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Recent Advances in Nanomaterial-Based Flexible Piezoresistive
Sensors for Robotic Tactile Sensing
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Korea

Abstract: The expansion of industrial automation has underscored the critical role of robotic systems, where pressure
sensors serve as essential interfaces for tactile feedback and precise manipulation. Flexible piezoresistive pressure
sensors have become especially attractive because of their simple design, straightforward operation, and scalable
fabrication. Recent progress in conductive nanomaterials such as carbon- and metal-based fillers, and engineered
microstructures, including surface and porous designs in both single and hierarchical configurations, has significantly
improved sensor sensitivity and broadened their operational range, demonstrating how material choice and structural
engineering directly shape device performance. This review introduces the underlying physics of piezoresistivity and
discusses the metrics commonly used to characterize sensor behavior, including sensitivity, gauge factor, and response
time, before examining advances in nanomaterial integration and structural strategies that enable enhanced functionality.
Applications highlight their integration into robotic fingertips and joints, where they provide force regulation, object
recognition, and motion tracking, underscoring their importance in robotic control. Remaining challenges such as
uniformity, reproducibility, and large-scale manufacturability continue to hinder widespread adoption, yet ongoing
improvements in material systems and fabrication methods promise to address these limitations. Through the integration
of material design, structural engineering, and performance evaluation, this work establishes a comprehensive link
between fundamental principles and robotic applications, offering insights that can guide the development of
next-generation tactile sensing technologies and opening pathways toward next-generation robotic systems empowered
by highly sensitive and reliable pressure sensors.
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1. INTRODUCTION holding, as well as sensory functions including the
exploration of texture, temperature, and humidity [4].
As a result of such research, robotic hands not only
substitute for tasks traditionally performed by humans

Globally, the decline in the working-age population
in aging societies has resulted in severe labor

shortages, particularly in the manufacturing sector. but also supplement them technologically, enabling
Indeed, automation  technologies — have seen e ytilization across a wide range of industrial sectors.
significantly greater adoption in countries experiencing Examples include teleoperated precision surgery [5],
more rapid population aging, and demographic aging  ti-joint robots for process automation in automotive
accounts for nearly half of the cross-country . o4,ction lines [6], inspection robots for nuclear
differences in the adoption of robots and other . ,monents developed in response to human radiation
automation technologies [1]. exposure limits [7], and semiconductor process robots
employed in high-purity environments and repetitive
tasks [8]. These applications provide advantages that
are difficult for humans to achieve, such as continuous
24-hour operation, reduced cycle times, and improved
productivity through greater manufacturing flexibility
[91.

Consequently, industrial robots are increasingly
being incorporated into modern manufacturing
processes, leading to a heightened emphasis on
research in this field [2]. As industrial automation
advances toward more complex and adaptive
operations, there is a rising demand for robots capable
of perceiving and responding to subtle physical
interactions in a manner similar to human tactile
perception [3]. In this context, the ability to emulate not
only the efficiency but also the dexterity of human labor
has made tactile sensing a crucial capability for
enabling robots to manipulate objects with human-like
precision. Among various robotic systems, robotic )
hands have been specifically developed to replicate the ~ COMPlex tasks through precise force control and
functions of the human hand, and have long been sensory feedback. This requires the quantitative

studied to realize motor functions such as grasping and ~ detection of forces generated during contact with
external objects, as well as the recognition of objects

through tactile sensing. The integration of pressure

Current manufacturing demands are increasingly
variable and call for the small-scale production of
customized products, which requires robots with
greater adaptability, flexibility, and advanced
manipulation capabilities [10]. To meet these
requirements, robotic hands must be able to perform
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Figure 1: Representative locations for integrating flexible piezoresistive pressure sensors in robotics systems. Sensors
positioned at joins (elbow or fingers) enable detection or angular motion and positional feedback, while those at gripper tips or
fingerprint regions provide tactile information for object recognition and force regulation.

Tactile sensing in robotic hands can be achieved
through pressure sensors, which measure object
properties or contact events through physical contact
between the sensor and the object [11]. As they
convert external pressure into electrical signals,
pressure sensors are particularly well suited for such
tasks.

