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Abstract

Mimicking human skin mechanoreceptors grouped by various thresholds creates an efficient system to detect interfacial
stress between skin and environment, enabling precise human perception. Specifically, the detected signals are transmitted
in the form of spikes in the neuronal network via synapses. However, current efforts replicating this mechanism for health-
monitoring struggle with limitations in flexibility, durability, and performance, particularly in terms of low sensitivity and
narrow detection range. This study develops novel soft mechanoreceptors with tunable pressure thresholds from 1.94 kPa
to 15 MPa. The 0.455-mm-thin mechanoreceptor achieves an impressive on—off ratio of over eight orders of magnitude, up
to 40,000 repeated compression cycles and after 20 wash cycles. In addition, the helical array reduces the complexity and
port count, requiring only two output channels, and a differential simplification algorithm enables two-dimensional spatial
mapping of pressure. This array shows stable performance across temperatures ranging from —40 to 50 °C and underwater at
depths of 1 m. This technology shows significant potential for wearable healthcare applications, including sensor stimulation
for children and the elderly, and fall detection for Parkinson’s patients, thereby enhancing the functionality and reliability

of wearable monitoring systems.
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1 Introduction

Reliable, timely, and remote healthcare monitoring improves
health outcomes and optimizes resource utilization to meet
the urgent needs of an aging population [1-3]. Key param-
eters, particularly pressure and position, are critical for
measuring various body signals, including blood pressure,
respiration rate, and gait, and to support clinical judgment
and effective management [4-6]. One promising solution
to monitor these parameters is the integration of health-
care devices into textiles [7, 8]. The effectiveness of this
approach depends on sensor performance, including sensor
sensitivity, pressure detection range, reliability, and textile
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properties [9, 10]. It is essential to align the specific applica-
tion with sensor performance to ensure reliable and efficient
measurements.

In health monitoring, the pressure detection range varies
depending on the specific stimulus and body parts being
measured. Intra-body pressure, such as intraocular pressure
and intracranial pressure, typically falls below 10 kPa. In
contrast, the medium pressure regime ranges from 10 to 100
kPa, encompassing heartbeat and blood pressure measure-
ments. In addition, the plantar pressure exceeds 100 kPa
[11, 12]. Ongoing research in structural and material engi-
neering focuses on enhancing sensor performance, particu-
larly sensitivity and detection range to meet the demands
of wearable technologies[13—15]. However, using a single
type of sensor to meet the varied needs of these applications
remains challenging. A sensor optimized for pulse measure-
ment may lack the pressure range and linearity for external
pressure measurement, such as plantar pressure [16—19].
Developing high-sensitivity sensors with wide detection
ranges is resource-intensive, particularly when only specific
pressure ranges are needed. This underscores the need for
pressure detection devices with tunable pressure ranges. By
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adopting customizable designs, performance can be opti-
mized for specific applications, balancing performance and
practicality.

To overcome these challenges, emulating human skin
offers an innovative pathway. Human skin contains various
mechanoreceptors positioned strategically to detect pressure
and other mechanical changes [20-22]. The mechanorecep-
tors can be broadly categorized into low-threshold mecha-
noreceptors, like Merkel disks and Meissner’s corpuscles,
for light, benign pressure (0.07-5 mN), and high-threshold
mechanoreceptors, like nociceptive neurons, for stronger,
harmful pressure [23, 24]. After activation, these mechano-
receptors generate action potentials (spike signals), which
are transmitted via synapses to the brain [25]. The brain
analyses the signal to determine the location and pressure.
Although the skin does not detect precise pressure, it effec-
tively recognizes change in pressure, offering protection and
valuable information. Customizing sensor performance for
specific pressure ranges is emerging as a practical approach
to effectively and efficiently detect pressure for health moni-
toring. A customized pressure-sensitive resistor has been
designed for clinics, allowing pressure thresholds to be set
at 12 levels within the range of 4.9 kPa to 7.1 MPa [26]. This
advancement can enhance energy efficiency and measure-
ment reliability. However, further improvements are required
in its flexibility, durability, and pressure detection range con-
trollability. In addition, monolithic pressure sensors struggle
to effectively perceive the two-dimensional distribution of
pressure, limiting their further applications.

Consequently, research on arrayed skin mechanorecep-
tors that can detect touch and pressure in multidimensional
spaces has gradually emerged and has been successively
reported. For example, a novel three-dimensional structure
mimicking the spatial arrangement of mechanoreceptive cor-
puscles in human skin has been developed, achieving highly
sensitive identification and differentiation of pressure, shear
force, and strain as well as their directions [27]. In addition,
a skin-mimetic electronic device emulating slow-adapting
mechanoreceptors in human skin has been designed, ena-
bling the decoupling of pressure, shear force, and strain
[28]. An innovative approach has involved fusing the fea-
ture perception and parsing separation [29, 30]; however,
a decoding method is still needed to decouple pressure and
mapping information. Despite these advancements, existing
arrayed devices pose higher demands in terms of structure,
wiring, algorithms, data analysis, and system design. There-
fore, overcoming the systemic complexity of arrayed devices
and ensuring their efficient and stable operation in practical
applications is still a significant challenge.

In this study, we propose a novel mechanoreceptor, that
incorporates polydimethylsiloxane (PDMS) structures inside
the insulation layer to control its pressure initiation thresh-
old. This design achieves an impressive 10 on—off ratio.

