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Porous piezoresistive nanocomposites (PPNs), a blend of conductive nanomaterials and a porous polymer matrix,
have garnered significant attention in the realm of flexible pressure sensors. The porous microstructure offers
exceptional sensitivity and lightweight characteristics of these sensors, but it also introduces challenges such as
relaxation and creep behaviors. Grounded in viscoelastic theory, this paper introduces a mathematical model
that provides a quantitative analysis of the resistance-strain relationship of PPN-based piezoresistive sensors,
considering both bulk resistance and contact resistance. To elucidate the relaxation and creep behaviors, the
model incorporates the conformational change and the slip motion of the polymer macromolecules during the
deformation. Utilizing the Adam optimization algorithm, the model can accurately depict the piezoresistive
behavior of various PPNs (with different porosities and conductive nanomaterial contents) with a fitting accuracy
exceeding 99%. Furthermore, we explored some atypical characteristics of the PPN-based sensor, such as the
negative resistance-strain behavior and the overshooting of bulk resistance. This study sets a theoretical basis for
the development of sensitive and stable PPN-based sensors.

1. Introduction

Porous piezoresistive nanocomposites (PPNs), known for their
unique electrical resistance properties that alter with mechanical de-
formations, have become a focal point in the field of smart-sensing ap-
plications[1-4]. These applications span a wide range, including
pressure measurements[3], human-machine interfaces[4], healthcare
[5], energy harvesting[6], flexible tactile sensors[7], biochemical sys-
tems|7], robotic devices[7], and more. To enhance the performance of
PPNs, various foaming processes have been developed, such as batch
foaming [8], extrusion foaming [9], and foam injection molding[10].
Additionally, a plethora of composite systems can be utilized to bolster
the mechanical properties of PPNs. These include matrix materials like
silicone rubber (SR) [11], polydimethylsiloxane (PDMS) [12], thermo-
plastic polyurethane (TPU) [13], and conductive fillers like
carbon-based nanoparticles (e.g., Carbon black nanoparticles (CB)[14],
Carbon nanofiber (CNF)[15], Carbon nanotube (CNT) [2], graphene
nanoplatelets [16]) and conductive nanofibers (e.g., BaTiO3
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nanoparticles [17], metal nanoparticles [18]). When compared to solid
piezoresistive nanocomposites (SPNs), PPNs exhibit several superior
characteristics, such as excellent flexibility, stretchability, and high
sensitivity, which can be attributed to the ability of PPNs to collapse
voids [19,20].

Creating conductive networks within an insulating matrix is attrib-
uted to two factors: the direct contact between neighboring fillers
providing an electron path, and the formation of quantum tunneling
junctions between neighboring fillers within a certain distance[21,22].
The sensing mechanism of solid piezoresistive nanocomposites (SPNs) is
explained by the tunneling effect, where resistance increases due to the
loss of contact between neighboring fillers and the expansion of inter-
filler distance[22,23]. Numerous superior insulating matrices have been
proposed, particularly in terms of biocompatibility, super-elasticity, and
ease of processing [24-26]. Notable examples include Poly(glycerol
sebacate) (PGS) and Thermoplastic polyurethane elastomer (TPU). Over
the past two decades, PGS, with its advantageous biocompatibility,
super-elasticity, linear degradation profiles, and simple synthesis, has
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been widely used in the field of soft tissue engineering to replicate the
properties of soft tissues[25,27]. TPU, a heat-meltable and
solvent-dissolvable material, is known for its unique molecular structure
that facilitates easy processing, abrasion resistance, and superior elas-
ticity [28]. Many studies have utilized TPU to enhance the lightweight,
high compressibility, and high piezoresistive performance of PPNs [3,4,
8,28,29]. By optimizing the tunneling effect, Wang et al. were able to
fabricate an ultra-sensitive carbon black (CB)/TPU strain sensor with a
gauge factor (GF) of 8962.7 at 155% strain and an adjustable scaffold
network[28]. It’s worth noting that theoretical models of SPNs have
been proposed to explain their mechanical, electrical, and hysteresis
behaviors[29-31]. In the model considering the tunneling effect, resis-
tance is viewed as a series of connections of conductive fillers and a
parallel connection of conducting paths [32]. The evolution of these
conductive networks within the polymer matrix is time-dependent due
to the internal friction between molecular chains. Therefore, akin to
stress relaxation, the resistance relaxation of SPNs can be modeled using
a generalized Maxwell model[29].

