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Porous piezoresistive nanocomposites (PPNs) are pivotal for the development of advanced flexible
sensors due to their unique combination of compressibility, low density, and breathability. However,
their rational design is hindered by a fundamental disconnect: existing models either treat mechanical
deformation (e.g., pore collapse) and electrical conduction (e.g., tunneling) in isolation or rely on
empirical parameters, lacking clear physical links to the microstructure. This gap obscures the intrinsic
piezoresistive mechanism, particularly the dominant role of ligament bending (rather than pore closure)
in governing resistance changes under small-to-moderate strains. Herein, we propose a theoretical
model that directly couples the micromechanics of porous structures with the evolution of their
conductive network. By integrating the Timoshenko beam theory (for ligament bending/stretching) with
quantum tunneling theory within a periodic Gibson-Ashby unit cell, our model quantifies piezoresistive
response through key microstructural and electrical parameters. The experimental validation of the

Received 11th September 2025, proposed model was conducted by measuring the piezoresistive behaviors of different types of PPNs.

Accepted 17th March 2026 Furthermore, we extend this framework by incorporating viscoelasticity (Kelvin—Voigt model) to accu-
DOI: 10.1039/d5tc03384e rately capture time-dependent relaxation behaviors—a critical feature for dynamic sensing. Transcending
phenomenological fitting, this work provides a predictive and generalizable toolset for the physics-

rsc.li/materials-c guided, microstructure-informed design of high-performance PPN sensors.

However, the rational design of PPNs with tailored perfor-
mance hinges on a fundamental understanding of the intricate

1. Introduction

The burgeoning field of flexible electronics, encompassing appli-
cations such as biomedical engineering,"” health monitoring,*
wearable devices,>® and soft robotics,” has spurred an urgent
demand for sensing materials that are simultaneously highly
sensitive, mechanically compliant, and biocompatible. Porous
piezoresistive nanocomposites (PPNs), formed by embedding con-
ductive nanofillers within a deformable porous polymer matrix,
have emerged as a leading candidate.® Their three-dimensional
(3D) interconnected porous architecture endows them with
exceptional flexibility, ultra-low density, high compressibility,
and inherent breathability—properties indispensable for long-
term, conformable biological interfacing.**'° Consequently, PPNs
are regarded as an ideal platform for developing next-generation
flexible pressure and strain sensors.""
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relationship between their microstructural evolution under
load and the resultant macroscopic electromechanical
response. This necessitates the development of robust theore-
tical models capable of accurately predicting and elucidating
their piezoresistive behaviors. Substantial efforts have been
devoted to modeling the structure-property relationships of
porous materials."” For mechanical properties, models such as
the Gibson-Ashby (GA) theory,">*® which simplifies structures
into cubic pores,”® and polyhedron-based models (e.g.,
Kelvin,'® Octahedral,’ and rhombic dodecahedron)'” have
been widely used. The GA model accurately analyzes the
mechanical properties,’®'®> such as tensile and compressible
behaviors, of porous composites but struggles with determin-
ing other physical properties."*'® The Kelvin model, which
employs space-filling Kelvin cells and assumes Plateau border
cross-sections with variable areas for ligaments,'® closely
resembles the actual foams but requires more parameters than
the GA model to determine mechanical and thermal
properties.’” To enhance accuracy, simulation strategies com-
bining Voronoi tessellation and Monte Carlo methods with
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these models have been developed using the finite element
method (FEM) to obtain detailed attribute characteristics of
porous structures."®° For electrical and thermal transport,
conduction is often described through pathways comprising
solid conduction, gaseous conduction, and their coupling
within the porous network.”’ Other specialized models have
been proposed to study specific properties of porous materials,
such as electrical resistance,'* acoustic features,> surface area
characteristics,>>** piezoelectric response,’® permeability,>®
and electromagnetic shielding.>® In these models, nonlinearity
in the mechanical response of open-cell foams is often gov-
erned by the buckling of cell ligaments™>'® In piezoelectric
foams, the strain-gradient-induced polarization arises from
complex deformations, such as beam bending,'”> pyramid
compression,”” cylinder twisting,”® or atomic-scale crack
excitation.>® The above research demonstrates that using var-
ious mechanics-based single-cell analysis models can accu-
rately study the properties and performance characteristics of
porous materials.

By employing characteristic models, such as diamond
structures®® and cross structures,*’*> accompanied by corres-
ponding equivalent circuit models, research on the piezoresis-
tive properties of porous materials has been able to unveil the
exceptional sensitivity of porous materials to localized pore
closure during compression, thereby contributing significantly
to their distinct piezoresistive behavior. In the realm of flexible
substrates incorporating nano-conductive particles, the appli-
cation of theories, such as tunneling theory,® percolation
theory,®* and contact theory,® allows for an analysis of how
variations in inter-particle gaps impact the resistivity of the
material. These well-established theories and models deepen
our comprehension of electron transport phenomena in porous
materials and provide insights into their influence on the
piezoresistive response. Particularly, the tunneling effect
assumes a crucial role in explaining the low percolation thresh-
old and non-linear electrical behavior observed in solid piezo-
nanocomposites  (SPNs).>> A comprehensive
theoretical model grounded in tunneling theory and utilizing
only two adjustable parameters has been developed, accurately
capturing the relative variation in resistance under applied
strain.’® The inherently high porosity of porous materials
imparts them with enhanced compressibility, making pore
closure a primary factor contributing to the observed piezo-
resistive characteristics. Micropore closure is modeled as a
function of porosity using these two adjustable parameters,
which can be further refined through precise fitting to actual
experimental data.?”