As demonstrated in Figure 1, pressure sensors can
be applied in two primary areas: joints [12, 13] and
gripper tip or fingerprint regions [14, 15]. Sensors
positioned at the joints are used to measure angles or
positions through tension and compression, while
those placed at the fingertip regions help recognize
objects and regulate the gripping force of the robotic
hand.

As described above, robotic hands can be
fabricated in various forms depending on their intended
applications, and therefore the use of flexible pressure
sensors can be advantageous. Flexible pressure
sensors exhibit excellent flexibility and ductility,

can be designed with different mechanisms and
structural configurations, among which the most
prevalent are piezoresistive [17, 18], capacitive [19, 20],
and piezoelectric [21, 22]. Capacitive sensors are
noted for their high sensitivity and robustness but suffer
from parasitic capacitance, while piezoelectric sensors
are valued for their rapid response and operation
without the need for an external power supply but are
limited by their ability to respond only to dynamic
signals [23-25]. To address these limitations,
piezoresistive pressure sensors have been extensively
studied, owing to their simple structure and operating
principle, ease of fabrication, and cost-effectiveness
[26]. Although they also exhibit drawbacks such as
limited durability, non-linear response, stress relaxation,
and hysteresis [27], these disadvantages are less
critical than those of the other two types, making them
a practical choice. Table 1 presents a summary of the
advantages and disadvantages associated with each
sensor type. This makes them suitable for use in
various applications, including robotic hands. In

. . addition to these practical advantages, ensuring
enabling their use on complex curved surfaces and for . . . .
. . uniformity and reproducibility during large-scale
detecting external stress signals [16]. These sensors
Table 1: Comparison Table of Pressure Sensor Types
Mechanism Working Principle Signal Type Advantage Limitation
. o Change in electrical resistance | Resistive Slmplq strugturg and Hystgresm, limited durability,
Piezoresistive . o operating principle, ease of non-linear response, stress
due to deformation (AaR/R) (voltage/current) fabrication relaxation
Change in capacitance due to | Capacitive

Capacitive

variation in electrode distance
or dielectric constant (AC)

(charge/displacement
current)

High robustness, high
sensitivity

Parasitic capacitance

Piezoelectric

Generation of electric charge
under mechanical stress

Voltage (AC signal)

Self-powered, rapid
response, high sensitivity to
dynamic pressure

Cannot detect static
pressure
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fabrication is another important issue that must be
addressed. Subtle differences in nanomaterial
dispersion, film morphology, or microstructural
arrangement can lead to variations in sensor
performance, indicating that process optimization is
essential for achieving consistent and reliable behavior
in flexible piezoresistive pressure sensors [28, 29].

The following sections provide a detailed discussion
of the operating principles, materials, and
configurations of flexible piezoresistive pressure
sensors, followed by an overview of their application
areas.

2. PIEZORESISTIVE PRESSURE SENSOR

Piezoresistive pressure sensors have emerged as a
broadly compatible platform, offering simple
architectures and versatile functionality across a wide
spectrum of applications. In the sections that follow, we
highlight the fundamental operating principles, key
performance metrics, materials choices, structural
engineering strategies, and representative domains of
application.

2.1. Mechanism

Flexible piezoresistive pressure sensors are
composed primarily of a composite material, which is
created by adding conductive fillers to a
non-conductive polymers [30]. The fundamental
operating principle is to measure the piezoresistive
response that arises from substrate deformation under
external pressure. As demonstrated in Figure 2, when
deformation occurs in the substrate due to external
pressure, the distribution and spacing between the
fillers undergoes modification. This, in turn, induces the
formation of conductive networks, thereby altering the
electrical conductivity of the substrate.

The resistance change in a piezoresistive sensor
can be expressed by the following equation.

R=p—

PA

In this expression, R is the resistance measured in

the sensor, p is the intrinsic resistivity of the

constituent material, L is the effective path length of the

conductive network, and A is its cross-sectional area
[31].

The material utilized as the filler in
pressure-resistant pressure sensors is primarily
conductive nanomaterials, and these conductive
nanomaterials form conductive networks through
contact and the tunneling effect. These conductive
nanomaterials form conductive networks through
contact and the tunneling effect. In this context, the
tunneling effect denotes the flow of current between
two electrodes separated by a thin insulating barrier,
which arises when the interparticle distance between
adjacent conductive fillers becomes sufficiently small
[32]. The phenomenon of conductive network formation
is subsequently elucidated by percolation theory.