PPNs are known to have enhanced piezoresistive properties, such as
increased sensitivity, improved flexibility, reduced modulus, and lighter
weight compared to SPNs [20]. The presence of porous structures in
PPNs reduces density, elevates electrical resistance, and aids in the
alteration of conductive networks[24]. However, these varying
conductive networks can result in complex piezoresistive behavior. For
instance, SPNs typically display a positive piezoresistive property,
meaning their resistivity decreases as pressure increases [33].
Conversely, PPNs can exhibit both positive and negative piezoresistive
responses, depending on the foaming process and microstructure factors
[20]. Key microstructural features, such as the homogeneity and inter-
connectivity of porous structures, pore size and distribution, and cell
wall thickness, influence the pore collapse characteristics, which in turn
alter the conductive networks in PPNs[34-36]. The common prepara-
tion methods for abundant microstructures primarily comprise sol-gel
processing and templated methods [37]. PPN via sol-gel processing
typically exhibits larger pore sizes, more uniform pore morphologies,
and higher porosity rates, which are attributed to the chemical reactions
and drying conditions involved in the sol-gel process[38]. In contrast,
porous materials fabricated through templated methods enable precise
control over pore sizes and structures based on the pore diameter and
density of the template, offering enhanced tunability due to the flexible
adjustment of template selection and design for tailoring the
morphology and properties of the porous materials [28]. In addition to
sol-gel processing and templated methods, other preparation techniques
can be used to obtain more abundant PPNs, such as freeze-drying, phase
separation, 3D printing, and emulsion templating [39-41]. As a result,
an interconnected porous structure can exhibit high sensitivity and
robust cyclic response under a low strain range, while hierarchical pore
structures can enable a wide range of linear behavior[28,42]. The
resistance-strain behaviors of a graded nest-like PPN display a piecewise
linear characteristic, approximately within the range of two GFs, under
compression or stretching due to initial sensitivity from the tunneling
effect in the cell wall[43]. High GFs in large deformation will be
developed for 3D printing PPN from collapsing cell structures[35].
However, in PPNs, the interplay between molecular conformational
changes, microscale motion of polymer macromolecules, deformation of
the porous matrix, and pore collapse presents significant challenges in
developing accurate theoretical/numerical models. In our previous
work, we proposed a quasi-static theoretical piezoresistive model of
hierarchical PPNs, considering both the tunneling effect and the
collapsing effect of the microporous structure[23]. The limitations of
this model include low-precision bulk resistance, a narrow application
range, and the absence of a dynamic term. Furthermore, the presence of
strain concentration in the porous structure adds complexity to
resistance-strain behaviors, relaxation behaviors (the change of the
resistance value over time after a rapid change in the driving com-
pressed deformation applied to the material), and creep behavior (the
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change of resistance value over time after the stress or pressure is
removed) [30,31,44]. Prior studies on the cyclic piezoresistive perfor-
mance of PPNs have shown that ideal dispersion of conductive fillers and
a remarkably uniform cell structure morphology can provide excellent
strain-dependent sensitivity and repeatability [29]. However, there is
currently a lack of analytical models that can accurately analyze the
mechanism of piezoresistive response behaviors and piezoresistive
hysteresis phenomenon, which hinders the design and application of
PPN sensors.