However, a significant gap exists when applying these
models to predict the piezoresistive behavior of PPNs. Tradi-
tional approaches often treat mechanical deformation (e.g,
pore closure or ligament bending) and electrical conduction
(e.g., percolation and tunneling) in isolation. For instance,
while characteristic models coupled with equivalent circuits
can highlight sensitivity from pore closure,?” they often rely
on empirical parameters with obscure physical meanings.
Conversely, theories such as the tunneling theory effectively

resistive
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describe electron transport in composites but typically do not
explicitly couple with the specific, microstructure-dependent
mechanical deformation of a porous matrix.*>>*® Prominent
structural models, such as the GA cell, Kelvin cell, and Octahe-
dral cell, renowned for their precision in stress response
analysis, tend to possess inadequate capabilities in capturing
the pore closure phenomenon under conditions characterized
by small deformations. This disconnect results in models that
are either purely phenomenological or limited to specific
deformation regimes. The piezoresistive response of porous
conductive nanocomposites is known to involve two main
mechanisms: changes in the conductive network within the
solid matrix*> and the closure of micropores.®” While tunneling
effects are recognized as the key to explaining the low percola-
tion threshold and nonlinear behavior in solid composites,*”
and micropore closure has been modeled as a function of
porosity,’” a unified framework linking these electrical
mechanisms to the micromechanics of porous deformation is
lacking. Particularly, the prevalent assumption that pore clo-
sure is the primary source of piezo-resistance may overlook the
potentially dominant role of tunneling effects arising from pore
wall (ligament) bending with small-to-moderate compressive
deformations.*®*° This lack of a unified, physics-based model
that directly couples micromechanics with charge transport has
hindered the accurate prediction and optimization of PPNs’
performance, especially their high intrinsic sensitivity observed
under small strains.***?

We present a novel analytical model that explicitly couples
the micromechanical deformation of the porous structure with
the evolution of its electrical conduction network to predict the
piezoresistive behavior of PPNs. Departing from models that
prioritize pore closure, we posit that for open-cell PPNs under
small-to-moderate compressions, the bending of cell liga-
ments—rather than full pore closure—is a dominant deforma-
tion mode, and the consequent variation in tunneling gaps
between the conductive fillers embedded in these ligaments
governs the primary piezoresistive response. This model inte-
grates the Timoshenko beam theory*®*" to describe the bend-
ing of idealized ligaments and couples it with the quantum
tunneling theory to calculate the inter-particle resistance
change. It allows for the systematic evaluation of key design
parameters including porosity, conductive filler loading, pore
geometry, and the effective matrix constraint within the poly-
mer network (quantified by the factor &). To experimentally
validate the model, we fabricate carbon black/thermoplastic
polyurethane (CB/TPU) PPNs with varied compositions. Their
intrinsic piezoresistive response is meticulously characterized
using a four-wire measurement method, while SEM imaging
provides critical inputs for microstructural parameters.
Furthermore, recognizing the viscoelastic nature of the polymer
matrix, we extend our framework by incorporating a Kelvin—-
Voigt model** ™ to accurately capture the time-dependent
piezoresistive relaxation and creep behaviors, which are crucial
for dynamic sensing applications. This combined theoretical-
experimental approach yields a physics-informed model cap-
able of not only fitting experimental data with high accuracy

This journal is © The Royal Society of Chemistry 2026
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but also providing deep insights into the underlying mechan-
isms, guiding the design of PPNs for high-sensitivity, light-
weight wearable electronics and biomimetic tactile sensing
systems.*®

2. Piezoresistive model and
mechanism of PPN

PPNs are a class of materials where conductive nano-fillers are
uniformly dispersed within the cell ligaments of a polymer
matrix. Fig. 1a and b illustrate scanning electron microscopy
(SEM) images, showcasing the open-cell structure of a typical
PPN and the cell ligament with homogeneous carbon black
(CB) fillers, respectively. To interpret the piezoresistive behavior
of PPNs, a periodic structure based on the Gibson-Ashby (GA)
unit cell, as depicted in Fig. 1d, along with a representative GA
cell shown in Fig. 1e, is utilized. This simplification captured
the essential deformation mechanics of open-cell foams while
remaining analytically tractable. Furthermore, an equivalent
circuit model was proposed within the GA cell (Fig. 1f) to
examine the electrical bulk resistance in relation to deforma-
tion, taking into account both the tunneling effect theory and
beam theory.

The model was built upon the following key assumptions.
(1) Small-strain, linear elastic material behavior: the model is
valid for compressive strains (¢ < 50%), where the mechanical
response of the polymer matrix and the structural deformation
of the GA cell remain approximately linear-elastic and reversi-
ble. (2) Ligament bending as the dominant deformation mode:
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the primary mechanical response is the bending of cell
ligaments, modeled as Timoshenko beams. This assumes no
large-scale pore collapse, ligament buckling, or plastic yield-
ing. (3) Homogeneous and isotropic microstructure: the con-
ductive filler (CB) is uniformly distributed, and the porous
structure is represented by a periodic, isotropic Gibson-Ashby
unit cell. (4) Tunneling-dominated conduction: electrical
conduction is governed by quantum tunneling between adja-
cent filler particles, described by an exponential distance
dependence.?>?°

In order to establish a quantitative understanding of the
relationship between electrical bulk resistance and deforma-
tion, an analytical piezoresistive model was developed. This
model incorporated considerations of the aforementioned the-
ories and provided insights into the underlying mechanisms
governing the piezoresistive response of PPNs. The findings of
this study have implications for various applications, ranging
from sensing devices to smart materials. Understanding
the intricate interplay between the structural characteristics
of PPNs and their corresponding electrical properties opens
up opportunities for the design and optimization of novel
piezoresistive materials with enhanced performance and
functionality.