By employing structural and material engineering, the pres-
sure threshold of the mechanoreceptor has been tuned in
the range of 1.94 kPa to 15 MPa. This tuning is achieved by
adjusting several parameters, including the material filling
rate, height of the structure, elastomer hardness, composite
fabric types, compression area, and the mechanoreceptor
sizes. This versatility allows us to tailor the mechanorecep-
tor’s performance to meet specific application requirements,
expanding its potential application. This design also ensures
the device maintains good durability under repeated com-
pressions (40,000 cycles) and withstands 20 washes. Moreo-
ver, a mechanoreceptor array has been developed to map the
pressing position, which fuses the pressure detection and
parsing separation. The array operates with only two output
channels for energy and data processing, simplifying the
system and saving time and energy during data processing.
This array demonstrates reliable performance in different
environments, showing great potential for healthcare moni-
toring. We finally present three prototypes, including sen-
sor stimulation for children and elderly, and fall detection
for Parkinson’s patients, to demonstrate the potential of the
mechanoreceptor and its array.

2 Results

2.1 Design Concept and Principle
of the Mechanoreceptors

To design a customized and controllable mechanoreceptor
for various applications, it is crucial to engineer its struc-
ture in determining the tunability of the pressure threshold.
In line with this objective, Fig. 1a presents an innovative
exploded view of the mechanoreceptor’s structure, which
consists of six distinct layers. The outermost layer is com-
posed of composite fabrics, followed by an electrode layer.
At the center, there is a thermoplastic polyurethane (TPU)
layer that contains a cavity filled with PDMS structure. The
PDMS structures serve as the core of the mechanoreceptor,
playing a vital role in controlling its pressure threshold. The
presence of the PDMS structures endows the mechanorecep-
tor with a good on—off resistance ratio. The on—off resist-
ance of this pressure mechanoreceptor is shown in Fig. 1b
and c. The off-state resistance is around 360 MQ, while the
on-state resistance, measured with a multimeter, is approxi-
mately 2.0 Q (Fig. 1c and Supplementary Video 1). Through
calculation, the on—off resistance difference of the pressure
mechanoreceptors is around eight orders of magnitude, com-
parable to commercial mechanoreceptors. This high on—off
response ensures signal fidelity and reliability.

The major technique used in the assembly of textile-
based mechanoreceptor is hot-pressing, also known as
hot lamination. It is a mature and facile technique that
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Fig.1 Design, fabrication and mechanism of the mechanoreceptor.
a Exploded-view schematic diagram of the mechanoreceptor struc-
ture. b Measurement of the mechanoreceptor’s on—off resistance
using an insulation resistance meter. ¢ Photograph showing the off-
state resistance of the mechanoreceptor. d Schematic illustrating the
fabrication process of the mechanoreceptor. e Optical image of the

assembles textiles with other functional materials with
strong adhesion. Figure 1d illustrates the fabrication pro-
cess of the mechanoreceptor. After stencil-printing, the
dimensions of the elastomer pillars are measured using an
optical microscope (Fig. le). The measured dimension of
the structure is 0. 542 mm (standard deviation (SD): 0.016
mm). The actual size is slightly larger than the design
(0.5 mm) due to the diffusion of the PDMS during solidi-
fication. Hot lamination offers advantage in scalability,
cost-effectiveness, and potential for automation, making it
feasible to produce the mechanoreceptor on a large scale.
The thickness of the textile-based pressure mechanorecep-
tor is only 0.455 mm, as measured with a thickness gage.
The mechanoreceptor features a remarkably thin profile
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stencil-printed PDMS structure. f Photograph showing the flexibility
of the mechanoreceptor. g Schematic diagram of the mechanorecep-
tor mechanism: (I) unloaded state; (II) loaded state. h Cross-sectional
optical image of the mechanoreceptor in the unloaded state. i Cross-
sectional optical image of the mechanoreceptor under loading

and is integrated into textile materials that exhibit excel-
lent deformability and flexibility, as shown in Fig. 1f.
The study of the mechanoreceptor’s mechanism provides
valuable insights into its design and functionality. Its mecha-
nism is based on the piezoresistive sensor with architecture
microstructures, as illustrated in Fig. 1g. Its functionality
arises from the dynamic interaction between PDMS pil-
lars, a TPU spacer, and the conductive fabric. Specifically,
the PDMS pillars serve as deformable elastomeric struc-
tures that modulate contact under pressure; the TPU spacer
maintains a void gap between electrodes, ensuring an open-
circuit; the conductive fabrics bridge the gap during com-
pression, forming a closed-circuit. In the off-state (no com-
pression), the upper electrode remains separated from the
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lower electrode (Fig. 1g(I)). When compressed, the PDMS
pillars expand laterally and shorten axially due to Poisson’s
effect, progressively reducing the void gap. As compression
increases, the PDMS pillars reach a geometric deformation
limit constrained by their spacing and material properties,
which forces the upper electrode into contact with the lower
electrode, thus creating as a closed-circuit (Fig. 1g(I)).
Upon pressure release, the PDMS pillars recover to their
original shape due to the entropic elasticity of the cross-
linked polymer chains. This supported the upper electrode
back to its original position, resulting in an open-circuit. The
pressure threshold is defined as the minimum compression
level required to close the void gap, triggering a significant
resistance change. This threshold depends on pillar geom-
etry, material hardness, void size, and others. To validate the
operating mechanism, we have conducted a cross-sectional
analysis of this textile-based mechanoreceptor (with a 0.3-
mm height in PDMS structure) using an optical microscope
under loaded and unloaded conditions, as depicted in Fig. 1h
and i. The total thickness of the mechanoreceptor without
loading is 0.69 mm, while the thickness under loading
decreased to 0.423 mm. The PDMS height at the center of
the mechanoreceptor is 0.274 mm, while the pillars deform
to 0.217 mm under loading. This corresponds to a critical
strain of 38.69%. This deformation aligns with the closure
of the void gap closure required to bridge the electrodes,
directly confirming the strain-dependent transition from the
open-circuit (“off-state”) to the closed-circuit (“on-state”).

