. Hence, one layer of for-
mulated rGO/AgNP nanocomposite ink was printed 
onto the PET substrate for this work.

For Layer 2, the gap spacer and piezoresistive layer 
fabrication in Fig. 2b, another PET sheet was placed 
on a cutting board. Next, a sheet of double-sided tape 
was placed onto the PET for cutting using a cutting 
machine (Cameo 4, Silhouette Studio). The design 
parameters of the gap spacer were uploaded to the 
Silhouette Studio software as a .dxf file. Inside the 
cutting machine software, there were two parameters 
that was manipulated which were the force, speed and 
number of passes. The force setting of the cutter was 
set to 6, the speed was set to 20 mm/s, and number of 
passes was set to 2. This is to ensure the excess tape 
can be removed easily from the PET substrate, while 
retaining the cut shape. Then, the setting data was sent 

Fig. 2   Fabrication of resistive tactile sensor that consists of 
2 layers a Layer 1: Inkjet-printed rGO/AgNP as electrode layer 
on PET substrate, b Layer 2: Drop cast rGO ink using pipette on 

stencil mold prepared using stencil printing and dried for 5 min. c 
Assembly of the entire sensor
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to the machine to cut the double-sided tape using the 
blade into the gap spacer design. Finally, the excess 
tape surrounding the gap spacer was gently removed 
using tweezers to obtain the shape before piezoresis-
tive layer fabrication.

Next, for the piezoresistive layer fabrication, the 
rGO ink from Sect. 3.2 was heated in a beaker under a 
hot plate. A pipette was used to eject the ink from the 
beaker at a volume of 50 μL. The ink was drop casted 
onto the gap spacer area until it is completely filled. 
The piezoresistive layer was dried at approximately 
90 °C for 5 min.

Finally, the assembly of the resistive tactile sen-
sor was done by rotating the electrode layer to face 
the piezoresistive layer. The release paper of the gap 
spacer was removed to reveal the adhesive. Then, the 
electrode layer was aligned and shunted toward the 
gap spacer and to ensure that all electrodes are per-
pendicular to the active area of the sensor. Finally, the 
sensor was crimped as a connector to the external cir-
cuit. The summary of the assembly of the sensor was 
shown in Fig. 2c.

3.6 �Material characterization

To obtain the surface morphology of the dried rGO/
AgNP electrode, scanning electron microscope (SEM) 
(JSM-IT100, JEOL), was used. The tail of the elec-
trode was cut into individual 10 mm × 4 mm pieces 
as samples to be analyzed underneath SEM. Another 
form of analysis was done using a digital microscope 
(AM4115ZTL, Dino-Lite Edge) to compare the printed 
electrode, piezoresistive layer, and gap spacer to the 
proposed design in Sect. 3.2. This comparison will 
determine the percentage error of the printed patterns 
compared to the proposed design. The piezoresistive 
layer material will be analyzed using Raman spectros-
copy (inVia, Renishaw) to verify the Raman shift of the 
rGO nanoparticles, using a laser power of 10%, and a 
wavelength of 789 nm. Finally, the sheet resistance of 
each material was measured using a four-point probe 
tester (M-3, Suzhou Jingge Electronic).

3.7 �Measurement setup

To obtain the measurement of the PET-based resistive 
tactile sensor, dynamic mechanical analysis (DMA) 
process was used. The process is visualized in Fig. 3. 
The Resistive tactile sensor was attached onto the 

22N load cell placed on the bottom part of the DMA 
device (Electroforce 3200, TA Instruments). The sensor 
was brought close to the optical displacement sensor 
placed at the top part of the device. The sensor went 
through a displacement test, where the displacement 
sensor moves toward the sensor according to the set 
displacement value in the WinTest software. At the 
same time, the load cell detects the force value applied 
by the displacement sensor. 4 displacement tests of 
0.45 mm, 0.50 mm, 0.55 mm, and 0.60 mm were con-
ducted onto the resistive tactile sensor, along with a 
stability test with a constant displacement of 0.50 mm 
applied. The data were transmitted to the device’s data 
acquisition system, where data from the sensor and 
load cell will be sent to the multimeter (34410A Digi-
tal Multimeter, Agilent Technologies) and DMA data 
acquisition system, respectively. For mechanical load 
changes in the DMA, WinTest software was used to 
graphically display the displacement and load output, 
while the Agilent connectivity software graphically 
displayed the resistance.