2.1. Geometric structure and equivalent circuit model

Based on the principles of physics and deformation mechan-
isms underlying open-cell foam structures, a Gibson-Ashby
(GA) unit cell model was employed in this study to investigate
the mechanical properties of such foams. The GA model
considered a cubic arrangement of members within the foam

Fig. 1 Porous cell structure of PPN and its simplified model. SEM images of the cell structure (a) and cell ligament with conductive fillers (b). Three-
dimensional (3D) theoretical models of the PPN, including GA periodic structures (c), a GA cell (d) and an equivalent circuit model (e).

This journal is © The Royal Society of Chemistry 2026
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structure (as depicted in Fig. 1c). Previous research efforts'>"
have utilized this model to analyze various characteristics of
PPNs, extending beyond their mechanical performance to
include phenomena such as the flexoelectric effect. In the
present investigation, the focus was directed towards examin-
ing the electrical conductivity of PPNs using the GA model.
The objective was to gain a comprehensive understanding of
the piezoresistive behavior exhibited by these materials. Spe-
cifically, for the GA cell represented in Fig. 1d, the relative
density (p) is defined as the ratio between the density of the
porous material and the density of its solid matrix, which is
given by:

[(2tano + 1) — 560]67

P (ana—0(1-0) g

L, .
where tano =~ is the structural parameter of the GA cell,
t

which is defined as the relative value of the length of a vertical
. r.
beam against vs. that of a transverse beam, and 6 =7 is the

width-length ratio of a simplified beam model with a square
cross-section. The internal matrix of porous materials con-
tains a significant amount of nanoscale conductive materials,
which are uniformly distributed through prolonged mixing
and blending. As a result, the electrical conductivity distribu-
tion on the pore wall beam units is approximately uniform
and consistent. Therefore, the electrical conducting model
was modified with respect to the model given in Fig. 1e. Thus,
the total equivalent resistance yields

(2RB + Rbeam-l)(zRB + Rbeam-3)

R. =
4RB + Rbeam-l + Rbeam-3

+ Rbeam-Z 5 (2)

where Rpeam-1, Rbeam-2 and Rpeam.3 are the resistance of beam-
1, beam-2 and beam-3, which undergo significant deforma-
tion. Rg represents the resistance of beams that primarily carry
electrical circuit transmission without undergoing significant
deformation.

2.2. Piezoresistive model of a cell ligament containing
conductive fillers

As per the proposal by Ezquerra et al,’® a straightforward
model based on the tunneling theory has been introduced to
describe the correlation between the resistivity of a conductive
nanocomposite and the concentration of conductive fillers, as
well as the inter-particle distance. The model is mathematically
represented as follows:

p = poe™?, 3)

where X = , Po is the resistivity of the conductive
fillers, m is the mass of the charge carriers, V(7) is the
temperature-modified barrier height, and d is the distance
between conductive particles, which is approximately propor-

2mV(T)

=1 . . .
tional to ¢ 3 (¢ is the volume fraction of the conductive fillers).
The earlier researchers successfully utilized the model to accu-
rately predict the variation curve of electrical resistance in
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conductive composites with changes in the content of conduc-
tive carbon black, carbon nanotubes, and other components.*”
The presence of pore structure in porous materials modifies
their electrical conductivity properties. Numerous studies
have proposed models for the variation in the conductivity
of materials with changes in the pore structure, assuming a
regular geometric structure.”* However, during the formation
process of porous materials, as per the Flory-Huggins solution
theory,”® an interfacial tension between the porogen and
macromolecular solution leads to the development of a
macromolecular chain along the axial direction of the pore
wall (Fig. 2a). Upon the evaporation of the organic solvent,
microcellular structures are generated, filling the voids left by
the solvent (Fig. 2b). Subsequently, a porous structure forms
with a macromolecular chain aligned along the axis of the
pore wall (Fig. 2c). Furthermore, the nanoscale conductive
particles are uniformly distributed within the pore walls
through adsorption or filling mechanisms (Fig. 2d), forming
a homogeneous conductive network. Thus, the initial spacing
between conductive particles is dependent on the relative
density, as expressed by:

o,
do = np~“ o3, (4)

where n is the proportionality coefficient, ¢ is the index of
correlation, and ¢, is the volume fraction of conductive fillers
against the matrix. When the cell ligament undergoes com-
pression, a bending beam structure is formed, as depicted in
Fig. 2e. Additionally, a deformed element resulting from the
bending beam can be observed in Fig. 2f. The distance
between conductive fillers during the deformation of the cell
ligaments can be estimated using the following equation:

22
dzdo{1+s+%} (5)
where ¢ and y are normal strain and shear strain, respectively.
In the deformed element, the normal strain results in a
change in bond angle and bond length (Fig. 2g). The genera-
tion of these beam unit models primarily originates from the
gaps between the pore-forming agents. Simultaneously, the
interfacial tension between the pore-forming agents and the
porous slurry substrate causes the polymer chains to distri-
bute along the long axis of the beams. During the compression
process of porous materials, the shear deformation in the pore
wall structures induces stretching deformation in the conduc-
tive network (Fig. 2h and i) and segmental motion (Fig. 2j).
This stretching leads to an increased spacing between con-
ductive particles, resulting in elevated resistance. Addition-
ally, the presence of dispersed macromolecular chains along
the axis of the pore wall causes segmental motions when
subjected to shear strain. These segmental motions disrupt
the conductive paths, further contributing to an increase in
the resistance of the cell ligament.*® Therefore, in our analy-
tical model, we introduce an analytical variable (¢ € (0,1]) to
investigate this phenomenon. Parameter ¢ is introduced as a
constraint efficacy factor, which phenomenologically