2.2 Performance and Characterization
of the Textile-Based Mechanoreceptor

To develop energy-efficient and customized mechanorecep-
tors tailored for specific users and applications, it is essential
to ensure that the pressure threshold of the mechanoreceptor
is adjustable. The pressure threshold of this novel mecha-
noreceptor is primarily governed by the PDMS structure,
includes factors such as the dimension, height, and hard-
ness of the PDMS material. In addition, other factors, like
composite fabric, the compression area, and the size of
the mechanoreceptor also significantly influence its pres-
sure threshold. This study comprehensively examines the
relationship between these factors and the mechanorecep-
tor pressure threshold to enhance its practical applications.
Figure 2a shows the experimental setup.

We have initially focused on the material filling rate, a
key parameter influenced by the design of the PDMS struc-
ture. To explore this, we have designed and fabricated sten-
cils with PDMS structures featuring varying dimensions
and spatial arrangements. The variation in the dimension
of the elastomer pillars, density, and material filling rate
of the mechanoreceptors are summarized in Fig. S1 and
Table S1 (Supporting information). In the test, the height

of the elastomers (100 um) and compression area (10 mm
in diameter) are kept constant to isolate their effects. Fig-
ure 2b reveals that there is a steady increase in compression
threshold as the number of material filling rates increased.
The mechanoreceptor with an 11-% material filling shows a
pressure threshold of 3.86 kPa. The mechanoreceptor with
a 44.4-% material filling rate shows higher pressure thresh-
old of 22.67 kPa. When the material filling rate increases
to 66%, the pressure threshold rises to 44.87 kPa. The
increase in the material filling rate corresponds to larger
dimensions of the PDMS structure and a reduced number
of PDMS structures, which enhances the compressibility of
the mechanoreceptor. Consequently, the pressure threshold
of the mechanoreceptor increases. Figure 2d demonstrates
that the mechanoreceptor is activated under 30-g loading in a
compression area of 10 mm in diameter (see Supplementary
video 2). This demonstrates its sensitivity to pressure.

Further investigation of the structural dimension and the
pressure threshold of the mechanoreceptor has shown that
the height of the elastomer pillars increases with the pressure
threshold. Stencils with a consistent pattern (25-% material
filling rate) have been fabricated in varying thicknesses: 100
pm, 150 ym, 200 ym, 250 pm, and 300 pm. The thicknesses
of the stencil-printed PDMS structure are summarized in
Table S2 (Supporting information). Figure 2¢ reveals a
gradual increase in pressure threshold as the height of the
elastomer pillars increases. The pressure threshold of the
mechanoreceptor printed with a 100-pm stencil is approxi-
mately 7.21 kPa. This increases to 46.22 kPa with a 200-um
stencil, and then sharply increases to 512.37 kPa when a
300-um stencil is employed. As the height of the elasto-
mer pillars increases, the void between the electrodes also
enlarges. The upper electrode needs to pull more downward
to contact with the lower electrode. Based on this, the pres-
sure threshold correspondingly increases with the height of
the elastomer pillars.

In addition to PDMS structural height, the mechanore-
ceptor pressure threshold increases with PDMS hardness.
Figure 2e outlines the relationship between mechanorecep-
tor’s pressure threshold and the PDMS’s Shore hardness.
Furthermore, as the outer shell composite fabric becomes
thicker and more rigid, the mechanoreceptor pressure
threshold increases (Fig. 2f). The bending rigidity of the
four composite fabrics is presented in Fig. S2 and Table S3
(Supporting information). The thicknesses of the four com-
posite fabrics are provided in Table S4. As the composite
fabric continuous to become stiffer, the mechanoreceptor
experiences bending. During testing, the mechanoreceptor
undergoes some degree of deformation, which leads to a
reduction in its pressure.

Besides factors relating to the design and material engi-
neering of the mechanoreceptor, other factors influence the
pressure threshold performance of the mechanoreceptor,
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Fig.2 Tunability of the mechanoreceptor pressure threshold. a
Schematic diagram of the experimental setup for pressure threshold
measurement. b Pressure threshold measurement of the mechanore-
ceptor with various material filling rates (mean+SD; n=3). ¢ Pres-
sure threshold measurement of the mechanoreceptors fabricated using
stencils of different thicknesses (mean+SD; n=3). d Photograph
showing the mechanoreceptor response under a 30 g load applied
over a 10 mm diameter compression area. e Pressure threshold meas-
urement of the mechanoreceptor with PDMS of varying hardness