In this study, we propose and establish a mathematical model that
takes into account the resistance-strain relationship, resistance relaxa-
tion, and creep behavior of PPNs. We modify Ogden’s incompressible
hyper-elastic model by introducing a compressible energy term, allow-
ing us to study the compressive hyper-elastic behaviors of PPNs [45].
Additionally, we employ a generalized Maxwell model to simulate the
viscoelastic behaviors of PPNs [32]. We also develop a simplified
resistance-elongation model that considers all potential factors,
including tunneling and geometrical effects. By examining the correla-
tion between changes in the conductive network and the disorientation
of polymer macromolecules, we propose a quasi-static piezoresistive
model. By integrating this model with the Maxwell model, we establish
relaxation and creep models for PPNs’ resistance. To validate these
analytical models, we conduct a series of experiments on different
PPN-based sensors using varying compression amplitudes and speeds
during the test. Furthermore, we use the Adam (Adaptive Moment
Estimation) neural network optimization algorithm, known for its high
accuracy and rapid convergence, to fit these experimental results. The
key parameters obtained from the Adam algorithm can be used to guide
the design of the PPNs.

1.1. Analytical modelling

1.1.1. Mechanical model

As PPNs are well-known for their high compressibility and the
decrease in volume with increasing pressure, they exhibit excellent cy-
clic performance and stable piezoresistive properties due to their
compressible cell structures and the desired dispersion of conductive
fillers throughout the porous media. Using the modified Ogden model
(see Supplementary Materials, S1.1), the principal stresses of PPNs
under uniaxial compression can be determined as

o=ly M (A% — b 1

where 1 is the primary elongation, ; and y; (i =1,2,3,...,n)are material
parameters,Jdenotes the volume ratio. When compressing a PPN, there
are three constraint conditions to describe the volume ratio

J=11=1
a7
-
J =p,A—=0

1,A=1 @3]

Thus, the volume ratio can be assumed as
J=(1=p)e’" P 4p 3
where p is the relative density of PPN.

1.1.2. Bulk resistance model

The electrical properties of PPNs mainly depend on conducting
fillers, which are dispersed within insulating matrices to form pore
walls. Considering that the behaviors of a single tunnel junction can
reasonably describe the conductivity of a composite solid (Figs. le, 1f,
and 1g), an approximate model [46] is proposed to describe its con-
ducting behaviors as,
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Fig. 1. Generation of the piezoresistive performance based on tunneling effects and geometric effects. Schematic of a PPN (a), and the compressed PPN (b).
Schematic view of the simple supporting beam (¢) and pure bending beam (d) within the PPN. (e), Schematic of composite solid with conductive particles. (f)
Compression deformation of the composite solid to demonstrate the change of distance between conductive particles. (g) The curves of resistivity with strain at

different directions.

p = ™ [p = paezmx/WE/P 4

whereX = /2rV(T)/h, p, is the resistivity of conductive fillers, r is the
mass of charge carriers, V(T)is the function of the temperature-
dependent barrier height, m is a proportional constant. dy =
m(VSp)fl/ 3,V,is the volume fraction of the conductive fillers, and pis the
relative density (the density of substrate materials against the density of
its solid matrix) of PPN. The beam model is usually applied to analyze
various properties of PPNs. According to Euler-Bernoulli theory (Sup-
plementary Materials. S1.2), the resistances of transversely and verti-
cally bent beams, as shown in Figs. 1c and 1d, respectively, are
determined by,

Ryq =R, {1 - ZA,-(C/I")"] (5)
i=1

where R?q is the initial resistance, A;(i=0,1,2,3,.) are polynomial co-
efficients on the sensitivity to forces and C is the conductive parameter
of doped composites. According to Archie’s empirical model [47], the
resistance of a PPN depends on its porosity of PPNs, as

Ry = Rop” (©)
where Rioe®™ " s the resistance of SPNs and ¢ € (1, wlis the topo-
logical constant to describe the closure of micro-pores, as shown in

Figs. 1a and 1b. Therefore, considering the geometrical effect based on
the effective medium theory, the resistance is calculated as,

R =Ry A7J @)

However, the above expression of bulk resistance is too complex to
analyze the piezoresistive effect. Therefore, the given equation is
simplified to the following form,

Ry (A2 +(1-4)0")

- 1 ®

where 1/4is due to the decrease of sectional areas, A and a are terms
from bending pore walls (§1.2), (1 — A)and b are terms representing the
closure of pore.