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Forming process and distribution at the pore wall of macromolecular chains. (a) Flory—Huggins macromolecular solution model. (b) Schematic of
the porous precursor after evaporating the organic solvent. (c) Porous structure and the distribution of the macromolecular chains. (d) Schematic of the
local magnification of a conductive composite material containing carbon black nanoparticles. (e) Bending beam model containing macromolecular
chains. (f) Local compression deformation beam element. (g) Changes in bond angle and bond length. (h) Shear beam model containing macromolecular
chains. (i) Local shear deformation of macromolecular chains. (j) Segmental motion of the macromolecular chain.

quantifies how effectively the polymer matrix constrains filler
movement and chain slippage under shear deformation. A high
¢ indicates a significantly constrained network. Note, ¢ = 1 is
defined as the reference state within our model for compressive
strains <50%, where the shear-induced resistance change is
solely attributed to the affine geometric deformation of the
network. Phenomenologically, this corresponds to a condition
where the constraint against shear-induced chain slippage is
sufficiently effective that its additional contribution to resistance
is negligible within our experimental detection framework. We
conceptually associate this state with a highly constrained or
effectively crosslinked network under the defined deformation
conditions. The alteration in the distance between conductive
fillers can be expressed as follows:

=14+l 6

=l+e+ 2 (6)

The resistivity of PPNs changing with deformation is expressed
as

1 2
2Xnp~¢¢, 3 |:1+8+é_5i|

p = po€ @)
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When composites with conductive fillers are compressed
to a specific strain, the change in electrical resistance can
be predicted by confirming three unknown parameters, Xn, ¢
and ¢.

2.3. Piezoresistive beam model for PPNs

Due to the presence of structural symmetry in GA units,
the deformation of surrounding units during compression is
uniformly identical. Therefore, employing a simplified two-
dimensional structure with symmetrical analysis along one
direction (with uniform thickness distribution), the overall
deformation characteristics of the three-dimensional model
can be effectively analyzed (Fig. 3). In the analysis of deforma-
tion in GA unit structures using beam models, it has been
observed that the aspect ratio of ligaments in most porous
materials is typically less than 10. Wang et al.>® conducted
research on the differences between the Euler and Timoshenko
beam models and concluded that the Timoshenko model
provided more accurate predictions of beam deformation.
Furthermore, Zhang et al.™” utilized a coupling approach com-
bining the Timoshenko model and GA units to analyze the

J. Mater. Chem. C
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Fig. 3 Timoshenko beam model within the key deformed element of the GA model. (a) Deformed element of the GA model. (b) Vertical Timoshenko
beam model against the direction of the current. (c) Transverse Timoshenko beam model against the direction of the current.

flexoelectric effect of porous materials. Hence, in our study, the
combination of the GA models and Timoshenko beam models
was employed to analyze the piezoresistive effect of porous
materials, considering the compression resistance, resulting in
accurate outcomes. The governing equation of the beam is
given by

Elp" + kGA(W' — ¢) =0, (8)
10(1
where k = M is the shear correction factor for a beam
(124 11u)

with a square cross-section, whereupon the relation between
the shear area (4) and the actual cross-sectional area (4) is
employed. Fig. 3 shows the key deformed element in the GA
model. The boundary condition for the transverse beam and
vertical beam was determined by achieving a balance between
force equilibrium and deformation compatibility, as:

WT|_ ltan(x:O
)»Z*T

wyl,_o=0
(PT|X:Jta%: Bo QDV\'V:%: —Bo
and ,
90T|x:0: 0 (pV‘ny 0
F [tano —
Mr| o= _M+5(x+ 2 ) MV‘OS}'S%

©)

where w denotes the beam deflection, ¢ is the sectional angle of
the Timoshenko beam, and M is the support reaction moment
at the junction of the transverse beam and the vertical beam. By
applying appropriate force and moment balance boundary
conditions at the junctions of the beams (see Appendix A.1
for detailed derivation), we solved for the beam deflections (M,)

J. Mater. Chem. C

and rotations (f3,):

tan o’ Fl

"~ 8(1 +tana)
(10)

FI? tan o

Po= 16(1 + tano) ET

Solving the governing equation of the beam (eqn (8)), with
the boundary conditions (eqn (9)) and the solved M, and f,, the
deflection of the transverse beam (w,{x)) can be obtained as:

F {xz _ /(2 +tano) tano }

or(x) = 4EI 2(1 + tana) (11)

The overall compressive strain (4) of the unit cell is defined as
the total vertical displacement normalized by the original
height (7). It comprises two parts: the displacement due to the
2wz (0)

bending of the transverse beams ( ) and the displace-

ment due to the shear deformation of the beams. The final
expression of the overall compressive strain (see Appendix A.2
for detailed derivation) is obtained as:

1o1 2or Ftana FPtan’ a(4 4 tana)\ Ftana
=TT T aGA 96EI(1 + tan o) WGA
(12)

Substituting these strain expressions into eqn (6) gives the
local deformation functions for the transverse and vertical
beams (see Appendix A.3 for detailed derivation):

Fz<ltano¢(2+tano¢)+4x(tanoc+1)> 1( F )2

Sr=1+— 2
=1 8(1 +tano) 26\ 2xG4

)

X F  Fltan’a(x+y)
Sy =14 - AreaxrT))
4 +EA+ 8(1+tana)El

(13)
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Integrating the resistivity model (eqn (7)) over the beam

1
volume using R = |, {7} d/, the resistance of the trans-

Jp7'd4
verse and vertical beams can be obtained as:
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relaxation behavior of cell ligaments. Within the polymer matrix,
as shown in Fig. 4, three distinct types of molecular changes had
an impact on the relaxation behavior of PPNs: alteration in bond
lengths and bond angles, segmental motion, and relative slippage

In the mechanical modeling of PPN, the electrical resistance
of such materials is postulated to be directly proportional to the
effective electrical resistance of the GA (generalized array) units
comprising the lattice structure. The relationship between the
resistance (R) of PPN and the reference resistance (R.) of the GA
units can be expressed as:

RIRy = Re/Re,, (15)

where R, and R, represent the initial resistance of the PPN and
the GA units, respectively.