4 �Results and discussion

4.1 �Characterization results

As mentioned in Sect. 3.5, the resistive tactile sensor 
was fabricated using inkjet printing rGO/AgNPs nano-
composite ink for electrode, and drop-casting gra-
phene of the piezoresistive layer. The surface morphol-
ogy of the fabricated materials was analyzed using 
SEM. Figure 4a shows the resulting morphology of 
the rGO/AgNP nanocomposites. This image show the 
smooth and even surface of the crystalline structure. 
Figure 4b shows the crystalline structure at a higher 
magnification. This crystalline structure is defined as 
the silver nanoparticles, while the rGO remained invis-
ible on the surface [61]. This is caused by the ‘embed-
ded’ base structure where the AgNPs are decorated 
onto the surface of the rGO sheets.

The relationship between the number of printed 
layer and the crack formation under bending cycle 
has been reported previously [61]. As the number of 
printed layers increases, the electrode becomes thicker 
and structurally more complex, leading to a higher 
stress concentrations at the interfaces between layers 
and consequently making the electrode more prone to 
microcrack formation [61]. Small cracks were observed 
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on the surface of the electrode, caused by the drying 
of the rGO/AgNP nanocomposite ink during the inkjet 
printing process as shown in Fig. 4a. These cracks 
cause the embedded AgNPs to branch out and clump 
together, forming a percolative conductive network 
with the rGO sheets. Theoretically, under mechanical 
loading, this conductive network can provide a strong 
electron flow with the rGO sheets as a flexible scaffold 
structure, and AgNPs to provide bridges for electrons 

to flow between the cracks of the rGO sheets, causing 
an increase in conductivity [64]. Based on this mecha-
nism, only a single layer of formulated rGO/AgNP 
nanocomposite ink was printed onto the PET substrate 
in this work. This is because additional layers may 
result in insufficient sintering of AgNPs which weaken 
the interfacial bonding between AgNPs and the rGO 
sheets, and consequently increases the resistance [61].

Fig. 3   Measurement setup to obtain the performance parameters of Resistive tactile sensor. a Design under test (DUT). b Schematic 
experimental setup that consists of dynamic mechanical analyzer. c Actual experimental setup

Fig. 4   SEM images of dried rGO/AgNP nanocomposite at a × 1000 magnification and b × 10,000 magnification



J Mater Sci: Mater Electron         (2026) 37:1212 	 Page 9 of 22  1212 

Figure 5a shows the surface morphology of the 
drop-casted rGO at × 1000 magnification. Fundamen-
tally, the structure is based on individual rGO sheets. 
Each of these sheets are stacked against each other, 
forming a multilayer structure. Figure 5b shows the 
surface morphology of the rGO at × 10,000 magnifi-
cation. The images show the nanoparticles appear 
heavily folded and wrinkled, caused by the reduction 
process of the graphene oxide (GO) [65]. The reduc-
tion process causes the oxygen groups within the GO 
microstructure to be removed, causing a reduction of 
surface area within the individual graphene sheets.

Figure 6 shows the resulting Raman spectra for the 
drop-casted piezoresistive layer using an excitation 
wavelength of 789 nm. There was one peak that was 
observed in the drop-casted rGO which was the D 
band. The D band peaks were centered at 1329.75 cm−1. 
This proves that the material has defects within the 
structure, which are the presence of oxygen groups 
[62].