1.1.3. Contact resistance model

Figs. 2a and 2b schematically show the interfacial topologies be-
tween porous nanocomposites and electrodes. The partially magnified
interfacial topologies are shown in Figs. 2c and 2d, which demonstrate
the change of contact characteristics. There are mainly two types of
features changing: increasing contact resistance from the slippage at the
interface; and decreasing resistance from the increase of contact areas.
According to the quantitative electrical contact resistance (ECR) theory
[48], the ECR (R.) is given by,

P

\/ A

where A ~ Aequ’%“is the equivalent contact area between electrodes
and PPNs, B(B > 0)and c¢(c > 0) represent the increase of the effective
conducting contact areas, and d represents the reconstructed conductive

Reon = [(1 - B) JFBA-id} )
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Fig. 2. Schematic showing the characteristics of interfacial contact between porous composite and electrodes. (a) Interfacial contact structure with partial magnified
drawing (c) and (b) its compression deformation under pressure with partial magnified drawing (d). (e) Strain contour of the interfacial structure with point A and

point B.

paths from slipping contact areas. Thus, the ECR (R.) can be rewritten as

poezmx/m‘/sn ()’c +k(p _PC)6>

/4 < —d 0 _
Reon = $[(1—B)+BA 10 R, = an
Jﬂ/ [(1-B) ] 10 o T
Taking the volume fraction of the conductive fillers (V;) and relative where A, is the equivalent contact area between electrodes and
density (p), the original contact resistance (R’ ) can be proposed as conductive fillers, nis constant representing the influence of the volume
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Fig. 3. Schematic showing the domain of the piezoresistive relaxation model. Schematic diagram and deformation of bond angle and length (a, b), segmental motion
(e, f) and relative slippages between molecular chains (i, j). The resistance curves of bond angle and length (c), segmental motion (g) and relative slippages between
molecular chains (k) change with strain. The resistance (strain) relaxation curves along with the time of bond angle and length (d), segmental motion (h) and relative
slippages between molecular chains (1). (m) The generalized Maxwell model of the mechanical viscoelastic behaviors with E = do/de as modulus. (n) Representation
of the resistance relaxation model of PPNs with K = dR/0de as sensitivity to deformation.
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fraction of the conductive fillers (V;) on contact conditions, y., k and p.
are offset, width and center of the contact function resulting from syn-
thetic effects of porous structure at the interface.

1.2. Piezoresistive relaxation model

The time- and rate-dependent piezoresistive behaviors of PPNs are
analyzed using a piezoresistive relaxation model that takes into account
both the hyper-viscoelastic and resistance relaxation properties of PPNs.
According to polymer physics [49], there are three kinds of changes on

My =A(n)"" — XN:Q/ [At, — )" — A(t,)“’l}e""/ffds
I — i*/ [ f—s) 7J(t1)%]e"’/’5ds
J0) a(n) " - :/Zl‘i—;/)” [J(tl —5)A(t, —5)”!