includes the compression area and the size of the mechano-
receptor (defined by the hole diameter of the voids within
it). We have fabricated a series of mechanoreceptors in vari-
ous sizes (guided by the hole diameter of the TPU spacer),
and evaluated their performance under various compression
areas. The term “proportion” refers to the ratio between the
compression area and the size of the mechanoreceptor, where
the size determines the void dimensions. Figure 2h dem-
onstrates the relationship between the mechanoreceptor’s
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(mean +SD; n=3). f Pressure threshold measurement of the mecha-
noreceptor with different composite fabrics (mean+SD; n=3). g
Comparative analysis of the mechanoreceptor with prior pressure
detection devices: (I) on—off ratio; (II) pressure detection range. h
Pressure threshold measurements of the mechanoreceptor with vary-
ing sizes, tested under seven different compression areas (mean +SD;
n=3). i Pressure threshold measurements of the mechanoreceptor
under different compression areas, evaluated across various mechano-
receptor sizes (mean +SD; n=3)

pressure threshold and its size across varying compression-
to-size ratios. It is observed that the variation of the pressure
threshold under a smaller compression area is quite large.
Figure 2i demonstrates the relationship between the pressure
threshold of the mechanoreceptor and the compression area
under varying proportional conditions. As compression area
increases for the same size of mechanoreceptor, the pressure
threshold first decreases, reaches a lower point, and then
begins to increase. This phenomenon can be attributed to
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the interaction between PDMS structures, the TPU spacer,
and the compression area. Specifically, when the ratio of
the compression area to the spacer is either too high or too
low, the stress distribution becomes uneven, necessitating
increased pressure for activation. Overall, we have con-
ducted a comparative analysis of this novel mechanorecep-
tor to prior pressure detection device in two aspects—the
on—off ratio (Fig. 2g(I)) and the pressure detection range
(Fig. 2g(1)) [31-37]. This novel mechanoreceptor shows
an advanced on—off ratio, of over eight orders of magnitude,
comparable to the commercial rigid product. In addition, the
pressure detection range has been adjusted to span over eight
orders of magnitude through various combinations. Other
performance comparisons with prior works are summarized
in Table S5. This adaptability has enabled tailored solutions
to meet diverse application needs, enhancing performance
and reliability in targeted use cases.

2.3 Other Performance of the Mechanoreceptor

To access the performance of the mechanoreceptor, the
material filling rate of 25% is selected, and the compres-
sion area is fixed at a circular diameter of 10 mm. Figure 3a
shows the response and recovery times of the mechanore-
ceptor across varying heights of the PDMS structure. As the
height of the PDMS structure increases, the response time
decreases, whereas the recovery time increases. Mechano-
receptors with lower pressure thresholds require more time
to detect smaller pressure change, leading to longer response
time. This is attributed to the viscoelastic properties of the
PDMS structure. Under low stress, PDMS is dominated
by the viscoelastic creep: polymer slowly rearranges and
slides, causing time-dependent deformation (creep). Con-
versely, at higher stress, the PDMS deformation is governed
by its elastic component—the cross-linked polymer network.
The covalent bond in the network deforms rapidly, enabling
faster stabilization of mechanical strain. Figure 3b presents
the response time and recovery time of the mechanoreceptor
with a thickness of 0.1 mm and a 25-% material filling rate.
Its response time is approximately 6 ms and the recovery
time is 3.3 ms. This mechanoreceptor demonstrates excel-
lent time performance, making it well-suited for practical
applications that require rapid response and recovery times.
Besides response time, the frequency response of the mecha-
noreceptor was evaluated at the frequencies of 0.125 kHz,
0.25 kHz, 0.5 kHz, and 1 kHz. Figure 3c demonstrates that
the mechanoreceptor responds to different compression fre-
quencies within the range of typical human biologic signals.

In addition to evaluating time and frequency response,
the durability and reliability of the mechanoreceptor in
different scenarios have been assessed. A test involving
40,000 compressions at a pressure of 10 kPa was conducted
to evaluate the mechanical and electrical properties of the

mechanoreceptors. The voltage response of the mechanore-
ceptor is shown in Fig. 3d. In detail, the voltage response of
the mechanoreceptor from 0 to ten cycles and from 39,990
to 40,000 cycles are similar (Fig. 3e and f). The results
indicate that the voltage signal remains highly stable and
reproducible during 40,000 cycles of compression. However,
as depicted in Fig. 3g, the on-state duration at the cycles
of 39,551 is shorter than that of the initial, suggesting that
repeated compressions may slightly alter the pressure thresh-
old. Despite this, the mechanoreceptor continues to function
effectively after 40,000 cycles.

In addition to compression reliability, the on—off resist-
ance of the mechanoreceptors has been measured across 20
washing cycles. Figure 3h demonstrates that off-resistance
decreases to 111.97 MQ after 20 washes, while maintain-
ing a resistance difference spanning 8 orders of magnitude.
The value remains above the 20-MQ threshold specified for
unqualified membrane keyboards, refer to GB/T 30091. In
addition, the mechanical response of the mechanoreceptor
throughout 20 washes has been evaluated (Fig. 3i). After 20
washing cycles, the mechanoreceptor exhibits a deteriora-
tion in stability, characterized by a decreased slope in the
response curve, indicating a longer response time. In addi-
tion, the on-state period of the mechanoreceptor after 20
washing cycles is longer than that of the unwashed mech-
anoreceptor, implying a reduction in the pressure thresh-
old. Moreover, the signal of the mechanoreceptor shows
increased fluctuations after 20 washing cycles.

