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HIGHLIGHTS

• Kevlar polyanionic chains induced the formation of highly ordered porous thermoplastic polyurethane foams with adjustable pore sizes.

• A tiny amount of  Ti3C2Tx MXene was performed as reducing agent for the electroless deposition of copper nanoparticles.

• The conductive foam reinforced by aramid nanofibers exhibited excellent piezoresistive sensing and electromagnetic interference 
shielding performance.

ABSTRACT Highly ordered and uniformly porous structure of con-
ductive foams is a vital issue for various functional purposes such as 
piezoresistive sensing and electromagnetic interference (EMI) shield-
ing. With the aids of Kevlar polyanionic chains, thermoplastic polyu-
rethane (TPU) foams reinforced by aramid nanofibers (ANF) with 
adjustable pore-size distribution were successfully obtained via a non-
solvent-induced phase separation. In this regard, the most outstanding 
result is the in situ formation of ANF in TPU foams after protonation 
of Kevlar polyanion during the NIPS process. Furthermore, in situ 
growth of copper nanoparticles (Cu NPs) on TPU/ANF foams was performed according to the electroless deposition by using the tiny 
amount of pre-blended  Ti3C2Tx MXene as reducing agents. Particularly, the existence of Cu NPs layers significantly promoted the stor-
age modulus in 2,932% increments, and the well-designed TPU/ANF/Ti3C2Tx MXene (PAM-Cu) composite foams showed distinguished 
compressive cycle stability. Taking virtues of the highly ordered and elastic porous architectures, the PAM-Cu foams were utilized as 
piezoresistive sensor exhibiting board compressive interval of 0–344.5 kPa (50% strain) with good sensitivity at 0.46  kPa−1. Meanwhile, 
the PAM-Cu foams displayed remarkable EMI shielding effectiveness at 79.09 dB in X band. This work provides an ideal strategy to 
fabricate highly ordered TPU foams with outstanding elastic recovery and excellent EMI shielding performance, which can be used as a 
promising candidate in integration of satisfactory piezoresistive sensor and EMI shielding applications for human–machine interfaces.
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1 Introduction

With the rapid development of integrated electronic equip-
ment in 5G era, the increasing demand of multifunctional 
materials with lightweight, high conductivity and flexible/
wearable properties has drawn an extensive interest world-
wide [1–5]. To date, the rational design of conductive foams/
aerogels/sponges composed of elastic polymer substrates 
and conductive fillers with improved mechanical and elec-
trical properties is becoming a research hot spot, since the 
porous structure with conductive networks would lead to the 
change in contact resistance for strain sensors or increase 
the multiple reflection and absorption dissipation of inci-
dent electromagnetic waves (EMWs) by the enhancement 
of interface polarization [6–8].

As a typical segmented copolymer composed of hard 
segments and soft segments, thermoplastic polyurethane 
(TPU) has been demonstrated as an ideal substrate for 
porous composites with remarkable elastic resilience and 
tensile property [9, 10]. For the demand of porous struc-
ture, many chemical foaming agents were introduced to 
fabricate TPU-based porous materials such as butane [11], 
azodicarbonamide and sodium bicarbonate [12], but the 
inherent toxicity limits their wide applications. On the 
other hand, the physical pore-forming methods such as 
freeze-drying and supercritical carbon dioxide  (scCO2) 
foaming are environment friendly for TPU-based porous 
materials [13–15]. However, the reaction conditions for 
 scCO2 like high temperature and high pressure in a sealed 
vessel should be strictly kept, with yet the resulted porous 
materials presenting pore sizes ranging from few microm-
eters to hundreds of micrometers. To achieve orderly regu-
lar porous structures, directional freeze-drying techniques 
were elaborately designed to control the pore sizes, align-
ment and cellular configuration by adjusting the frozen 
conditions within complicated vessels [16]. Recently, phase 
separation technique has been developed as a simple and 
environmentally friendly method to prepare TPU-based 
porous materials [17, 18]. During the non-solvent-induced 
phase separation (NIPS) process, TPU with a layer of pol-
ymer solution immersed in a non-solvent bath, resulting 
in phase separation with polymer-rich and polymer-poor 
phases caused by thermodynamic instability [19, 20]. After 
the continuously exchanging between solvent and non-sol-
vent in the coagulation bath, the porous architectures were 

accordingly obtained by the solidification of polymer-rich 
phases and pore-forming of polymer-poor phases, respec-
tively [21, 22]. Usually, porous TPU materials by NIPS 
displayed an asymmetrical structure composed of spongy-
shaped macrovoids or finger-like structures due to the slow 
permeation of non-solvent (water) into the bottom of TPU 
solution [21, 23–25]. Polymerizable ionic liquid copoly-
mer (PIL) containing anion-cation pairs was successfully 
utilized to decrease the surface tension gradient at the non-
solvent phase surface, to decrease the mass-transfer and the 
size of solvent dilute phase. Consequently, homogeneous 
microcellular structure of TPU/carbon nanotubes (CNTs)/
PIL composite foams with small cell size for high-perfor-
mance EMI shielding was obtained [17].