By substituting eqn (13) into eqn (2) and subsequently
incorporating it into eqn (14), one can elucidate the static
compressive deformation-induced pressure resistance features
of porous materials.

2.4. Time-dependent piezoresistive model for PPN

In polymer materials, the inherent dynamics of polymer chains
and their propensity for slippage during deformation result in
distinct phenomena, such as creep hysteresis. When flexible
porous resistive materials are fabricated using polymer
matrices, the presence of porous structures amplifies their
resistive characteristics, thereby exhibiting prominent pressure
resistance attributes. Hence, the time-dependent piezoresistive
properties of PPNs are primarily governed by two factors: the
relaxation behavior of the polymer matrix and the structural

This journal is © The Royal Society of Chemistry 2026

_ po!
RB = [—2
1
Xnp~“¢ 3Flrtan’ o
dllOg e 4El(1+tana) —
1
1 4di10g e SEI(I+tana) +
1 Xnp~“¢. 3(_F \2
peran"gﬁc 3[ 4FEle 3 (2KGA)
Ryeam-1 = Rpeam-2 = 2 1 1
an_‘d)c 3FIt Xnp~“¢. 3Flt tan a(2+tan o)
4dilog | ¢ 8EI(1+tana) — . (14)
s
Xnp~“¢,. 3Flttanu(2+tan o)
dilog e 4EI(14tan o)
1 1 :
e_ZXIIp;l;bL. 3F | Xnp~¢¢p. 3FI tan®
! — EA
pop*"e””l’ﬂ‘/’ﬁl 4(1 4+ tana)El
Rpeam-3 = 2 1
Xnp=“¢, 3FI tan® at
2cosh | 22 o -
4(1 4+ tana)EI

between molecular chains.** As shown in Fig. 4a, a commonly
employed three-element model is utilized to characterize the
relaxation properties of the material. In this model, the spring
(E,) represents the changes in bond lengths and bond angles,
while the spring (E,) and the dashpot (17;) reflect the segmental
motion and intermolecular internal friction. The governing equa-
tion for this three-element model can be written as follows:

&= %:) + J;G(Z)K(I —1)dr, (16)

(=1)E>
e m

where K(t — 1) = ——
m

the influence of the stress acting at time 7 on the deformation at

time ¢. As shown in Fig. 4b, the Kelvin-Voigt model**** describes
the time-dependent recovery of the bent cell ligament’s shape
after the external compressive load is removed. Its components
are linked to the structural features. Spring E' represents the
elastic restoring force driving the bent ligament back to its
original straight configuration. It corresponds to the bending
stiffness of the ligament. Dashpot #’ models the resistance to
this shape recovery, which physically originates from the relative
slippage and frictional dissipation between entangled macromo-
lecular chains during the unbending process (Fig. 4b). A Kelvin-
Voigt model®* was used to describe the creep-recovery behaviors

is the relaxation kernel that represents

J. Mater. Chem. C



Published on 22 March 2026. Downloaded by SUSTech on 4/27/2026 10:27:14 AM.

Paper

View Article Online

Journal of Materials Chemistry C

(b)

Aol

Release

Fig. 4 Viscoelastic model of PPNs. (a) Schematic of a three-element model describing the material relaxation properties, considering the changes of
polymer chain structure and bending pore wall. (b) Reasonable Kelvin viscoelastic model of the structural creep characteristics, considering the plastic
strain (¢p) of the relative slippage between the macromolecular chains as a spot (') and the resilience of the vertical cell ligament as a spring (£').

of shear deformation as:
_E,
y:yo(l—eﬂ'). (17)

Then, the time-dependent piezoresistive performance of PPNs can
be represented using the following equations:

where ¢, is the time of releasing the compression, and E=

EE>
(E1+E2)
The time-dependent force (F(¢)) in the ligaments, solved from
the constitutive equations of the combined viscoelastic models

is the static modulus of the three-element model.

2 tan® «(4 + tan o) tan o
A=1—|———F—77——=|P(t) — I'(t
< 96EI(1 + tan o) > (0 =5al O
1
Xnp—< . St an?
dilog | e nﬁEl(IJrlan;r)l “P(1) _
1
Xnp~—“p. 3lttan® 1P(t)
1 ' SET(1+1
w3 (T | Adilog| e TR
Roeamt _ 4E1 e ¢ 2kGA !
Ry an“’q_’)cf%[[P(t) 7an"‘¢c7§Flt tan o(2+tan az)P ;
4dilog e 8EI(1-+tana) -, (18)
1
Xnp~ ¢, 3lttana(2+tano)
dilog| e~ 4EI(T+tanw) P(r)
- L, 2
67%1)([) Xnp~¢¢. 3/ tan aZP(t)
Ricamv 4(1 +tana)El
cam _
Ry e 37 tan?
Xnp=“¢. 31t t
2 cosh | X7 ¢ 3 tan”at Pty | -2
4(1 +tana)EI
with (eqn (15) and (16)), governs the evolution of normal strain (g(f))
and shear strain (y(¢)). These time-varying strains are then sub-
P(t) = E F(6)+ J ! E F ([)e—% dr stituted into the core piezoresistive model (eqn (6) and subse-
E; o quently eqn (13)) to predict the time-dependent relative resistance
R(?
E 'E =0k _E, (Q> , as given by eqn (17). This framework explicitly decouples
r(r) :E—F(z)+J —F(t)e m dt+H(t—1t)F(to)(1—¢e 7" ], Ro
1 o and integrates the material-level relaxation (via the three-element
0, (1>1+) model) and the structure-level recovery (via the Kelvin model) to
H(to—1t)= { fully describe the observed piezoresistive creep and rebound
L (1<t0-) phenomena. By substituting eqn (17), which represents

(19)
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the time-dependent compressive deformation of a beam,
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into eqn (2), which characterizes the structural relationship
of the beam within a GA unit cell, one can derive the piezo-
resistive response characteristics of the GA unit. Further-
more, by incorporating eqn (2) into the equation that
captures the relationship between the overall deformation
and local deformation of porous materials, the intrinsic
time-dependent piezoresistive response characteristics of
porous materials can be obtained.