When the composite is deformed by external
pressure, the conductive filler particles agglomerate
and form conductive networks. This indicates a
transition of the composite from an insulating to a
conductive state, a phenomenon known as percolation
[33]. The critical amount of filler required to establish
continuous conductive networks and render the
material conductive is referred to as the percolation
threshold. Beyond this threshold, the electrical
conductivity o of the composite can be described by
the following equation.
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Figure 2: Principle of resistance generation in piezoresistive pressure sensor.
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The equation, developed from the work of
Kirkpatrick and Stauffer, defines Pc as the percolation
threshold representing the probability of forming a
conductive network, while P denotes the probability of
the existence of a conductive phase corresponding to
the volume fraction above the critical concentration; in
addition, a0 refers to the pre-factor and t represents the
conductivity exponent, with P = Pc indicating that the
percolation threshold has been exceeded and a
conductive network has been established [34]. The
variation in the electrical conductivity of the composite
can be interpreted in terms of changes in resistance,
which underlies the operating principle of piezoresistive
behavior.

2.2. Sensitivity

Sensitivity is a factor that indicates the objective
performance of a pressure sensor. Sensors with high
sensitivity can detect very small changes in pressure.
In the linear region, the pressure sensitivity (S) of a
piezoresistive sensor is expressed by the following
equation.

S AR/R,
T AP

R is the relative change in the sensor resistance, and P
is the applied pressure on the sensor [35]. From the
above equation, it can be seen that sensitivity
represents the intuitive change in resistance with
respect to external pressure.

In addition, there exists a metric that is defined with
respect to the deformation of the sensor rather than the
applied external pressure. Since flexible piezoresistive
pressure sensors can undergo various types of
deformation, such as bending, stretching, and
compression, the change in piezoresistance with
respect to deformation must also be considered. This

variation in piezoresistance relative to sensor
deformation is expressed by the gauge factor (GF),
which is defined by the following equation

_AR/R _AR/R

GF e A/l

where ¢ denotes the strain of the sensor and R
represents the piezoresistance [36]. Since GF
characterizes the piezoresistive response with respect
to overall strain, it may be interpreted or applied
differently from sensitivity depending on the intended
application. Both sensitivity and the gauge factor serve
as key metrics for analyzing the pressure applied to the
sensor, and in pressure sensing applications, accurate
identification of the linear regions of these two metrics
is required for proper sensor calibration.

2.3. Response Time

Response time is a characteristic observed in
piezoresistive sensors, arising from the deformation of
the sensor substrate under external pressure. It refers
to the time required for the electrical signal to stabilize
following deformation induced by an external stimulus
[37]. The relaxation process, during which the sensor
returns to its original state after the removal of the
external stimulus, must also be considered, as it is
closely associated with sensor performance. A shorter
response time indicates enhanced dynamic sensing
capability and the ability to detect instantaneous
changes, while shorter relaxation times minimize
unnecessary overshoot after stimulus removal, thereby
improving accuracy.

Subsequently, Table 2 compares the sensitivity and
response time of various piezoresistive pressure
sensors composed of non-conductive polymers and
conductive fillers.

Table 2: Sensing Range, Sensitivity, and Response Time by Material

Material Sensitivity Sensing Range Response Time Ref.
0.1661kPa™(0-18 kPa)

(MW)CNT-PDMS 0.4574kPa™(18-133 kPa) 0-300kPa 320ms [38]

0.0989kPa™(133-300 kPa)

(SW)CNT-PDMS 0.467kPa’ 0-5kPa ~10ms [39]

MLG-PDMS 0.23kPa™ 0-70kPa N/A [40]

CB/CNT-PDMS 3.57kPa™ (-21kPa) 0-275kPa 96ms [41]

0.014kPa™(0-30kPa)

AgNW-PVDF 4 0-100kPa 64ms [42]
0.009kPa™ (30-100kPa)

PVA/CNTs-PVDF 0.0196kPa™ 0-40 kPa ~100ms [43]

Graphene-PMMA 7.42 x 10°kPa™ 0-70kPa ~1ms [44]
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2.4. Material

Flexible piezoresistive pressure sensors, fabricated
by incorporating conductive fillers into non-conductive
substrates, rely heavily on the intrinsic properties of the
materials to achieve flexibility and high sensitivity.
Therefore, appropriately selecting and combining
materials is crucial for fabricating pressure sensors
capable of delivering the desired performance. Since
the substrate forms the basis of a flexible pressure
sensor, it must be mechanically flexible and stretchable,
and it must be compatible with other materials for
bonding or integration [27].

