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1  Introduction

Developing low-cost, high-performance, and flexible 
devices is of significant interest for a wide range of applica-
tions, including flexible displays [1–3], diagnostic tools [4, 
5], flexible batteries [6, 7], energy harvesting systems [8, 9], 
and wearable sensors [10–12]. Among various flexible elec-
tronic devices, pressure sensors have attracted considerable 
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Abstract
A fully printed, flexible capacitive pressure sensor was developed using standard desktop inkjet and laser printers on paper. 
The device consists of printed silver nanoparticle electrodes and a toner–silica nanoparticle composite dielectric layer. 
A unique microisland-like dielectric structure is formed during laser printing due to heterogeneous particle mixing and 
selective thermal fusion, resulting in rough surfaces with embedded air gaps. This morphology enhances sensitivity and 
accelerates response by allowing partial interlocking and compression under applied pressure. The sensor achieves a high 
sensitivity of 0.08 kPa−1 in the low-pressure range (< 30 kPa), fast response and recovery times (~ 50 ms), and maintains 
mechanical durability over 2000 loading cycles. A 144-pixel sensor array demonstrates scalability, and multifunctional 
input applications are enabled, including pressure-sensitive trackpads and keyboards where soft and hard touches cor-
respond to distinct commands. This all-printing fabrication approach eliminates the need for microfabrication or complex 
post-processing, providing a cost-effective, scalable, and versatile method for flexible electronics. The printed pressure 
sensors offer a promising solution for next-generation human–machine interfaces and customizable paper-based electronic 
devices.
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attention due to their potential uses in electronic skin [13, 
14], patient monitoring [15, 16], and human motion detec-
tion [17, 18]. These sensors function as transducers that 
convert mechanical stimuli into electrical signals, utilizing 
different transduction mechanisms such as piezoresistive 
[19, 20], piezoelectric [21, 22], and capacitive modes [23, 
24].

 Among these, capacitive pressure sensors offer key 
advantages including high sensitivity, low power con-
sumption, and simple device architecture, as governed by a 
straightforward electrostatic principle. To enhance the per-
formance of capacitive pressure sensors, significant efforts 
have been devoted to engineering microstructured or porous 
dielectric layers [25–27]. These engineered dielectric layers 
exhibit greater compressibility and a lower effective dielec-
tric constant due to the presence of air, resulting in higher 
sensitivity compared to sensors with flat dielectric films.

 Despite the progress in sensitivity improvement, most 
approaches rely on costly and complex microfabrication 
techniques. To address this challenge, alternative low-cost 
and scalable fabrication strategies have been explored, such 
as handwriting [28], the use of naturally textured surfaces 
[29], and printing techniques [30, 31]. Among them, print-
ing stands out as a simple and versatile method for pattern 
formation on a variety of substrates, including paper and 
flexible films. Owing to its process compatibility and design 
flexibility, printing has emerged as a promising approach for 
the large-scale fabrication of flexible pressure sensors.

 Here, we demonstrate capacitive pressure sensors fabri-
cated on commercially available photo paper using standard 
desktop inkjet and laser printers. We show that the printing 
process enables the construction of all essential components 
of the sensor: silver nanoparticle ink is used to print the 
top and bottom conductive electrodes, while a toner–silica 
nanoparticle composite film, also printed, serves as the 
dielectric layer. Notably, we introduce a conceptually new 
approach for forming a microisland-like dielectric structure 
via the electrostatic printing mechanism inherent to laser 
printers. This microstructured layer significantly enhances 
the sensor’s performance.

 The resulting device exhibits high sensitivity (0.08 
kPa−1), fast response and recovery times (< 50 ms), and 
excellent mechanical durability over 2000 repeated loading 
cycles. Moreover, the sensor can be readily integrated into 
multipixel arrays using the same printing process, demon-
strating scalability and versatility for practical applications. 
To showcase its utility, we further developed functional 
force-touch input devices, including a printed keyboard and 
trackpad.

 Our approach highlights printing as a simple, all-in-one 
method for patterning electrodes and forming dielectric lay-
ers in capacitive pressure sensors, representing a significant 

step toward the realization of advanced, low-cost paper-
based electronics.