3. Results and discussion
3.1. Material characteristics of PPN

The materials employed in this study were fabricated using the
sacrificial NaCl templating method, as depicted schematically
in Fig. S1. To determine the characteristics of the CB/TPU PPN,
scanning electron microscopy (SEM) images were obtained and
analyzed. By employing advanced image recognition technol-
ogy, we quantified the distribution of pore diameters and pore
length-width ratio, as demonstrated in Fig. 5a and b, respec-
tively. The distribution characteristics of the pore structure are
generally similar to those of previous research.’” Typically, the
pore features are centered around the size characteristics of the
pore-forming agent (~25 um) and exhibit a dispersed distribu-
tion towards both sides. This implies that the size and shape of
the pores vary within a specific range and tend to concentrate

(a)
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near the diameter of the pore-forming agent. The supporting
effect of inorganic pore-forming agents plays a crucial role in
the formation and distribution of pore characteristics. Inor-
ganic pore-forming agents provide a stable framework that
helps maintain the pore structure. Therefore, under the sup-
port of inorganic pore-forming agents, the pore characteristics
often maintain a circular distribution pattern. Thus, the pro-
cess is controllable. To obtain precise measurements of the
bulk resistance, 10 x 10 x 1 mm? specimens were meticulously
fabricated and subjected to analysis using the four-wire
method. This experimental technique (Fig. S3) was employed
to eliminate the effects of contact resistances and accurately
quantify the intrinsic bulk resistance of the materials under
investigation. Fig. 5c and d show the resistivity curves along
with different CB contents and different relative densities.
Numerous studies have extensively investigated the impact of
variations in conductive nanoparticles and porosity on electri-
cal resistivity.>" From a physical standpoint, the reduction in
conductive particles and increase in porosity both lead to a
decrease in the conductivity network. The phenomenon of
resistance variation has been described by the percolation
theory and tunneling theory, which establish an exponential
relationship between electrical resistivity and the content of
conductive material, as well as porosity. However, further
advancements in this research involve considering factors such
as microvoids generated during the material formation process,

(b)
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Fig. 5 Microstructure characteristics and electrical properties of PPN. Distribution of the pore diameters (a) and pore length-width ratio (b). Curves of
resistivity depending on the content of CB (p = 0.224) (c) and relative density (¢ = 10 v%) (d).
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enabling a more accurate characterization of the relationship
between electrical resistivity and variations in the content
of conductive material and porosity. Based on eqn (7), the
resistivity curves are well fitted (R*> > 97%) with free parameters
2Xn = 2.425 and ¢ = 0.345.

3.2. Piezoresistive characteristics of PPN

In this section, we investigate the intricate piezoresistive
mechanism of PPNs based on the Timoshenko beam theory.
The current model and experimental validation were estab-
lished under constant temperature and humidity quasi-static
conditions. To measure the intrinsic piezoresistive behavior,
50% compression deformation was applied to the specimens
while being attached to a four-wire flexible printed circuit
(FPC), as illustrated in Fig. S3. The resulting piezoresistive
curves for various PPNs with different carbon black (CB)
contents and relative densities are depicted in Fig. 6a and b.
The analysis of the provided diagram revealed that the resistive
characteristics exhibited bidirectionality, manifesting both
positive and negative variations. Extensive research has been
conducted on diverse porous resistive materials, with a predomi-
nant focus on investigating the positive resistive effect.?">*>’

@,

View Article Online
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This line of inquiry has yielded the development of numerous
highly sensitive and flexible porous resistive materials, achiev-
ing reported sensitivities of up to approximately GF ~ 2.63.%>
Furthermore, specific investigations have explored materials
demonstrating a negative resistive effect,”®®° such as CNT/
TPU foam, attributing this phenomenon to carbon nanotube
fracture.””*® However, it is noteworthy that many foam compo-
sites employing CNT as the conductive material have been
proposed, consistently exhibiting positive resistive effects.>”>>®*
The present study elucidates the bidirectional resistive character-
istics of composite materials from mechanical deformation.
At low porosity levels, characterized by thick pore walls, compres-
sion readily induced the shear deformation of the pore walls,
resulting in an increase in resistance. Conversely, at high porosity
levels, compression primarily induced the bending of the pores,
leading to a decrease in resistance. Substituting the free para-
meters (2Xn = 2.425 and ¢ = 0.345) into eqn (13), (2) and (11), the
fitting curve of the piezoresistive curves, based on the ADAM
algorithm (S3), was obtained and showed good agreement with
experimental results (Fig. S4 and S6). As shown in Fig. 6a, the
PPN, with a low CB content (¢. = 5 v%) and high relative density
(p = 0.224), exhibits obvious negative piezoresistive behavior