The fabricated components of the PET-based resis-
tive tactile sensor, which are the inkjet-printed elec-
trode, the drop-casted piezoresistive layer and the gap 
spacer were all characterized using the same digital 
microscope. Figure 7a shows the resulting sensor after 
the assembly process. Figure 7b shows the exploded 
view of the resulting sensor to show its separate layers. 
Figure 7c shows a magnified view of the sensing area 
of the PET-based resistive tactile sensor, particularly to 
view the electrodes. Figure 7d shows the further mag-
nification of the electrode layer to measure the width 
of top and bottom inkjet-printed electrodes, and the 

gap between printed electrodes. The average width of 
the top and bottom printed electrode was 271.587 μm 
and 274.313 μm. When comparing with the 250 μm 
from the CAD design, the margin of error of the top 
electrode was 8.634%, while the bottom electrode was 
9.725%. This printing error is acceptable as the rGO/
AgNP ink dried immediately due to the concurrent 
drying process when depositing the ink onto the sub-
strate. This caused the deposited ink to hold its shape 
after printing and minimizes bleeding. However, the 
average gap between electrodes was 482.243 μm. Com-
pared to the CAD design of 500 μm gap, the error was 
3.551%. While this error is acceptable, this is caused by 
the slight shifting of the substrate during the deposi-
tion of rGO/AgNP ink in the inkjet printing process.

Fig. 5   SEM images of dried rGO nanocomposite at a × 1000 magnification and b × 10,000 magnification

Fig. 6   Raman spectra of rGO piezoresistive layer
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As for the gap piezoresistive layer characterization 
in Fig. 7e, the piezoresistive layer showed an average 
length of 13.360 mm and average width of 13.413 mm. 
Comparing with the CAD design that has a length of 
14 mm and width of 14 mm, the percentage error of 
the length and width are 4.571% and 4.193%, respec-
tively. This is likely caused by the shrinking of the 
double-sided tape during the drying process, and lead 
to the drop-casted piezoresistive layer to also shrink 
as the solvent evaporates. To mitigate this in future 
works, the gap spacer may need to increase the dimen-
sions according to the percentage of error to ensure 
that the shape cut by the cutting machine can be closer 
to the CAD dimensions after the drying process.

The sheet resistance of each individual components 
was analyzed using four-point probe and compared 
using the components from the commercial FSR 402. 
For reference, the materials of the electrode and the 
piezoresistive layer from FSR 402 was silver and 
carbon, respectively. The average value of the sheet 
resistance of the electrode was measured at 4.22 Ω/sq, 

while the average value of the of sheet resistance of 
the piezoresistive layer was measured at 514.78 kΩ/sq.

As for the inkjet-printed rGO/AgNP electrode and 
drop-casted rGO piezoresistive layer, the sheet resist-
ance of the electrode was measured at 7.89 Ω/sq, while 
the piezoresistive layer was measured at 465.75 Ω/
sq. The inkjet-printed electrode has demonstrated a 
comparable performance to the commercial electrode, 
despite being a carbon-based material. This confirms 
the presence of AgNP to produce more effective con-
ducting paths, causing the resistance to decrease [61]. 
For the piezoresistive layer, the sheet resistance value 
was significantly lower than the commercial FSR 
resistance, which can lead to a lower baseline resist-
ance when the assembled sensor is under load.

4.2 �Sensitivity

As mentioned in Sect. 3.4, there were 4 displacement 
tests that were conducted using DMA, which were 
0.45 mm, 0.5 mm, 0.55 mm, and 0.60 mm displacement 
tests. From each test, 5 loading cycles were extracted. 