2.4 Design and Characterization
of the Mechanoreceptor Array

To advance multidimensional pressure mapping while sim-
plifying system complexity, we have developed an innova-
tive spiral-shaped array of mechanoreceptors that mimic the
pressure sensations of the human body. By establishing a
defined threshold in the detection unit, we can filter out noise
and prevent unnecessary data decoding. Figure 4a presents
an exploded schematic diagram of this mechanoreceptor
array, which contains six layers. Specifically, it comprises
16 mechanoreceptors and 16 flexible resistors (~3 k) con-
nected in series. The equivalent circuit is shown in Fig. 4b.
This design integrates both mechanoreceptors and resistors
in terms of physical space and signal processing. This sys-
tem employs a dual-channel signal acquisition architecture
to achieve two-dimensional pressure sensing via spatially
resolved differential analysis. Pressure detection is governed
by a tunable threshold filtering mechanism in the mechano-
receptor; where the applied forces exceed a threshold, it trig-
gers a critical resistance drop. Concurrently, position map-
ping is accomplished through spatially encoded weighted
voltage gradients between the dual channels, generated by
the spiral array’s geometry.

@ Springer



1596

Advanced Fiber Materials (2025) 7:1590-1604

1000 035 e 0.35
Response time 0.1 mm
Recovery time 83.0m] 0.30 4 030 0.125 kHz 0.25 kHz 1 kHz
100 4 s20ms 025 q H D F‘
0.25 4
0204 s
— S Z
3 o 0.154 » 0.204
T 104 o £l
£ 2 0.104 5 .
[ S 3 015
0.05 4
1] 0.10
0.00 4
0.05 4
09ms -0.051 6 ms 33ms
0.1 , . . 08ms| 4510 . T 1F r 0.00 e —
0.1 0.15 0.2 0.25 20 40 3540 3560 0 5 10 15 20 25 30 35 40 45 50
Stencil thickness (mm) Time (ms) Time (s)
0.40

N
E
[0}
g
5
>
e
0.40 0.40 0.40
[ Jcyclet
0.35 0.354 0.354 [ cycle 20001
030 [C_] Cycle 39551
.30 4 T m 0.304—1 /T T q H T 0.30 4
2 0.251 F F F T H F F F Z 0251 TD _17 Wﬂ 0.251
9020 90.20] 0.20
© ©
§o.15- §o.15- 0.15
0.104 0.10 0.10
0.05 4 0.05 A L 0.05
0.00 4 : . 0.00 y ; J — 0.00 ey R
0 > 4 5 3 10 39990 39992 39994 39996 39998 40000 2 4 6 8 10 12
Number of press Number of press Data points
h i
1E7
0.351 After 5 After 10 After 15 After 20
1000000 0.30 Unwash washing cycles washing cycles washing cycles washingjcycles
J-o Oy | -|
§100000 \an;\e_g_g_@a_,_?f“ 322 S 0251
‘g 10000 :Ié, 0.20-
2 1000 S 0151
e >
100 0.104
10 0.051
] ooo4 Ll LJUupuyLJOU UL gy U LlJuul 5
0 2 4 6 8 10 12 14 16 18 20 0 1000 2000 3000 4000 5000 6000 7000 8000
Number of washes
Data points
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Fig.4 Design, mechanism and characterization of the mechanore-
ceptor array. a Exploded schematic diagram of the mechanoreceptor
array illustrating its structural design. b Electric circuit diagram of
the array. ¢ Photograph depicting the thickness of the mechanorecep-
tor array. d Electrical resistance measurement of the mechanoreceptor
array at various positions (mean+SD; n=3). e Electrical resistance

Three array samples were fabricated, and their thickness
are 0.648 mm, as shown in Fig. 4c. The resistance of each
individual mechanoreceptor under compression has been
measured using a multimeter, as shown in Fig. 4d. There
are 16 levels of resistance variations, ranging from 0.01 to
48.4 kQ. The standard deviation of mechanoreceptor resist-
ance between samples is only around 0.18. The average
resistance difference between mechanoreceptors is 3.226 kQ,
as presented in Fig. 4e. The resistance variation among the

difference across different positions within the array (meanz+SD;
n=3). f Off-state resistance measurement of the array under differ-
ent bending radii. g Photograph comparing the array before and after
water-immersion test. h Resistance measurement before and after
water-immersion test (mean+SD; n=3). i Resistance of the array
before and after cyclic temperature test (mean+SD; n=3)

mechanoreceptors is 0.11 kQ. The resistance difference
between mechanoreceptors is maintained within the range of
2-4.5 kQ, demonstrating the practical manufacturability of
this mechanoreceptor array. Considering the requirements of
wearable applications, it is crucial to evaluate the function-
ality of the mechanoreceptor array under bending. To this
end, acrylic tubes with different radii were manufactured to
evaluate whether the mechanoreceptor array could maintain
an off-state under different bending radii. Figure 4f presents

@ Springer



1598

Advanced Fiber Materials (2025) 7:1590-1604

the off-state resistance of the array while it is bent along its
electrodes. The off-state resistance decreases at a bending
radius of 4 cm, resulting in a short circuit at a 3-cm radius.
In addition, we assess the electrical state of the circuit under
different bending radius bending at different directions, as
shown in Table S6 (Supporting information). The mecha-
noreceptor array remains in the off-state with the bending
radius of 5 cm along its electrode, while it remains off-state
only when bent at 8 cm in a direction perpendicular to the
electrode direction. When applying the mechanoreceptor
array in practical applications, it is essential to consider the
bending radius direction of the device. For textile properties,
we have evaluated the whole mechanoreceptor array bending
rigidity via the KES system. Due to the load limitation of
the system, the mechanoreceptor array has been cut into 10
pieces, each with a width of 1 cm. The total bending load
of the mechanoreceptor array is 60. 22 gF (0.588 N), as
depicted in Fig. S3 (Supporting information).