(b)
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Fig. 6 Piezoresistive characteristics of PPN. Experimental and theoretical piezoresistive curves of PPN with different CB contents (p = 0.224) (a) and
different relative densities (¢ = 14 v%) (b). (c) Schematic of two-step loading in simulation. (d) Relative resistance (R/Ro) distribution of different GA cells

under compressed deformation (4 = 0.55) from the FEA model.
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(resistance increases with the decrease in elongation), which can
be described by the theoretical model with a constraint efficacy
factor of ¢ = 0.095. Increasing the CB content (¢, = 14 v%) will
increase the constraint efficacy factor (£ = 0.15) to reduce the
negative piezoresistive response. As shown in Fig. 6b, decreasing
the relative density (p = 0.224 and p = 0.183) increases the
constraint efficacy factor (¢ = 0.25 and ¢ = 1), which will result
in an increase in the positive piezoresistive response. While the
fitted ¢ values show a systematic and physically plausible correla-
tion with sample composition and piezoresistive sign, their direct
quantitative mapping to a fundamental polymer property, such as
crosslink density, requires further dedicated investigation. Here, it
served as an effective phenomenological parameter within the
proposed model framework. In the theoretical model based on
the Timoshenko beam theory, it was assumed that the deforma-
tion in the thickness direction was uniform, which approximated
the deformation characteristics of slender beams with small
aspect ratios. However, to further investigate the degree of fidelity
of the theoretical model to three-dimensional structures, a three-
dimensional finite element simulation model was constructed.
This three-dimensional finite element model considered the
three-dimensional properties of materials and geometry, allowing
for an accurate description of the structure’s deformation and
stress distribution. By comparing the results of the theoretical
model with the three-dimensional finite element simulation
model, the suitability and fidelity of the theoretical model
to three-dimensional structures could be evaluated. The 3D
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geometric model of PPNs, with ideal beam frames and
repetitive units, was established in the commercial FEM
software ABAQUS with a UMAT subprogram (S5) to study
the intrinsic piezoresistive response. Because of the similar-
ity between thermal governing equations and electrical gov-
erning equations, static thermomechanical modules in the
ABAQUS software were applied to simulate electromechani-
cal behaviors. It mapped electrical conductivity, current,
and voltage directly to thermal conductivity, heat flux, and
temperature within the solver. In the FEA model, coupled
temperature-displacement elements were applied to analyze
the resistance-deformation relationships, and 13 000 C3D8T
elements were used to disperse the model to yield convergent
results (Fig. S7). The loading conditions for the 3D simula-
tion model are shown in Fig. 6¢c. The compression process
of the material was simulated by applying displacement
conditions on the upper surface. A constant current was
applied to the front surface, while the back surface was set
to zero potential. By utilizing the proportional relationship
between potential and resistance, the change in resistance
could be analyzed through the variation in potential. Fig. 6d

. . R T .
shows the relative resistance (}T) distribution of different
0

GA cells under the compression deformation, (4 = 0.55),
based on the FEA model. Furthermore, the accuracy of the
theoretical model was validated by the FEM results, as shown
in Fig. 6.

Fig. 7 Effect of key parameters (relative density (p), CB content (¢.) and length-width ratio (tan o)) on piezoresistive behaviors. (a) Maximum derivative
thermogravimetry (DTG) value (left Y-axis, in %o/s) and inverse constraint efficacy factor 1/¢ (right Y-axis, dimensionless), versus p/¢. ratio. Inset:
Corresponding full DTG curves (DTG vs. temperature) with these different combinations of CB content and relative density. (b) Schematic of the effect of
CB content and relative density on effective constraint factor. (c) Structural parameter (0) of the cell ligament and relative resistance (1 = 0.5), changing
with the length-width ratio (tana) of PPN (p = 0.184). (d) Strain distribution of the GA cells with different tan a values (tan« = 1 and tana = 0.5).
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Fig. 7 shows the immediate effect of key parameters (p, ¢.
and tano) on the piezoresistive behaviors. The constraint
efficacy factor (¢) mainly depended on the relative density
and CB content. According to the derivative thermogravi-
metric analysis, the derivative thermogravimetric rate (DTG)
characterized the thermal stability of the polymer and the

fracture energy of chemical bonds. The DTG’ (DTG/ =DTG-

&) of PPNs, with different relative densities (p)
(’ntotal - mresidual)

and CB contents (¢.), is shown in Fig. 7a. The small value of
DTG, and the occurrence of a weight loss at a high tempera-
ture are often indicative of a higher thermal stability, which, in
the context of polymer networks, is commonly associated with a
higher crosslinking density.®®> In the context of our model, a
relatively high crosslinking degree directly contributed to
a significantly constrained polymer network, which was phe-
nomenologically captured by a high constraint efficacy factor
(&). A similar mechanistic distinction underpins the compar-
ison between CNT/PDMS foam and CNT/epoxy foam.>%%%%*
Epoxy resin, a thermosetting polymer with a highly crosslinked
structure, provides a strong constraint against filler separation.
In contrast, PDMS, with its relatively low crosslinking density,
allows for more flexibility and chain slippage. Under compres-
sion, this leads to an increased tunneling gap in the CNT/PDMS
foam (high resistance) but a reduced gap in the constrained
CNT/epoxy foam (low resistance). These observations support
our model’s premise that the effective constraint of the matrix,
which is influenced by its crosslinking degree, is a key deter-
minant of the piezoresistive behavior.

The schematic presented in Fig. 7b further illustrates how
material composition and structure govern this effective con-
straint. Increasing the carbon black (CB) content enhanced inter-
facial interactions (e.g:, hydrogen bonding), which reduced chain
slippage and increased the effective constraint (£) (top in Fig. 7b).
A similar trend of improved constraint with high filler content was
observed in systems such as graphene/TPU foam and functiona-
lized graphene/LLDPE composites.®®®® Moreover, reducing the
relative density (increasing porosity) decreased ligament thick-
ness. This increased interfacial tension, thereby promoting
greater chain entanglement and, consequently, a higher effective
degree of constraint against slippage.