2  Results

The key innovation enabling the formation of a microisland-
like, randomly rough dielectric surface lies in a new proto-
col that leverages the electrostatic digital printing process 
of a laser printer using a specially formulated toner mixture 
(Fig. 1a). To make this feasible, silica nanoparticles (SNPs) 
were added to the commercial toner to prepare a functional 
mixture suitable for laser printing. In this system, both elec-
trostatic interactions and particle size differences signifi-
cantly influence the morphology of the resulting composite.

When micro- and nano-sized particles are combined, 
the homogeneity of the mixture is primarily governed by 
electrostatic interactions between particles with opposing or 
similar surface charges. Zeta potential measurements were 
conducted to evaluate these interactions for the pristine 
toner (< 10 μm) and SNPs (10–20 nm), as shown in Fig. 1b. 
Both components were found to carry (–63.04 ± 7.20 mV for 
toner and − 26.25 ± 6.06 mV for SNPs), resulting in mutual 
electrostatic repulsion, resulting in slightly decreased uni-
formity. (Fig. 1c). By contrast, when oppositely charged 
nanoparticles were used, electrostatic attraction promoted 
spontaneous attachment of SNPs to toner particles, leading 
to a relatively homogeneous mixture (Figure S1, Supporting 
Information).

However, the mechanism of laser printers, where toner 
particles are attached by potential differences, the negative 
charge of the toner is essential for the laser printing. Fur-
thermore, mixed with positively charged particles, strong 
electrostatic attraction between toner and charged particle 
can lead to the formation of large agglomerates. Negatively 
charged SNPs are suitable for the operating mechanism of 
laser printing and prevent the formation of large aggregates 
while exhibiting an appropriate level of uniformity.

Following mechanical mixing, the newly prepared toner 
mixture was loaded into an empty laser printer cartridge and 
subjected to a standard laser printing process. This process 
consists of four main steps (Fig. 1d): (i) the photoreceptor 
drum is uniformly charged negatively; (ii) a laser beam dis-
charges specific regions, creating a positively charged elec-
trostatic image; (iii) the negatively charged toner particles 
are attracted to the positively charged regions on the drum; 
and (iv) the toner is transferred to paper and fused by heated 
rollers at temperatures up to 170–210 °C.

While the toner-which contains styrene acrylate copo-
lymer (< 85%), carbon black (< 10%), wax (< 10%), and 
amorphous silica (< 3%)-melts and adheres to the paper 
during fusing, most SNPs, having a melting point above 
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1600 °C, do not melt or bond to the substrate. As a result, 
many SNPs are dispersed and lost during printing, and only 
a fraction remains embedded within the dielectric layer. 
Consequently, voids form within the dielectric layer, and 
parts of the underlying AgNP electrode surface are exposed 
between the toner–SNP composite structures, giving rise to 
the microisland-like morphology (Fig. 1e and f).

This structure was further validated through energy-dis-
persive X-ray spectroscopy (EDS) mapping (Fig. 1g), which 
revealed that most of the exposed regions corresponded to 
the underlying AgNP electrode, confirming that a substan-
tial portion of SNPs had vanished during the fusing process. 
Notably, the thermal curing of the AgNP ink also occurred 
during this process, contributing to a reduction in the sheet 
resistance of the electrode (Figures S2 and S3, Supporting 
Information). The average thickness of the printed microis-
land-like dielectric layer was approximately 2.5 μm, as 
shown in Fig. 1h. Representative photographs of the printed 
dielectric layer are shown in Fig. 1i and j. A 144-pixel sen-
sor array was successfully fabricated, covering an area of 
4.6 × 4.6 cm2,with each pixel occupying approximately 3.14 
mm2.

For the fabrication of the capacitive pressure sensor, two 
microisland-like dielectric layers with printed electrode 
patterns were integrated in a parallel-plate configuration 
(Fig. 2a). A separation layer, embedded between the two 
microstructured dielectric layers, defines the transverse 
displacement and air gap. This novel configuration signifi-
cantly contributes to the sensor’s high sensitivity. First, the 
microisland-like randomly rough surfaces inherently form 
an air gap between the opposing dielectric/electrode/paper 
sheets. Second, the addition of an adhesive layer with a 
thickness of approximately 10 μm helps maintain a consis-
tent air gap. The presence of this compressible air region 
enhances sensitivity by reducing the pressure required to 
bring the two layers into contact.