Fig. 7   a The resulting fabricated PET-based resistive tactile sen-
sor, held by fingertips as size reference. b The exploded view 
of the sensor components c The active area of the PET-based 
resistive tactile sensor, showing the electrodes with scale bar of 

2.0  mm. d The magnified view of the top and bottom printed 
electrodes with scale bar of 200 μm. e The resulting gap spacer 
and piezoresistive layer dimensions with scale bar of 2.0 mm



J Mater Sci: Mater Electron         (2026) 37:1212 	 Page 11 of 22  1212 

Figure 8a shows the graph of displacement against 
time. This graph verifies that the input displace-
ment applied in each test was consistent with every 
loading cycle. Figure 8b shows the graph of result-
ing force applied according to the displacement tests, 
with respect to time. When the optical displacement 
sensor moves toward the Resistive tactile sensor, the 
force applied will be detected by the load cell. The 
graph shows the force that is applied to the Resistive 
tactile sensor increases when displacement increases, 
and the consistent displacement in each loading cycle 
also shows consistent force applied onto the load cell. 
Similarly, in Fig. 8c, the graph of the resistance of 
Resistive tactile sensor against time shows a decrease 
when the load is applied during the displacement 
test. This verifies the mechanism of the Resistive tac-
tile sensor, where the resistance decreases, when the 
force increases. This raw data will be used to obtain 
the sensitivity graph, according to Eq. 2:

where ∆R/R0 is the fractional change in resistance, 
ΔR is the change in resistance relative to the initial 

(2)
S =

ΔR∕
R
0

F

resistance, R0 is the initial resistance before the force is 
applied, and the F is the unit of force in Newton. From 
the force obtained, the unit of pressure in kilopascal, P, 
applied onto the sensor will be obtained using Eq. 3:

where A is the area of the sensing area as mentioned 
in Sect. 3.4. Figure 8d shows the resulting sensitivity 
graph in terms of force, while Fig. 8e is the sensitivity 
graph in terms of pressure. The cause of the signifi-
cant decrease of the resistive tactile sensor is caused 
by the contact resistance between the electrode and 
the piezoresistive layer, where the resistance of contact 
will decrease when the pressure increases. Addition-
ally, the piezoresistive layer also contributed to the 
decrease in resistance, where conducting paths were 
formed between electrode contacts and allowed cur-
rent flow through the piezoresistive layer, completing 
the circuit [38].

4.3 �Response and recovery time

Response time is defined as the time taken to reach 
90% of the stable output value of a sensor when a 

(3)P =
F

A

Fig. 8   a The graph of displacement against time. b The graph of 
pressure applied against time. c The graph of resistance against 
time. d The graph of sensitivity, which is fractional change in 

resistance against force. e The sensitivity graph of fractional 
change in resistance against pressure
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load is applied [27]. Recovery time is defined as the 
time taken for the sensor to return to 90% of the stable 
input value, when a load is released. In this context, 
the PET-based resistive tactile sensor response time is 
defined as the time taken to reach 90% of the lowest 
and most stable output of resistive tactile sensor at a 
certain load. This concept is mirrored by the recovery 
time, which is the time taken for the Resistive tactile 
sensor to reach 90% of original resistance value after 
the load is released. Figure 9 shows the graph of 1 
loading cycle of the sensor, obtained from the 0.50 mm 
displacement test for robustness. The response time 
of the sensor can be obtained moment the resistance 
of the sensor drops, which a load is applied at that 
instance. The response time was 164.04 ms, while 
the recovery time was 161.54 ms. The response and 
recovery time obtained during measurement is good 
for wearable electronics applications as it can quickly 
detect responses from muscle activity.

4.4 �Stability

Stability is defined as the maximum number of load-
ing cycles of a sensor before losing its functionality. 
In this context, the PET-based resistive tactile sensor 
stability is defined as the maximum number of loading 
and unloading cycles needed for the Resistive tactile 
sensor signal to degrade. In this work, the resistive tac-
tile sensor was tested at the DMA continuously with 
a displacement test of 0.5 mm, using 400 load cycles 
at a frequency of 1 Hz. Figure 10a shows the resulting 