In thermogravimetric analysis, while a porous structure
might theoretically accelerate heat transfer and weight loss,
both prior work®**7° and our data presented in Fig. 7a show
the opposite: high porosity correlates with a reduced rate of
thermal weight loss. This was attributed to the signifi-
cant interfacial tension at high porosity, which refined the
microstructure (thin ligaments) and enhanced the material’s
stability and effective constraint (bottom in Fig. 7b). Therefore,
thermogravimetric trends corroborated that structures with
relatively high porosity exhibited significant resistance to chain
slippage—a microstructural state that our model interpreted
and quantified as a high fitted value of the constraint efficacy
factor (&).

J. Mater. Chem. C
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In addition to the aforementioned factors influencing the
stability of polymer chains, the impact of porous structures on
pressure resistance sensitivity was further illustrated. Fig. 7c
shows the structural parameter (0) of cell ligament and relative
resistance (4 = 0.5), varying with respect to the length-width
ratio (tana) of PPNs (p = 0.184). The structural parameter (0)
increased with the increase in the length-width ratio (tan«) of
PPNs. The minimum relative resistance (4 = 0.5), which means
maximum sensitivity, occurred at tano = 0.5. Two differ-
ent strain contours, as shown in Fig. 7d, depicting different
structural configurations and obtained from finite element
simulation analysis models, could provide a more intuitive
representation of the influence of porous structures on piezo-
resistive characteristics. The strain contour showed that redu-
cing the length-width ratio (tan o) could reduce the maximum
principal strain (¢) to reduce the resistance.

3.3. Time-dependent piezoresistive characteristics for PPN

Porous resistive sensors exhibit excellent characteristics, such
as high compressibility, high pressure sensitivity, and high
resilience.”* However, during the investigation of their transient
response characteristics, many studies have observed that the
resistance rebound after rapid release is higher than the initial
resistance.”” Previous research attributed this phenomenon to
reasons such as crack propagation and the release of internal
elastic potential energy, which do not align well with the recover-
ability of the rebound resistance and the stress-strain hysteresis
loop.*>* Our analytical model in this section revealed that during
the compression process, resistance decrease (caused by the
compressed region due to beam bending) and resistance increase
(caused by the stretched region due to beam deformation)
occurred simultaneously. Furthermore, in the recovery process,
the time required for molecular chain movement to recover from
stretching was significantly longer than the time taken for the
molecular bond changes induced by compression. Based on
both the Timoshenko theory and viscoelastic theory, the time-
dependent piezoresistive behaviour of PPNs was analyzed.
Many experimental tests were carried out to fit the theore-
tical results to obtain the relaxation time of resistance. Fig. 8a
shows the experimental and theoretical piezoresistive curves
(L =0.8, n_ 10's, and n—l =200 s> including com-
(E 1+ Ez) E, E’
pression, relaxation, and creep of resistance. The good agree-
ment between the experimental results and theoretical results
demonstrated the accuracy of the theoretical model. Further-
more, the rebounding resistance increased with the compres-
sion deformation due to the increase in slow-recovery shear
strain. Based on the Flory-Haggin model and the experimental
results, the assumption that normal strain was mainly gener-
ated from the configurational change of molecular chains was
approved, while the shear strain resulted in segmental slippage
and movement.***®*° Therefore, Fig. 8b shows the time-
dependent piezoresistive curves of different PPNs (with ¢ =
0.25 and ¢ = 1). More obvious rebounding resistance of the
PPNs with p = 0.224, ¢. = 14 v% and was a further proof of the

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Time-dependent behaviors of CB/TPU PPN. (a) Experimental results and analytical results of PPN (¢ = 1, ¢ = 14 v%, p = 0.183) under different
loadings. (b) Experimental results and analytical results of PPN (¢ = 0.25, ¢. = 14 v, p = 0.224) and PPN (¢ = 1, ¢. = 14 v%, p = 0.183).

assumption. Finally, the above results demonstrate the accu-
racy of the theoretical results and explain the unique creep
behavior of the resistance of PPNs.

4. Conclusion

This study presents a theoretical model that elucidates the
intrinsic piezoresistive mechanism of conductive porous nano-
composites (PPNs) under small-to-moderate compressive
strains. By directly coupling the micromechanics of ligament
bending—modeled via the Timoshenko beam theory—with the
evolution of the conductive network governed by quantum
tunneling, the model successfully predicts the electromechani-
cal response of carbon black/thermoplastic polyurethane (CB/
TPU) PPNs across a range of compositions and relative densi-
ties. Excellent agreement between the theoretical predictions
and experimental data (R*> > 0.97) validates the model’s
accuracy. Under small-to-moderate compressive strains (<50%),
the bending of cell ligaments, rather than pore closure, is the
dominant deformation mode governing the piezoresistive
response. The model quantitatively links this mechanism to key
microstructural parameters, revealing that the positive piezoresis-
tive sensitivity (ie., resistance decrease upon compression)
increases with higher porosity, greater constraint efficacy factor,
and larger pore height-to-width ratios. Furthermore, by incorpor-
ating viscoelasticity (Kelvin-Voigt model), the framework accu-
rately captures the time-dependent relaxation and creep-recovery
behaviors of PPN, attributing the observed resistance rebound to
the slower recovery of polymer chain segmental motion compared
to configurational changes. This work transcends phenomenolo-
gical fitting, providing a physics-guided, microstructure-informed
toolset for the rational design of high-performance PPN sensors.
The current analysis is limited to linear deformations under
small-to-moderate compressive strains, and nonlinear behavior
under large strains remains a subject for future investigation.
Overall, this study underscores the critical role of rational micro/
nano-structural design in unlocking the full potential of PPNs for
advanced flexible sensing applications.
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