XN:g‘/ [ b= ) =) _J(ﬁ)iﬂ(ll)ﬂ’]eﬂ/ffds

M

—J(n)"A( )*‘] e=/"ds

H=J(1) 3/1 (1)~

the molecular scale that produce the deformation of polymer composite.
The change of bond lengths and bond angles produces elastic defor-
mation that satisfies exponential correlation with resistance (Roce®),
and its state transition requires a short time (Figs. 3a, 3b, 3c, and 3d).
Then, segments of molecular chains gradually move and rearrange to
achieve high elastic deformation and state transition of the deformation
follows exponential correlation with time (¢ = eo(1 — e /7)), as shown
in Figs. 3e, 3f, 3g, and 3h. Furthermore, relative slippages between
molecular chains happen under bigger deformation, as shown in Figs. 3i
and 3j. This deformation will destroy conductive paths increasing
resistance (Fig. 3k) and it has no spontaneous elastic recovery (Fig. 31).
The above results reveal the relationship between creeping strain and
creeping resistance at the molecular level. To describe the mechanical
relaxation behaviors of polymeric material based on the above phe-
nomena, a generalized Maxwell model is established and its graphical
representation is shown in Fig. 3m [32]. Based on the dependency be-
tween deformation and resistance (Eq. 4), a resistance relaxation model
similar to the generalized Maxwell model is performed in Fig. 3n. When
a uniaxial loading is applied on the PPN, the relaxation response can be
obtained as,

Zgl / (t —5) — 0°(r))e*/"ds
B0~ 5034 [ (oo - g0
R, R}, R

sq

Reon = R(c)()n (1) — igf/ (Rgon (t—s)— %(l))e"‘/’f ds

(12)

R R, 7 Jo \R

con con i=1 con con

g and 7; are the i-th relative modulus and relaxation time of stress, g
andg; are the relative relaxed resistance for bulk resistance and contact
resistance, respectively. 7 and 7} is the i-th relaxation time of bulk
resistance and contact resistance, respectively,

After releasing the pressure on the PPN, the resistance starts to
recover. Thus, the creep of the recovered resistance can be described as,
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(1 —Z¢[1 - /)

23““(:) =(1-B) <1 - 29{[1 - H,}e’/“/> +B<1 - ga,-[l H]e’/”’)

13)

2—:?(:)—A<1—i¢?[1— e />

i=1

where t;is compression duration,

14

are variations during compression for strain, volume strain, and their
coupling. s,c/,s; and ciare the i-th creep time for them. Y I ¢! =
1,50,68/ =1, ¢; =1and 31,6 = lare the i-th creep resistance for
them.

All the above relaxation parameters including mechanical parame-
ters and electrical parameters are difficult to determine by experiments.
Therefore, with the representative data collected from experiments, a
machine learning method (Adam optimization algorithm in Supple-
mentary Materials.S5) is applied to determine the relaxation
parameters.

2. Results and discussion
2.1. Piezoresistive relaxation behaviors of PPNs

A PPN sample is created using the salt leaching technique method
(see Supplementary Materials.S2) [50-52]. The SEM images of the mi-
crostructures of this PPN sample are provided in Fig. 4. Three typical
pores, denoted by a yellow dotted line, are observed (Figs. 4b and 4c).
Large pores, approximately 50 ym in size, are formed from clusters
templating of inorganic salt (Fig. 4b). Middle-sized pores, around 10 pm,
are primarily derived from inorganic salt monomer templating (Fig. 4c).
Small pores, about 1 pm, are identified from the aperture gaps between
inorganic salt monomers due to the volatilization of organic solvents
(Fig. 4e). CB nanoparticles doped in the wall of the micropores struc-
tures of the PPN form crosslink conductive networks (Fig. 4d), which are
susceptible to the deformation of the pore wall. Several sensor samples
are created to study the piezoresistive behaviors of PPN using an
experimental measurement system (see Supplementary Materials S2 &
Fig. S3). The measurement of contact resistance applies the difference
between 2-wire resistance and 4-wire resistance with structural
parameter correction (Fig. S4).

Fig. 5 displays the effects of CB content and relative density on the
bulk resistance and contact resistance of PPNs. Using the fitted equations
provided in Egs. (4) and (11), the experimental data were analyzed and
key parameters were determined (see Table S1 for details). The resis-
tance data in Figs. 5a and 5c indicate that increasing CB content within
the PPNs (1-p, 70% porosity) enhances the conductive paths both within
the polymer matrix and at the electrode-PPN interface, resulting in a
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Fig. 4. (a-e) SEM morphology of CB/TPU foam (15 wt% CB and 500 wt% dosage of IST).
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Fig. 5. Effect of CB content (p = 0.298) and relative density (Vs=0.095) on bulk resistance and contact resistance. Experimental data and fitting line of bulk
resistance depended on CB content (a) and relative density (b). Experimental data and fitting line of contact resistance depended on CB content (c) and relative

density (d).