Interestingly, Kevlar polyanionic chains have also been 
proved to possess the ability of being integrated with other 
materials via hydrogen bonding interactions. Kevlar poly-
anion was obtained from aramid pulp, commonly known 
as Kevlar fibers [26]. By the solvent exchange of poly 
(vinyl alcohol) (PVA) and Kevlar polyanion solution in 
dimethylsulfoxide (DMSO), aramid nanofibers (ANF) were 
achieved after the protonation process of Kevlar polyanion 
and subsequently combined with PVA via hydrogen bond-
ing, leading to the remarkable enhancement of mechanical 
properties for the resultant ANF/PVA composites [27, 28]. 
It is expected that ANF retains the distinguished advan-
tages of Kevlar fibers such as high mechanical strength and 
high-temperature stability. Thanks to the similar molecular 
structures of ANF with waterborne polyurethanes (PU), 
the formation of multiple interactions between amide-con-
taining PU and ANF was accordingly confirmed, which 
is beneficial to the mechanical improvement of ANF/PU 
nanocomposites [29].

To effectively utilize porous structure for the highly con-
ductive foams/aerogels/sponges, the dip coating or impreg-
nation of conductive slurries was always adopted [30, 31]. 
 Ti3C2Tx MXene has attracted widespread attention owing 
to its incomparable metal conductivity. Particularly, the rich 
hydrophilic functional groups (–OH, = O, and –F) on the 
surface of MXene provide tremendous potential for strong 
adhesion with other materials [32–37]. Wang et al. inserted 
carbon nanotubes (CNTs)/MXene composites into a multi-
channel 3D cellulose scaffold (CS) via vacuum impregnation 
and then wrapped with poly (dimethylsiloxane) (PDMS) to 
fabricate a wood-based piezoresistive sensor with high EMI 
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shielding effect [38]. Weng et al. fabricated silver nanowire 
(AgNW)/MXene hybrid sponges using the commercial mel-
amine formaldehyde as the templates by a combination of 
dip-coating and unidirectional freeze-drying methods [39]. 
However, the performance of the conductive porous compos-
ites is closely related to the dip coating time or impregnation 
cycles in some extent. Most notably, by virtue of the suscep-
tible oxidization of  Ti3C2Tx MXene in humid or aqueous 
environment conditions [40, 41], an in situ hybridization 
of Ag, Au and Pd nanoparticles with  Ti3C2Tx MXene was 
developed by using delaminated MXene as reduction/nuclea-
tion sites without external reducing agents [42]. Moreover, 
MXene with abundant surface terminations served as a plat-
form for in situ and spontaneous reduction of  AuCl4¯, lead-
ing to the formation of Au nanostructures on MXene for 
multifunctional sensing and energy harvesting [43]. There-
fore, the surface metallization of  Ti3C2Tx MXene by the in 
situ reduction of metal nanoparticles to form continuously 
conductive network is becoming a significant and effective 
method.

In this work, Kevlar polyanionic chains induced highly 
ordered porous TPU/ANF/MXene (PAM) foams were suc-
cessfully assembled via a NIPS process, and the in situ 
reduction of copper nanoparticles (Cu NPs) layers wrapped 
on PAM foams (PAM-Cu) was achieved through electroless 
deposition (ELD) method using small amounts of  Ti3C2Tx 
MXene as reduction agents, without the need of traditional 
complicated sensitization and activation processes. After 
the introduction of Kevlar polyanion into TPU/DMSO 
solution, the fluidity increased remarkably, resulting in a 
moderate molecular-to-lamellar-level ordering disruption. 
The melting enthalpy of hard domains was accordingly 
decreased, thereby attenuating the Marangoni convection 
to form homogeneously dispersed pores. Furthermore, 
Kevlar polyanion was simultaneously transferred into 
ANF during the protonation process. Consequently, the 
electrically conductive PAM-Cu foams with outstanding 
elastic recovery ability displayed excellent EMI shielding 
performance. More importantly, the PAM-Cu foams were 
also applied as ideal piezoresistive sensors, manifesting 
great fatigue resistance, which can be used to detect vari-
ous human activities in real time. Certainly, the Kevlar pol-
yanion-induced assembly strategy is expected to solve the 
problem of asymmetrical structure of porous composites, 
to control the pore size of TPU-based conductive foams 
effectively.