Materials that satisfy these requirements are usually
elastomers, including polydimethylsiloxane (PDMS) [45,
46], polyurethane (PU) [47, 48], polymethylmeth-
acrylate (PMMA) [49, 50], polyethylene terephthalate
(PET) [51, 52], and polyimide (PI) [53, 54]. PDMS, a
colorless, transparent elastomer, is one of the most
commonly employed substrate materials for flexible

pressure sensors due to its excellent physical,
chemical, and thermal stability [55].
Since filler materials directly influence the

generation of piezoresistivity and the variation of
electrical signals in sensors, their selection must
consider both the intrinsic electrical conductivity of the
material and the percolation threshold, which is
determined by the structure required to form
conductive networks [33]. In addition, the electrical
properties of pressure sensors can vary significantly
depending on the morphology and concentration of the
filler material, which must therefore be carefully
considered [56]. Consequently, nanomaterials, such as

carbon-based and metal-based substances, are widely
adopted as fillers, and they are further classified as 0D,
1D, and 2D materials.

(1) OD nanomaterials are particles whose
dimensions remain entirely within the nanometer scale.
Examples include carbon-based and metal-based
nanoparticles, such as carbon black (CB) [57, 58] and
metal nanoparticles. These fundamental materials are
generally conductive, making them suitable candidates
for use as fillers. Metal nanoparticles are typically
composed of gold (Au) [59, 60] and silver (Ag) [61, 62].

(2) 1D nanomaterials possess aspect ratios ranging
from the nanometer to the micrometer scale, with
representative examples including carbon nanotubes
(CNTs) [63, 64] and metal nanowires (NWs). These
materials combine excellent mechanical strength with
high electrical conductivity, and their ability to form
network structures provides superior performance
under expansion and contraction. CNTs can be
categorized as single-walled (SWCNTs) or multi-walled
(MWCNTSs) depending on their structural
characteristics, and further classified into aligned or
random networks according to their arrangement [65].
Metal nanowires, typically composed of silver (Ag) [66,
67] or copper (Cu) [68, 69], are widely employed due to
their high electrical conductivity.

(3) 2D nanomaterials possess micrometer-scale
aspect ratios and nanometer-scale thicknesses, with
graphene [70, 71] being a representative material.
These films are composed of conductive thin films that
possess excellent mechanical properties,
characterized by high Young's modulus. Additionally,
they exhibit remarkable compatibility. Structurally,
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Figure 3: Representative conductive nanomaterials: Zero-, One-, and Two-Dimensional architectures.
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graphene consists of a two-dimensional honeycomb
lattice of carbon atoms, and its derivatives, such as
graphene nanoplatelets (GNPs) [72, 73] and reduced
graphene oxide (rGO) [74, 75], are also widely utilized.

In addition to these conventional nanomaterials,
conductive polymers such as
poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) [76, 77] have also been
explored as alternative materials for flexible pressure
sensors. PEDOT:PSS exhibits high flexibility, tunable
electrical conductivity, and good compatibility with
polymer matrices, allowing it to function as both a
conductive filler and a stretchable electrode in hybrid
composite systems [78]. These properties improve
overall flexibility and stability while maintaining a
percolation-based piezoresistive mechanism [79].

2.5. Structure

When the substrate of a pressure sensor is
constructed in a planar form, it may experience
reduced sensitivity and poor stability [80]. As illustrated
in Figure 3, substrate architectures are typically
designed as either single structures or hierarchical
structures. These architectures increase the contact
area of conductive materials, thereby improving the
sensitivity of the sensors.

A single structure comprises microstructures with
uniform heights. This configuration provides the
advantages of simple fabrication and low cost, while
the uniformity of the microstructures ensures consistent
pressure transmission and detection [81]. However,
this design is limited by its low sensitivity and narrow
pressure range [82].