Furthermore, the effective dielectric constant (εeff) of the 
sensor increases under applied pressure as the volume frac-
tion of air (ε ≈ 1.0) is reduced and replaced by materials with 
higher dielectric constants-namely, toner (ε ≈ 2.7) and silica 
nanoparticles (ε ≈ 3.9). The dielectric constant of the pris-
tine toner was measured and is presented in Figure S4 (Sup-
porting Information). As a result, under normal pressure, 
the microisland-like surfaces interlock randomly, forming a 

Fig. 1  a Schematic illustration of the preparation of toner mixture by 
adding silica nanoparticles to pristine toner. b Zeta potential measure-
ments of pristine toner (black) and silica nanoparticle (red). c Typical 
SEM image of the toner mixture containing silica nanoparticle. Inset 
is the corresponding EDS mapping image, showing the heterogeneous 
mixture between pristine toner (red) and silica nanoparticle (green). 
d Schematic illustration for printing process of toner mixture through 
the electrostatic digital printing process of laser printer. e Schematic 
illustration of the microisland-like dielectric layer printed on the elec-

trode pattern. f Typical SEM image of microisland-like dielectric layer 
surface. g A higher-magnification image (top) and corresponding EDS 
mapping image of the microisland-like dielectric layer surface. The 
EDS mapping image shows that silver nanoparticle electrode (yellow) 
is exposed to the outside in between toner (red) and silica (green) com-
posite dielectric layer. h Surface profile of microisland-like dielectric 
layer. i, j Photograph images of the printed dielectric layer on the pat-
terned electrode, respectively
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pressure application, we used a circular force gauge tip with 
an area of approximately 3.14 mm2, matching the pixel size.

We analyzed the performance of fully printed pressure 
sensors fabricated using toner composite films containing 
varying SNP concentrations (25, 38, 55, and 71 vol%) prior 
to laser printing. As shown in Fig. 2b, higher SNP concentra-
tions resulted in broader pressure ranges while maintaining 

dynamic interface that contributes to the sensor’s enhanced 
sensitivity (Fig. 3b).

The sensitivity (S) of a capacitive pressure sensor under 
normal pressure is defined as S = δ(ΔC/C₀)/δp, where p is 
the applied pressure, and C and C₀ are the capacitances with 
and without pressure, respectively. To ensure consistent 

Fig. 3  a Repeated normal force-
displacement curves using nanoin-
dentation measurement on the 
pressure sensor, showing the elastic 
property of the sensor. b Effective 
modulus of the paper (blue bar) 
and pristine toner (gray bar). c 
Finite element analysis results of 
all-printing based pressure sensor 
utilizing microisland-like dielectric 
layer

 

Fig. 2  a The schematic illustra-
tion for the working principle of 
the microisland structure based 
pressure sensor. b Capacitive 
response as a function of pressrue 
in the range from 0 to 1000 kPa. c 
Capacitive response as a function 
of pressrue in the range from 0 to 
3000 kPa using a device with toner 
composite film made of a toner 
mixture containing 38 vol% SNPs. 
Inset is a plot of sensitivity versus 
pressure. d Capacitive response as 
a function of time under repeated 
normal pressure values of 62, 312, 
and 2496 kPa. e, f Response and 
relaxation times for the device 
under 312 kPa in (e) and (f), 
respectively. g Relative capacitance 
change from two consecutive linear 
loading (3000 kPa) and unloading 
cycles. h Stability of capacitive 
response for the device to a load of 
312 kPa over 2000 cycles
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effective moduli derived from the nanoindentation results. 
The effective moduli of the paper and pristine toner were 
measured to be 7.17 ± 0.82 MPa and 7.05 ± 0.55 MPa, 
respectively (Fig. 3b). The simulation results, shown in Fig. 
3c, reveal that under applied pressure, the microisland-like 
dielectric geometry induces local stress concentration at dis-
crete contact points. This leads to the formation of partially 
interlocked structures between the upper and lower dielec-
tric layers.