graph produced from the sensor stability test. The 
resistance changes were consistent throughout the 
stability test, caused by the conducting paths between 
the sensor components remained intact. Additionally, 
there is potential for the sensor to achieve more than 
1000 loading cycles. However, the experiment could 
not be conducted for a longer duration due to limited 
access time in DMA usage. Figure 10b, c, and d shows 
the inset of the stability test of periods 110 s–119 s, 
200 s–209 s, and 300 s–309 s, respectively. This shows 
the individual load cycles more clearly, and the sensor 
output does not degrade during the whole stability 
test. The primary scope of this study is centered on 
the novelty of the proposed rGO–Ag nanocomposite 
ink formulation, hybrid printing-based fabrication 
approach, and the initial electromechanical valida-
tion of the flexible tactile sensor. Within this scope, 
the demonstrated cyclic stability over 400 cycles is con-
sidered sufficient to validate the baseline reliability of 
the device for low-force wearable sensing applications. 
Future work will therefore focus on extended lifetime 
testing and long-term reliability assessment to further 
support real-world wearable deployment.

For batch to batch consistency, the devices in this 
study were fabricated following a controlled and 
repeatable process flow, including consistent ink for-
mulation, printing parameters, and curing conditions 
to ensure reproducibility. A total of ten devices were 
fabricated, and an initial quality screening was per-
formed based on contact resistance measurements. 
Only devices exhibiting variation within 10% were 
selected for subsequent characterization to minimize 
batch-induced variability. In addition, quality control 
was conducted using optical microscopy to assess 
printing uniformity and feature integrity, while mass 
measurements before and after curing were used to 
standardize the active material loading across devices. 
Multiple devices passing these criteria were tested 
under identical experimental conditions, and the 
results exhibited consistent trends in key performance 
metrics, indicating good device-to-device repeatabil-
ity. This systematic fabrication and quality assurance 
approach ensures that the reported data are reliable 
and representative of the proposed sensor design.

4.5 �Performance analysis of resistive tactile 
sensor with previous works

Using the PET-based resistive tactile sensor’s high 
sensitivity and low detection range, the sensor can be Fig. 9   The graph of 1 resistance loading cycle
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a strong candidate for wearable sensing applications. 
This work presents a simple muscle detection system 
to detect forearm muscle contraction during hand 
gripping. Figure 11a shows the resulting experimental 
setup for muscle contraction detection. Here, the sen-
sor is placed on three different forearm muscle groups, 
which are the flexor carpi radialis (FCR), flexor digito-
rium superficialis (FDS), and brachioradialis (BR). This 
system will detect the change in muscle contractions 
by using two activities, which the test subject is in the 
grip position for five seconds, and the release position 
for 5 s. The hand positions are illustrated in Fig. 11b. 
The system results are shown in Fig. 11c. During the 
grip position, the results show a large change in resist-
ance, indicating that all three muscles were contracting 
and applying pressure onto the sensor. In the release 
position, all three muscles were relaxed, and the sen-
sor returns to the initial resistance value. From this 
system, the FCR is shown to have the largest change 
in resistance, followed by BR and FDS. Notably, in the 
BR region, there is a slight overshoot during releasing 
compared to the FCR and FDS, which may be caused 
by soft tissue oscillation caused by the instant muscle 
relaxation during the releasing activity. Nevertheless, 
the sensor was able to obtain a constant resistance 
change during grip position. Therefore, the sensor is 

capable of detecting low-force applications related to 
wearable sensing activities.