A hierarchical structure comprises microstructures
of different heights. In contrast to a single structure, the
gradual increase in contact area under applied
pressure enhances sensitivity. However, as the
pressure continues to increase, deformation and stress
within the existing contact areas result in reduced

sensitivity and degraded linearity [83]. Furthermore, the
incorporation of microstructures with varying heights
enables more complex deformation behavior [84].

These substrate structures are designed based on
specific requirements and objectives, and can be
employed in either single-layer or double-layer
configurations. Figure 4 illustrates the commonly used
types in sequence.

(1) Surface microstructures

Surface microstructures provide a means of
concentrating pressure through multiple structural
features. In patterned microstructured substrates,
pressure is concentrated on the protrusions, causing
their contact area to increase rapidly even under small
pressures. This results in significant changes in contact
resistance, thereby enhancing the sensitivity of the
sensor [85]. Various patterned structures are
commonly employed, with pyramid-shaped [86, 87] and
dome-shaped [88, 89] configurations being the most
prevalent.

(2) Porous microstructures

Porous microstructures form conductive networks
through the deformation of irregular pores within the
material. When external pressure is applied, pore
compression increases the number of conductive
pathways. Due to the intrinsic voids within the material,
the Young's modulus is reduced, which facilitates
deformation under external pressure [90]. Sponge-like
structures are generally preferred [91], and porous
characteristics can be introduced either by directly
employing inherently porous materials [92] or by
creating porous architectures through the removal of
internal constituents [93].

3. APPLICATION

Flexible piezoresistive pressure sensors have been
extensively explored for deployment across a broad
range of industrial applications. Their inherent flexibility
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Figure 4: Structure design hierarchy of flexible piezoresistive pressure sensor.



Nanomaterial-Based Flexible Piezoresistive Sensors for Robotic

International Journal of Robotics and Automation Technology, 2025, Vol. 12 65

and mechanical strength make them well-suited for
applications on surfaces with diverse shapes, while
their simple design facilitates easier manufacturing.
These  characteristics  suggest that flexible
piezoresistive pressure sensors could be utilized in
automated processes of contemporary industrial
factories, as well as in robotic hands and grippers that
require precise movements during manufacturing.

Pei et al. fabricated a porous flexible piezoresistive
pressure sensor using a light-curable flexible resin and
graphene sheets, and demonstrated its applicability by
integrating it onto the surface of a robotic finger to
detect contact with objects. As shown in Figure 5(a) the
sensor fabrication process, where a linear range of
67.5% and a sensitivity of 2.64GF were measured in
square pores. The pressure sensor, attached to the
corresponding fingerprints in Figure 5(b), is able to
recognize the area where the picked-up object comes
into contact with the surface. In Figure 5(c), sensors 2
and 3, located at the positions where the finger touched
the mug, detected pressure signals, resulting in an
increase in resistance. These results indicate that
flexible pressure sensors can effectively perceive
grasped objects, as the porous and flexible structural
design facilitates stable attachment to curved robotic

surfaces and ensures consistent pressure sensing
during motion and deformation.

Takeda et al. implemented a pressure sensor array
with the structure shown in Figure 6(a), consisting of a
polyimide substrate, silver paste electrodes, and
porous carbon ink, and applied it to a robotic
arm/gripper control system. In this case, the conductive
carbon ink was formulated from a mixture of PDMS, a
deep eutectic solvent (DES), and CB. The system
performs the function of picking up objects without
causing damage by setting a threshold through
communication with dedicated software. As illustrated
in Figure 6(d), the sensitivity of the sensor was
demonstrated by monitoring resistance changes under
applied pressures ranging from 0 to 5 N. By configuring
the detection data via software to match the required
threshold, the system can be used to pick up delicate
objects like paper cups without damage, as
demonstrated in Figure 6(b). This performance was
largely enabled by the combination of the porous
carbon-based sensing layer and the flexible polyimide
substrate, which together provided both high
responsiveness and mechanical durability required for
real-time force modulation in robotic grippers.

The above case demonstrates the application of
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Figure 5: Flexible piezoresistive pressure sensors for robotics tactile sensing and control. (a) Fabrication process of a
representative porous sensor. (b) Integration of sensors at fingertip positions. (¢) Corresponding resistance changes during

object contact [94].
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Figure 7: Piezoresistive pressure sensors for robotic tactile sensing and control. (a) Sensors integrated at the joints of a robotic
arm to monitor angular displacement. (b) Resistance variations corresponding to changes in joint angle [96].

flexible pressure sensors at the contact interface with
an object. In addition, they can also be attached to the
joint regions corresponding to the elbow of a robotic
arm, where they serve as position-monitoring sensors.