These interlocked regions result in the reduction of small 
air gaps between the microstructured surfaces and conse-
quently increase the overall effective dielectric constant of 
the device. This enhancement in dielectric constant under 
pressure leads to improved capacitive sensitivity, validating 
the mechanical and structural design strategy of the pressure 
sensor.

To demonstrate the scalability of our pressure sensor for 
large-area applications, we fabricated a 12 × 12 pixel array, 
with each pixel having an area of approximately 3.14 mm2 
and a 2 mm spacing between adjacent pixels (Fig. 4a). In 
such pressure-sensing arrays, spatial acuity is a critical 
parameter to assess the position-sensing capability. Figure 
4b presents a 2D pressure map showing the capacitance 
change across the array when a pressure of 62 kPa is applied 
to the center pixel. The temporal response of capacitance at 
each pixel was also measured, confirming localized sensing 
behavior (Figure S7, Supporting Information).

Compared to devices fabricated with pristine toner films, 
those incorporating toner–SNP composite films exhibited 
enhanced spatial resolution (Fig. 4c). This improvement 
is attributed to the microisland-like surface morphology, 
which induces partial interlocking under applied pressure, 
thereby improving both sensitivity and tactile resolution. 
In addition, Fig. 4d shows the pressure mapping response 
when two pixels-spaced four pixels apart-were simultane-
ously pressed using two pen tips, further highlighting the 
system’s spatial discrimination capability.

Leveraging these improvements, we integrated the sen-
sor into a functional trackpad and full-size keyboard, incor-
porating 144 and 27 pressure sensors, respectively (Fig. 
4e). The inherent pressure-resolving ability of our sensor 
enables multifunctional input behavior. To demonstrate 
this, we connected the devices to a data acquisition (DAQ) 
system capable of measuring capacitive changes and trans-
mitting data to a computer (Fig. 4f). The DAQ system inter-
prets the voltage differences across the capacitive elements, 
and predefined thresholds were used to distinguish between 
soft and hard touches.

As illustrated in Fig. 4g and Movie S1 (Supporting 
Information), soft and hard touches on the trackpad were 
mapped to drag and double-click operations, respectively. 
Similarly, on the keyboard, lowercase and uppercase letters 

high sensitivity. This trend is attributed to the increased den-
sity of microisland structures with increasing SNP content, 
as illustrated in Figure S5 (Supporting Information).

To ensure dielectric reliability, we printed two microis-
land-like dielectric layers on the bottom electrode and 
obtained the capacitance-pressure curve under high pressure 
(Figure S6, Supporting Information). In these experiments, 
a smaller circular force gauge tip (≈ 0.785 mm²) was used to 
apply higher localized pressure. Devices with SNP contents 
above 55 vol% exhibited structural defects in the dielectric 
layer, leading to undesired conductive paths between elec-
trodes. Notably, no short-circuiting or leakage was observed 
for devices containing 38 vol% SNPs, even under pressures 
up to 11 MPa. This indicates that while high SNP concentra-
tion is advantageous for increasing sensitivity, it simultane-
ously adversely affects reliability. We selected the devices 
containing 38 vol% SNPs for subsequent device fabrication, 
which exhibited high sensitivity while ensuring reliability 
even under high pressure conditions.

Figure 3d shows the real-time relative capacitance 
changes over six cycles at applied pressures of 62, 312, and 
2496 kPa. The device demonstrated stable and reproducible 
sensing performance during repeated loading and unload-
ing. The response and relaxation behaviors are illustrated 
in Fig. 2e and f. The estimated response and recovery times 
under a loading pressure of 312 kPa, defined by the time 
constants of 1–1/e (~ 63%) for response and 1/e (~ 36%) 
for relaxation, were both approximately 50 ms. This fast 
dynamic behavior is attributed to the mechanically recover-
able nature of the paper substrate.

Device hysteresis and long-term reliability were also 
evaluated. As shown in Fig. 2 g, the sensor exhibited mini-
mal hysteresis during cyclic loading and unloading up to 
3000 kPa. Additionally, the device maintained consistent 
performance over 2000 cycles at 312 kPa without observ-
able signal degradation (Fig. 2 h), demonstrating its robust-
ness for practical use.