2.5 Durability and Reliability
of the Mechanoreceptor Array

The durability and reliability of the array are critical fac-
tors in wearable applications. We have conducted compre-
hensive experiments to evaluate these aspects, focusing on
water repellence, environmental stability, and mechanical
stability. This textile mechanoreceptor exhibits excellent
water-repellent properties due to its fabrication, structure,
and materials. To evaluate the protection, a water-soluble
ink paper with one side red and one side white have been
adhered to the edge of the array. After 30 min, we observed
no ink exposure and penetration on the surroundings or
backside paper (Fig. 4g). This confirms that the TPU spacer
used in hot lamination effectively protects the mechanore-
ceptor underwater. The mechanoreceptor resistance also has
been evaluated with a multimeter before and after the test.
Figure 4h proves that the resistance of the mechanorecep-
tor array remains stable after water immersion. The average
resistance difference observed was minimal, with values of
3.26 kQ before the test and 3.27 kQ after the test. Statistical
analysis revealed no significant difference in the mechanore-
ceptor resistance before and after the water immersion test.

The stability of the mechanoreceptor array in various envi-
ronments is crucial for practical applications. Three different
environmental tests have been conducted to comprehensively
evaluate the textile mechanoreceptor array performance,
including a high-temperature test, a low-temperature test, and
a cyclic temperature test, in accordance with GB/T 30091.
The off-state resistance of the mechanoreceptor array before
the cyclic temperature test is 276.80 MQ. After the test, the
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off resistance of the mechanoreceptor is 398.8 MQ (Table S7).
There is no significant difference in off-resistance during the
cyclic temperature test. Figure 4i evaluates the mechanore-
ceptor resistance before and after the cyclic temperature test,
and Fig. S4 shows the resistance difference between individual
keys. The resistance of each mechanoreceptor remains stable
throughout the test. The off resistance of the mechanorecep-
tor array before and after the high-temperature tests is 365.42
MQ and 266.2 M£Q, as detailed in Table S8 (Supporting infor-
mation). There is no significant difference in the mechanore-
ceptor resistance in the pair t test. The on-state resistance of
each mechanoreceptor before and after the test is also similar,
as shown in Fig. S5 (Supporting information). For the low-
temperature tests, the off resistance of the mechanoreceptor
array before and after the tests are 450.46 MQ and 125.25 MQ,
listed out in Table S9. It decreases by approximately 72.17%,
while its resistance remains above the required qualification
threshold of 20 MQ. Despite this change in off-state resist-
ance, the on-state resistance of each mechanoreceptor does not
show significant differences before and after the test, which
is summarized in Fig. S6 (Supporting information). Overall,
these experiments confirm the textile mechanoreceptor array
stability across various environmental conditions.

In addition, the off-state resistance of the array has been
measured over time to evaluate its stability. Figure S7 dem-
onstrates the resistance variation along time, from 1 to
100,000 min. The average resistance between keys at initial
is 3.22 kQ, which increases to 3.33 kQ after 100,000 min,
as shown in Fig. S8 (Supporting information). The resistance
of each keys slightly increases by around 3.4% after 10,000
min. The resistance between keys remains within the range
of 2.5-4.5 kQ. Since the resistance variation stacks along the
series, we outline four key resistance variations along time
in Fig. S9a, S9b, S9c, and S9d. It has been observed that the
resistance of mechanoreceptor 8 is slightly over the detection
range. The resistance of Key 12 and Key 16 at 10,000 min
exceeds the range slightly. This is attributed to the connection
between the resistor and the mechanoreceptor, which required
further improvement.

In addition to evaluating longevity, the mechanical stabil-
ity of the textile mechanoreceptor array under load has been
tested. According to GB/T 30091-2013, the off resistance of
the mechanoreceptor array must meet the 20-MQ require-
ment. Detailed information is shown in Fig. S10 (Supporting
information). In addition, the on-state resistance of the array
under different users pressing has been assessed, as presented
in Fig. S11 (Supporting information). These comprehensive
evaluations confirm the mechanoreceptor array’s reliability
and adaptability for diverse practical applications.
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3 Applications

Health is a holistic concept that encompasses physical,
mental, and social well-being. In recent years, the emer-
gence of innovative wearable electronics technology has
significantly increased awareness around personal health-
care management. Individuals are increasingly proactive
in taking responsibility for managing their health and that
of their family members. This shift has led to a growing
demand for various types of flexible healthcare devices,
offering distinct functionalities for different applications.
In response to this demand, we have developed three dif-
ferent types of flexible healthcare devices, tailored for
various users and applications, to explore the potential of
the mechanoreceptors and the array.