As mentioned in Sect. 2, the sensing mechanism of 
the sensor is when the force increases, the resistance 
will decrease. This is caused by the force causing a con-
tact between the electrode and the piezoresistive layer. 
A sensing mechanism comparison using rGO, AgNP, 
and rGO/AgNP nanocomposite is shown in Fig. 12. 
For electrode using reduced graphene oxide (rGO) 
as the material, the resulting structure will retain its 
shape in its pressed state, due to its high mechanical 
strength [61]. However, the rGO structure will be less 
conductive due to the disruption of the pristine lattice 
structure by the presence of the oxygen groups [66]. 
This results in a weaker conducting path between the 
electrode and piezoresistive layer. On the other hand, 
using a printed silver nanoparticle (AgNPs) electrode 
shows strong conducting paths formed due to their 
superior conductivity [26, 30]. However, due to the 
constant loading and unloading cycles applied onto 
the electrode, the fabricated electrode will start to form 
cracks within the printed structure, causing an inter-
ruption in the conducting paths [67]. When the rGO 
was hybridized with AgNP for electrode fabrication 
(rGO/AgNPs), both the conductivity and flexibility 
of the individual materials will be retained. This is 

Fig. 10   a The resulting graph obtained from the stability test of the sensor. The inset figures show the loading cycles of b 110 s – 119 s, 
c 200 s – 209 s, and d 300 s – 309 s
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because when the AgNPs are decorated onto the rGO 
structure, the AgNPs act as a bridge between the rGO 
sheets, increasing the electrical conductivity [68]. Con-
versely, the presence of rGO sheets will increase the 
flexibility of the AgNPs due to their embedded base 
structure improving bending characteristics without 
an increase in resistance [69, 70]. Therefore, the usage 
of hybrid rGO/AgNPs can improve the performance 
of the sensor in terms of flexibility and conductivity 
due to their synergistic performance.

The fabricated sensor in this work was compared to 
other previous works in Table 1. The fabricated sen-
sor has been mainly compared based on the materi-
als of the sensor, fabrication techniques, and perfor-
mance parameters such as sensitivity, sensing range, 
response time, and stability. This work has fabricated 
a sensor that has a maximum fractional change in 
resistance of 0.35, with a sensing range between 0 and 
6.4N. The response and recovery time are 164. 04 ms 

and 161.54 ms, respectively. The sensor has shown 
good stability for 100 cycles. The fabricated sensor can 
potentially be used in wearable sensing applications 
such as neck palpations [71], hand grip measurement 
[72], and gait cycle [73]. Hence, the novelty of this 
work is the usage of the AgNP/rGO nanocomposites 
on the printing of electrodes for a sensor.

5 �Conclusion

In this work, an inkjet-printed resistive tactile sen-
sor was proposed to help improve the flexibility of 
tactile sensors in wearable electronics. The sensing 
mechanism of the sensor was introduced, where 
the sensor was fabricated using an inkjet printing 
technique for the silver electrode layer and drop 
casting for the piezoresistive layer. Then, the sen-
sor components were assembled with an acrylic 

Fig. 11   a Experimental setup of resistive tactile sensor for forearm muscle detection. b The muscle position detection for detecting 
muscle contractions. c Resulting sensor output from forearm muscle detection
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gap spacer in shunt mode configuration. The char-
acterization results using the digital microscope 
show that the formulated ink is adhering to the 
substrate with a low percentage of error and can 
be printed onto the PET substrate. The developed 
sensor exhibits performance comparable to previ-
ously reported resistive tactile sensors, highlighting 
the effectiveness of the proposed rGO/AgNP nano-
composite electrode system and hybrid printing 
based fabrication strategy for low-force wearable 
sensing applications. This study primarily estab-
lishes the material formulation, device architec-
ture, and baseline electromechanical performance, 

including sensitivity, dynamic response, and cyclic 
stability. Further work will focus on a more com-
prehensive characterization of the wearable sensing 
performance, including hysteresis behavior, envi-
ronmental stability under temperature and humid-
ity variations, and frequency-dependent response 
under operational conditions relevant to wearable 
use. In addition, future studies will aim to extend 
the sensing range beyond the current low-force 
regime through structural and material optimisa-
tion, enabling broader applicability in wearable and 
human–motion monitoring systems.

Fig. 12   Schematic illustration of sensing mechanisms using rGO sheets, AgNPs, and rGO/AgNP nanocomposite. a Initial state and b 
Pressed state
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