Georgopoulou et al. integrated carbon black
(CB)-based sensor fibers into
polydimethylsiloxane(PDMS) and EcoFlex to fabricate
a flexible piezoresistive sensor with high tensile
strength, which was attached to the joints of a robotic
arm to determine its position and angle based on
resistance changes. The PDMS- and EcoFlex-based
sensors exhibit a gauge factor between 0 and 5 under
deformations of 120% or less. Figure 7(b)
demonstrates that the sensor detected piezoresistive
responses caused by tensile variations induced by
changes in the joint angles of the robotic arm, thereby
enabling the identification of positional information. In
addition, repetitive operation over time confirmed the
reliability and functionality of the data. This flexible
fiber—elastomer composite architecture provides
excellent stretchability and conformability, allowing the
sensor to maintain stable signal output under
continuous bending and extension, which are key
requirements for reliable joint monitoring in dynamic
robotic systems. Such positional information can help
reduce errors in robotic arm movements.

4. CONCLUSION & INSIGHT

Flexible piezoresistive pressure sensors employed
in robotic hands can capture information from
pressures generated during the grasping of objects as
well as from joint movements. Such data can be
analyzed to enable functions such as regulating
gripping force, determining joint angles, and identifying
positions. However, most pressure sensors experience
reduced sensitivity beyond their operational range,
making it difficult to maintain linearity [97]. As a result,
their use is limited in applications that require wide
operational ranges or high forces. To address these
challenges and improve both sensitivity and operating
range, promising approaches include the use of

suitable nanomaterials and the adoption of structural
designs tailored to specific objectives.

The use of carbon- or metal-based nanomaterials,
along with surface and porous microstructures that can
be applied in either single or hierarchical configurations,
promotes the formation of conductive networks and
increases the contact area, thereby enabling high
sensitivity and broad pressure ranges. Conductive
nanomaterials provide superior conductivity, enhanced
sensitivity through percolation, and excellent durability.
As a result, they have become the key components of
flexible piezoresistive pressure sensors currently under
development.

This implies that research into the materials and
structures employed in pressure sensors has a direct
impact on improving their sensitivity and highlights the
potential  for  further  advancements. Future
developments may involve the hybrid use of
nanomaterials to harness the advantages of different
dimensional materials, as well as the combination of
various types of microstructures in the substrate to
generate specific synergies that further enhance
sensitivity. For instance, combining one-dimensional
(1D) conductive fillers such as carbon nanotubes
(CNTs) or silver nanowires (AgNWs) with
two-dimensional (2D) materials like graphene could
provide a well-balanced trade-off with respect to
sensitivity, sensing range, and actuation displacement
[98]. The 1D materials can form efficient conductive
pathways, while the 2D materials enhance interfacial
contact and structural integrity under repeated
deformation. Moreover, integrating surface and porous
microstructures within a hierarchical design may
simultaneously achieve high sensitivity, large detection
range, and stable pressure sensing, thereby enabling
more reliable and multimodal tactile perception in
robotic applications [99]. Taken together, these hybrid
strategies highlight a shift in research focus from simply
improving sensitivity to engineering multifunctional and
scalable tactile systems that can operate reliably under
complex mechanical conditions.
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Nonetheless, the issue of uniformity in pressure
sensors utilizing nanomaterials remains a critical
challenge. Grain boundaries, film irregularities,
material-handling difficulties, and particle
agglomeration in solutions all contribute to reduced
uniformity [100]. This presents a major obstacle to the
mass production of flexible piezoresistive pressure
sensors and may also raise concerns about
manufacturing costs. Therefore, future efforts should
focus on improving sensor uniformity through advances
in fabrication processes while also reducing production
costs and processing time. Such progress will be
pivotal to the practical implementation of flexible
piezoresistive sensors in large-scale robotic
manufacturing. Furthermore, these scalable and
cost-effective fabrication strategies may enable the
deployment of flexible piezoresistive sensors beyond
robotic hands, extending their applications to wearable
devices, soft prosthetics, and intelligent manufacturing
systems, thereby broadening their technological and
industrial impact.
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