Sensory stimulation is a widely used intervention that
presents various stimulus to engage different sensory
modalities, including hearing, touching, vision, and smell-
ing [38]. These approaches enhance the well-being of vari-
ous groups, like the elderly and children. In the context
of children, sensory stimulation effectively links to fine
motor skill training [39]. Fine motor skills involves small
and precise movement with hands, fingers, and toes require
coordination, muscle strength, sensation, dexterity, and
awareness [40]. Developing fine motor skills offers several
advantages for children, including enhanced independence,
improved hand—eye coordination, increased concentration
and enhanced cognitive development [41, 42]. There are
various training activities for children to train their motor
skills, like finger painting and puzzling [43]. However,
these activities face challenges, like limited engagement,
insufficient feedback, and a lack of adaptability. By incor-
porating tactile and visual stimuli into activities, children
can experience enhanced engagement and receive more
comprehensive feedback. This has the potential to improve
their hand—eye coordination, dexterity, and precision.

In response to the need of interactive learning tools,
we have developed an interactive sensory book that inte-
grates visual and tactile stimuli to help children learn and
identify shapes, as illustrated in Fig. 5a. This interactive
sensory book comprises a mechanoreceptor array with
16 mechanoreceptors in connection with an Arduino Due
board, which interfaces with an LED display. Figure 5b
shows the system architecture. When pressure is applied
to the target position, the microcontroller measures the
resulting resistance to identify the corresponding image.
The sensory book demonstrates excellent flexibility and
deformability, as shown in Fig. Sc. In particular, Fig. S5c(1),
(IT), (IIT), and (IV) shows the interaction of the sensory
book when the pressure is applied at different positions,
corresponding to Key 1, Key 5, and Key 15. It proves
the functionality of the mechanoreceptor. Additional

interactions are shown in Supplementary Video 3, high-
lighting the book’s capabilities. Engaging with the book
requires children to manipulate and explore different tex-
tures and shapes, an activity that enhances dexterity and
hand—eye coordination. Previous research underscores the
connection between fine motor skills and cognitive devel-
opment, demonstrating that such activities can promote
holistic cognitive advancement [44, 45].

As the global population ages, the challenges of cognitive
decline and dementia have become public health concerns.
Sensory stimulation has emerged as a popular approach to
alleviate the symptoms of dementia [46]. Visual stimuli acti-
vate the visual processing function of the elderly to lessen
the decline [47, 48]. In addition, the elderly often faces
challenges with hand strength and dexterity, especially in
precise controlling of hand pressure for complicated tasks.
To address these challenges, a tactile visual memory tool
also has been customized as a training tool for the elderly to
meet the challenges of dementia to improve their life quality
[49-52]. Figure 5d illustrates the training protocol: the dis-
play first generates a sequence of numbers for a few seconds
to allow the elderly to memorize it. After this, the user needs
to input the sequence by pressing the corresponding numbers
of the array. This improves the short-term memory in the
elderly and encourages cognitive engagement. Figure 5h(I),
(ID), (III) and (IV) illustrates the functionality of the tool,
demonstrating the response of the tool when different num-
bers are pressed. A full demonstration is provided in the
Supplementary Video 4.

Parkinson’s disease encompasses a group of neurologic
disorders characterized by movement problems or other neu-
rodegenerative diseases, such as rigidity, slowness, tremors,
and progressive supranuclear palsy [53]. A significant risk
for individuals with Parkinson’s disease is the increased
likelihood of falls. Statistics show that 38% of patients with
Parkinson’s disease fall, and 13% fall more than once weekly
[54]. Prompt assistance from caregivers is crucial when a
fall occurs to prevent serious injury or death. To address this
issue, developing a system to measure gait in Parkinson’s
patients can help mitigate risks [55, 56]. Prior clinical trials
have validated that such systems enhance the quality of life
by providing real-time feedback for self-correction of gait
patterns, reducing fall frequency, and facilitating person-
alized rehabilitation protocols tailored to individual motor
fluctuations [56-58]. Figure 6a outlines the system architec-
ture, containing two mechanoreceptor arrays as input devices
connecting to the Arduino board, and an LED or buzzer
serving as output. Figure 6c¢ illustrates the system mecha-
nism. When neither of the user’s feet contacts the ground,
both mechanoreceptor arrays remain inactive, triggering the
LED or buzzer to alert the caregiver. The pressure threshold
of the mechanoreceptor has been tested, as shown in Fig. 6b.
Figure 6d(I), (I), (IIT), and (IV) shows the system’s response
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Fig.5 Mechanoreceptor array for sensory stimulation applications. a
Ilustration of a child using the mechanoreceptor array to learn and
identify various shapes via visual feedback. b System architecture
diagram. ¢ Display response to pressure applied at different positions.
(D Key 1. (I) Key 3. (IIT) Key 7. (IV) Key 16. d Illustration showing

under different scenarios, demonstrating the functionality of
the fall detection system. A full demonstration is provided
in Supplementary Video 5.