reduction of resistivity. Similarly, Fig. 5b shows that increasing relative
density within the PPNs (9.5 wt% CB content) also enhances the
conductive paths within the polymer matrix. However, the effective
contact area between the electrode and PPN is influenced by both the
porosity and hardness characteristics of the PPN. As relative density
increases, porosity decreases, which may lead to an increase in contact
area due to improved mechanical interlocking between the electrode
and PPN [53-55]. However, simultaneously, an increase in the relative

density of PPNs (9.5 wt% CB content) also leads to an increase in
interface hardness, which may counteract the increase in contact area.
Therefore, the fitted line in Fig. 5d exhibits a non-monotonic trend,
showing a decrease in contact resistance at first, followed by an increase.
These findings suggest that both CB content and relative density have
significant effects on the piezoresistive behavior of PPNs, with complex
interactions between various factors contributing to the overall resis-
tance characteristics.
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A series of experiments were conducted to investigate the piezor-
esistive behaviors of PPN (75% porosity and 15 wt% CB content) using a
controlled sample preparation and testing protocol. To assess the pie-
zoresistive characteristics of PPN under investigation, a specimen with
dimensions measuring 10 x 10 x 1 mm was precisely positioned within
a planar four-electrode apparatus (Fig. S3). Utilizing a controlled press
machine, the specimen underwent a uniform compression process at a
standardized rate of 5 mm/min, attaining a compression ratio of 75%.
This compressive state was maintained for a duration of 300s to
meticulously observe the resistance relaxation behavior within the
material. Subsequently, the compression was swiftly released, allowing
the specimen to revert to its original form over a monitoring period of
another 300 s, while continuously recording any alterations in electrical
resistance. This methodological approach ensures a rigorous and sci-
entific evaluation of the piezoresistive properties exhibited by the
porous material. The quasi-static piezoresistive characteristics,
including stress (Fig. 6a), bulk resistance (Fig. 6b), and contact resis-
tance (Fig. 6¢), were measured and analyzed. The experimental results
indicate that effective modulus (E*) and sensitivity to deformation (K*)
increase with the deformation of PPN due to the closure of pores and
wall buckling of micropores. Unexpectedly, the contact resistance

(b)

(a)-ssu . . . .
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increases at the initial compression stage due to slippage at the interface,
disrupting the conductive paths (as shown in Fig. 2). Subsequently, the
relaxation curves of stress and resistance exhibit a similar slow down-
ward trend in Figs. 6d, 6e, and 6f. This trend is attributed to the internal
friction within the molecular chains and segmental motions within the
matrix of PPN. Furthermore, Figs. 6g, 6h, and 6i illustrate the creep
behavior exhibited by both stress and resistance during the decom-
pression of the compressed PPNs. The stress curve is initiated at a pre-
pressure of 1kPa. The recovery of contact resistance follows the trend
of strain recovery, with both exhibiting a gradual return to their initial
values. However, the bulk resistance at the creeping stage exceeds the
initial value (Ry /qu > 1) due to relative slippages between molecular
chains under large deformation, which require more time to recover
than the recovery time of molecular bond variations and segmental
motions (s‘l1 = 2.79s << s; = 102.09s). The mathematical model
developed in this study exhibits good agreement with experimental re-
sults (R% > 0.99), providing key parameters (see Table 1 for detail) to
accurately define piezoresistive characteristics of PPNs