The observed elasticity of the device is likely attrib-
uted to the mechanically recoverable properties of the 
paper substrate. To further investigate this, cyclic load-
ing–unloading behavior was examined using nanoinden-
tation measurements. As shown in Figs. 3a and a and 100 
repeated loading–unloading cycles were conducted with 
a maximum displacement of 40 μm and a peak load of 40 
mN. During the first cycle (gray curve), a noticeable hys-
teresis was observed, indicating some degree of irrevers-
ible deformation. However, from the second cycle onward, 
the deformation became predominantly elastic, exhibiting 
minimal hysteresis and suggesting excellent mechanical 
recoverability.

To predict the pressure-induced capacitance variations, 
finite element analysis (FEA) was conducted using the 
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cost-effective protocol. Furthermore, there is potential for 
performance improvements such as sensitivity and unifor-
mity by developing inks and printers, and scalability to 
various applications can also be expected. This all-in-one 
printing strategy for forming all critical components of a 
capacitive sensor is a promising pathway toward next-gen-
eration multifunctional electronic devices, including low-
cost, customizable pressure-sensitive user interfaces.

4  Method

Fabrication of all-printing based pressure sensor; Commer-
cial aqueous, conductive silver nanoparticle ink (Novacen-
trix, JS-B25P) was prepared for use with an inkjet printer. 
The silver nanoparticle ink was printed on photo paper 
(Formtec, IH-1022) by using an office inkjet printer (model: 
EPSON Stylus C88+). Then, toner, which consists mostly of 
styrene acrylate copolymer, was mixed with silica nanopar-
ticle (Sigma-Aldrich, 10–20 nm particle size). After mix-
ing, toner mixture containing 38 vol% silica nanoparticle 
was then loaded into laser printer (model: Hewlett-Packard, 
LaserJet Pro 400 color M451dn) catridges and printed on 
the silver nanoparticle ink printed photo paper. Finally, two 
half-cells (toner mixture printed paper electrodes) were 
stacked facing each other with double-sided tape separation 
layer.

Characterization; Surface morphologies were exam-
ined using a JEOL JSM-7001 F field emission scanning 

could be entered based on the magnitude of applied pres-
sure, enabling us to successfully type the phrase “Yonsei 
University” without using the Caps Lock key. These dem-
onstrations underscore the multifunctionality and potential 
of our all-printed pressure sensor in human–machine inter-
face applications.

3  Discussion

In summary, we developed a fully printed, flexible capaci-
tive pressure sensor on paper substrates using standard 
desktop inkjet and laser printers. A 144-pixel sensor array 
was successfully fabricated using a toner–SNP composite to 
form microisland-like dielectric layers. The resulting sen-
sors exhibited high sensitivity (0.08 kPa− 1 in the low-pres-
sure regime), fast response and recovery times (< 50 ms), 
excellent durability over 2000 cycles, and negligible hyster-
esis. This performance is sufficient to enable various appli-
cations, including touch input devices. Importantly, this 
performance is achieved by a simple and cost-effective pro-
cess in which all components are printed on flexible paper. 
Our printing-based approach offers a significant advance-
ment in the trade-off between simplicity and scalability-two 
factors often considered mutually exclusive in pressure sen-
sor fabrication.

Traditional pressure sensor manufacturing typically 
requires sacrificing one for the other; however, our method 
fulfills both criteria through a straightforward, scalable, and 

Fig. 4  a Photograph of the 12 × 12 
multiple-pixel pressure sensor 
array. b Reconstructed 2D pressure 
map of the change in capaci-
tance, with the center pixel being 
pressed at 62 kPa. c Comparison 
of cross-talk between the device 
with toner composite film (blue 
bar) and pristine toner film (dotted 
line bar). d Capacitance change 
distribution on the pressure sensor 
array upon pressing with two pens. 
e Schematic illustration showing 
the all-printing based input device. 
f A block diagram of capacitance 
measuring and data acquisition 
system. g Consecutive photographs 
of using trackpad and keyboard, 
which have multifunction con-
trolled by magnitude of tactile 
stimulus
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