4 Conclusions

In this paper, we report a novel mechanoreceptor with a
tunable pressure threshold, fabricated via stencil printing
and hot lamination techniques of textile materials. A key
feature of this design is the incorporation of the PDMS
structures within the void of the mechanoreceptor. The
pressure threshold of the mechanoreceptor can be con-
trolled across a range of 1.94 kPa to 15 MPa, meeting the
requirements for wearable applications and even extending
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to robotic applications. This architected structure allows
control over the pressure threshold of the mechanoreceptor
through various parameters, including the material filling
rate, the height of the structure, PDMS modulus, types
of composite fabrics, compression area and the size of
the mechanoreceptor. By exploring the synergistic effects
of multiple dimensions, we enhance the design freedom
and customization of the mechanoreceptor, avoiding limi-
tations associated with specific parameters. The PDMS
structure within the mechanoreceptor’s void results in an
on—off ratio spanning over eight orders of magnitudes. In
addition, the mechanoreceptor exhibits good reliability
in repeated compressions (40,000 cycles) and laundering
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(20 washes), highlighting its robustness and suitability for
practical applications.

In addition, we have designed a spiral-shaped array
of mechanoreceptors that enables two-dimensional pres-
sure sensing through an innovative, series—parallel circuit
design. By implementing a differential algorithm with
dual-output channels, we significantly reduce system com-
plexity while maintaining high-resolution sensing capabil-
ities. The array also exhibits stable performance in various
environments, including low-temperature, high-tempera-
ture, cyclic temperature, immersion in 1 m of water, press-
ing by different users, and enduring a mechanical load of
100 N. In response to the growing demand for healthcare
devices, we have developed three various prototypes for
different healthcare monitoring. These prototypes effec-
tively monitor various body vitals, such as finger pressure,
plantar pressure, and gait, demonstrating the mechanore-
ceptor’s customization potential for diverse health-mon-
itoring needs. While these developments highlight the
array pressure detection and data processing capability,

it is limited to single-point compression. Addressing this
limit in further research can solidify its potential, pav-
ing the way for more advanced functionality in healthcare
applications.

5 Experimental Section

Fabrication of mechanoreceptors: The dimension and the
quantity of the elastomer pillars were designed in advance
to produce the corresponding stencil (100 um in thickness)
by UV laser cutting. PDMS (Dragon skin 10) was compos-
ited in the proportion of 1:1, and waited around 10 min to
reach desired viscosity for stencil printing. The elastomer
was printed onto the nickel-copper-plated conductive fabric
with the corresponding stencil. The electrode thickness was
30 pm and its resistance was 0.03-0.05 Q/m?. Following the
printing process, a solidification was conducted to stabilize
the shape of the elastomer pillars. The electrode with pillars
and the pure electrode were then heat-pressed onto separated
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laminated fabric at 120 ‘C for 3 s. A TPU spacer with a
thickness of 100 um was prepared by cutting out a 16-mm
diameter hole. The spacer was then applied between two
laminated electrodes. The whole set was finally hot-pressed
at 85 °C for 2 s, in which the upper and lower electrode was
bonded together via the TPU spacer. In addition, the stencil
thickness and types of PDMS used in fabrication were var-
ied, which significantly affected the controllability of the
stencil printing and lamination, particularly influencing the
viscosity and solidification time.

Characterization of the mechanoreceptor: The thickness
of both the materials and mechanoreceptor was measured
using a thickness gage. The on—off resistance of the mecha-
noreceptor was assessed with an RK2681N insulation resist-
ance tester from Shenzhen Meiruike Electronic Technology
Co. and a multimeter. The insulation resistance tester had
a lower limit of 10 kQ, while the multimeter upper limit
was 120 MQ. The mechanical performance of the mecha-
noreceptor was evaluated using an Instron 5566 in com-
pression mode. The setup included a power source and an
Agilent 34001a multimeter to measure the mechanoreceptor
response under mechanical stress. The response time and
recovery time of the mechanoreceptor under various param-
eters were tested using Instron 5566 and Keysight 4600a. For
durability assessment, a laundry test was conducted using
a commercial laundry machine, following the AATCC 135
standard. This involved using 66g AATCC 1993 standard
reference detergent and 1.8-kg laundering ballast pieces.

Fabrication of the mechanoreceptor array: Conductive
graphene/carbon black TPU was laser cut into serpentine
shape to serve as a flexible resistor. Each resistor resistance
was around 3.36 kQ measured by a multimeter. Following
the established mechanoreceptor fabrication process, elas-
tomer pillars were stencil-printed onto the electrode. Next,
the electrode and flexible resistor were hot-pressed onto the
composite fabric. The resistor was then in connection with
the mechanoreceptor electrode with a conductive tape from
3M Electronic. Finally, a TPU spacer with 16 holes (16
mm in diameter), was laminated between the electrodes to
assemble the configuration. In addition, the array sides were
laminated with a TPU spacer for encapsulation.

Characterization of the mechanoreceptor array: The
on—off resistance of the mechanoreceptor array was meas-
ured using an RK2681N insulation resistance tester from
Shenzhen Meiruike Electronic Technology Co. and a mul-
timeter. The water-encapsulant properties of the array were
tested according to the standard IEC 60529. The highest
protection level IPX7 was selected. In the test, the mecha-
noreceptor arrays were submerged in water at a depth of 1 m
for 30 min. A water-soluble ink paper was adhered inside the
array. If there is any water penetration, the color of the fabric
changes to red. For the cyclic temperature test, the arrays
were subjected to alternatively conditions of 55 ‘C (oven)
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and —40 °C (ESPEC PL-3KPH), each lasting for 30 min, for
a total of 5 cycles. The environmental transition time was
maintained at less than 3 min. For the low-temperature and
high-temperature tests, samples were maintained at —40 °C
and 50 °C for 72 h each.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42765-025-00572-3.
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