The relaxation behaviors of PPNs are described using the analytical
model that includes two main components: molecular bond variation
and segmental motion. These behaviors are characterized by short-term
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Table 1
Piezoresistive parameters of the PPN sensor.
Quasi-static Relaxation Creep
Stress #(kPa) a p & & 71(s) 72(s)
14.493 1.943 0.8085 0.2810 0.2287 7.8877 118.06
Bulk resistance A a b g g 75 (s) 75(s) 4 & sh(s) sh(s)
0.6133 0.3867 2.7874 1.2874
1.1392 1.2033 1.9276 -0.4898 -0.5057 4.8628 282.59 ¢ ' s1(s) s2(s)
0.3729 0.6371 6.6364 102.09
Contact resistance B c d g ) 75 (s) 75(s) o] o) ci(s) c4(s)
1.0377 -0.377 6.6835 1.6062
10.8575 13.0580 0.4864 -0.868 -0.0911 5.8155 113.98 6, 6o ci(s) ca(s)
0.9884 0.0116 6.7138 56.0632
(a) (b).. (c) (d),,
=350 =350 700 =350
-300 -300 25m%CH -300 p025
= = | =600 =
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Fig. 7. Mechanical and piezoresistive relaxation responses, as well as relaxation parameters of PPN sample in case of compressive relaxation test performed at
A =0.25,0.50 and 0.75 (p = 0.25 and V= 9.5 v%) (a, e and i), at speed= 0.30, 0.50, 0.75 and 1.00 mm/min (p = 0.25 and V= 9.5 v%) (b, f and j), at different CB
content (p = 0.25)(c, g and k), at different relative density (Vs= 9.5 v%) (d, h and 1).

(g1and77) and long-term parameters (gzandrz), which reflect internal
friction of molecular bond change and segmental motion, respectively.
The fitting results (Fig. 7) indicate that the short-term parameters 7;
(1 ~ 7s),7; (4~ 6s) and 7{ (3 ~ 7s), which are related to the internal
friction of molecular bond changes, are significantly smaller than the
long-term parameters 75(70 ~ 120s),75(70 ~ 400s) and 75(70 ~ 250s),
which represent segmental motion. Furthermore, the results indicate
that the long-term relaxation time of bulk resistance is greater than that
of contact resistance. This suggests that contact signals may provide a
more rapid response to pressure detection. Based on previous research
on solid conductive composites, it has been found that increasing tensile
amplitudes and speeds can lead to an increase in the interparticle dis-
tance of the conducting fillers, resulting in a significant resistivity peak
[32,56,57]. The results presented in Figs. 7a, 7e, and 7i further support
this finding, showing that an increase in deformation amplitude leads to
an increase in response amplitude but a reduction in relaxation time
(Table S2). Additionally, an increase in loading speed (Figs. 7b, 7f, and

7j) tends to increase relaxation time (Table S1). When considering the
effect of CB content in PPN, it is observed that an increase in CB content
leads to an increase in effective modulus (Fig. 7c). However, it decreases
the sensitivity of bulk resistance to deformation (Fig. 7g) and has a
smaller influence on the sensitivity of contact resistance to deformation
(Fig. 7k). Similarly, an increase in the relative density of PPN (Figs. 7d,
7h, and 71) exhibits a similar trend concerning its CB content. The results
indicate that the sensitivity of contact signal to deformation is relatively
robust to composite content. Recent studies have also produced similar
results [58-60]. However, some special responses depend on the
application, such as the increase observed at the initial compression
stage (Fig. 7k). It is worth noting that the increase can worsen with an
increase in CB content.

The relaxation and creep behavior of PPNs, as shown in Figs. 8 and 9,
is a complex phenomenon that involves positive terms (increasing the
electrical resistance) and negative terms (decreasing the electrical
resistance) in a piezoresistive Eq. (13). In the relaxation model, the
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Fig. 8. Creep behaviors of bulk resistance under releasing conditions. Experimental data and analytical line of creep bulk resistance with compression amplitude
(p = 0.25 and V= 9.5 v%) (a), compression speed (p = 0.25 and V= 9.5 v%) (b), CB content (p = 0.25) (c) and relative density (Vs= 9.5 v%) (d).

short-term parameters are responsible for the decrease in electrical
resistance, while the long-term parameters lead to an increase in resis-
tance. This increase may be attributed to the slippage of the molecular
chains within the matrix of the PPN. Compression amplitude and
compression speed are two key factors that distinguish the behavior of
short-term and long-term parameters. When compression amplitude
increases (Fig. 8a), the overshooting of bulk resistance also increases,
indicating a more significant positive piezoresistive effect. Similarly, an
increase in CB content (Fig. 8c) also leads to an increase in the over-
shooting value of bulk resistance. On the other hand, a decrease in
compression speed (Fig. 8b) and relative density (Fig. 8d) results in a
decrease in the overshooting value of bulk resistance, indicating a more
significant negative piezoresistive effect. The uncommon creeping curve
of bulk resistance shown in Fig. 8 suggests that the overshooting value is
higher than the initial value. This behavior can be attributed to the
interplay between various factors such as molecular chain slippage,
microstructural changes, and interface effects within the material. The
creeping curves of contact resistance in Fig. 9 demonstrate that the
resistance gradually recovers to its original value over time. Fig. 9a in-
dicates that the recovery time increases with compression deformation,
likely due to the yield of the pore wall at the interface. In contrast,
increasing compression speed has minimal impact on the recovery
(Fig. 9b). Furthermore, the creep time of contact resistance (;) is shorter
than that of bulk resistance (s;) (Table S3), highlighting the practicality
of contact resistance in PPN. Fig. 9c and d demonstrate that the recovery
speed increases with an increase in CB content and a decrease in relative
density. This can be attributed to a reduction in adhesion at the inter-
face, where increasing CB content and porosity can enhance adhesion,
resulting in a longer recovery time [61-64]. These findings provide
valuable insight into the behavior of contact resistance of PPN, its

response to various factors, and its practicality for applications. Un-
derstanding these behaviors is crucial for the development of piezor-
esistive materials with improved performance and reliability in various
applications.

3. Conclusion

The analytical model proposed in this paper simulates and analyzes
several piezoresistive behaviors of PPNs, taking into account both the
tunneling effect of conductive fillers within the matrix and geometrical
effects based on the effective medium theory of porous topology. The
bending of pore walls and strain concentration in compressed PPNs not
only result in compressive strain that decreases electrical resistance but
also tensile strain that increases electrical resistance. The change in
macromolecular chains upon compression of PPNs may lead to relaxa-
tion and creep behaviors of electrical resistance (bulk resistance and
contact resistance). The increase in slippage between molecular chains
can result in an overshooting of the bulk resistance once the compression
is released. We also observed that decreasing CB content and relative
density can increase the sensitivity of PPNs to deformation, and the
contact resistance exhibits greater robustness in sensitivity to deforma-
tion, as well as faster response and recovery time compared to bulk
resistance. By fitting several experimental results obtained under
different loading conditions and using different composite systems, our
analytical model reveals that two factors, i.e., molecular bond variation
and segmental motion, determine the piezoresistive response, the
relaxation behavior, and the creep of contact resistance and bulk
resistance.

This analytical model is suitable for describing compressible PPNs,
and offers a valuable tool for guiding the design of PPN sensors with
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Fig. 9. Creep behaviors of contact resistance under releasing conditions. Experimental data and analytical line of creep contact resistance with compression
amplitude (p = 0.25 and V= 9.5 v%) (@), compression speed (p = 0.25 and Vs= 9.5 v%) (b), CB content (p = 0.25) (c¢) and relative density (Vs= 9.5 v%) (d).

superior sensing capabilities, although it has limitations in accurately
capturing the piezoresistive behavior of low pore-density materials,
closed-pore materials, and 3D printed materials negative Poisson’s ratio.
The insights gained from this study can be utilized to enhance the pie-
zoresistive properties of PPN-based sensors, leading to improved per-
formance and reliability in various applications. The results of this study
also suggest that overcoming the issue of molecular chain slippage
within porous polymers and eliminating the resistance overshooting are
crucial for PPN-based piezoresistive sensors. Future research directions
could include exploring advanced functional matrices with low molec-
ular chain slippage and high-temperature resistance, as well as advanced
conductive networks to mitigate the issue of resistance overshooting.
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