2  Experimental Sections

2.1  Materials

Thermoplastic polyurethane (TPU, 1185A) granule was 
obtained from BASF Co., Ltd. Aramid pulp was brought 
from Zhongli New Material Technology Co., Ltd.  Ti3AlC2 
powder was purchased from Beijing Lianlixin Technology 
Co., Ltd. Hydrochloric acid (HCl), lithium fluoride (LiF), 
potassium hydroxide (KOH), dimethyl sulfoxide (DMSO), 
silver nitrate  (AgNO3), copper sulfate  (CuSO4), sodium 
hydroxide (NaOH), L( +)-tartaric acid potassium Sodium 
salt  (C4H4KNaO6·4H2O), methanal (HCHO) were pursued 
from Sinopharm Chemical Reagent Co., LTD. Deionized 
(DI) water was also used during the experimentation.

2.2  Preparation of  Ti3C2Tx MXene Suspension

Ti3C2Tx MXene suspension was obtained by a chemical etch-
ing method described in our previous work [44]. Typically, 
 Ti3AlC2 (1 g) was mixed with the etching solution composed 
of 9 M HCl and LiF (1 g) followed by magnetic stirring for 
72 h at 50 °C in an oil bath. Subsequently, the obtained mix-
ture was washed several times by deionized (DI) water with 
centrifugation at 9,000 rpm for 10 min to reach a neutral pH. 
After being freeze-dried (–55 °C, 5 Pa) for 48 h, the obtained 
powders were dispersed in DMSO solution by ultrasonic treat-
ment for 180 min. Followed by the low-speed centrifugal treat-
ment at 3,500 rpm for 30 min to remove the unexfoliated large 
particles, the  Ti3C2Tx MXene suspension with controlled solid 
content of 2 wt% was finally obtained for further use.

2.3  Preparation of Kevlar Polyanion Solution

Aramid pulp (2 g) was stirred intensely in the solvent com-
posed of DMSO (94 mL), KOH (2 g) and DI water (4 mL) 
for 6 h; afterward, dark red color of Kevlar polyanion solu-
tion was formed with the solid content of 2 wt%.

2.4  Preparation of TPU/Kevlar Polyanion/Ti3C2Tx 
MXene mixed solution

TPU granule (3 g) was firstly dissolved in 12 mL DMSO at 
80 °C for 6 h to form a viscous solution, and then different 
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weight of Kevlar polyanion solutions (0.5, 1.0, 1.5, and 
2.0 g) was injected into TPU solution under mechanical stir-
ring at 80 °C for 10 min, respectively. The four concentration 
gradients solutions were turned into high fluid state with 
the continuously stirring. Subsequently, the fixed amount 
of  Ti3C2Tx MXene solution (0.5 g, 2 wt%) was added into 
the aforementioned solutions for 30 min, respectively. After 
being centrifuged at 5,000 rpm for 10 min to remove the 
bubble generated during the stirring process, TPU/Kevlar 
polyanion/Ti3C2Tx MXene mixed solution was ultimately 
achieved.

2.5  Assembly of TPU/ANF/Ti3C2Tx MXene (PAM) 
Foams

The TPU/Kevlar polyanion/Ti3C2Tx MXene mixed solution 
was encapsulated in dialysis bag (MD 25) followed by the 
freezing process in a refrigerator for 1 h. Then, the solidified 
block was placed in coagulation bath using DI water under 
magnetic stirring for 12 h, the water was changed every 3 h 
and synchronically used as proton donor for the fabrication 
of ANF from Kevlar polyanion to form a solid hybrid bulk. 
Finally, the TPU/ANF/Ti3C2Tx MXene (PAM) foams were 
obtained after being dried in air oven at 40 °C for 12 h to 
remove the rest of DI water. The calculation results show 
that the four Kevlar polyanion occupied the PAM foams 
with 0.07, 0.13, 0.20, 0.26 wt%, and the corresponding PAM 
foams were named as PAM7, PAM13, PAM20, PAM26, 
respectively. For comparison, pure TPU foam and the TPU/
Ti3C2Tx MXene (PM) composite foams were also fabricated 
by the same way.

2.6  Electroless Deposition of Copper Nanoparticles 
on PAM Foams

Typically, the obtained PAM13 foam was dipped in  AgNO3 
solution (1 wt%) for 10 min, followed by washing with 
DI water to remove the excessive  AgNO3 solution. Then 
PAM13 foam with Ag seeds was immersed in electro-
less plating solution (1.5 g  CuSO4·5H2O, 1.20 g NaOH, 
2.8 g  C4H4KNaO6·4H2O and 3 mL HCHO) for different 
time of 0.5, 1.0, 1.5 and 2.0 h, respectively. After that, the 
electroless Cu plating PAM13 foams were obtained by 
drying in vacuum oven at 60 °C for 6 h and denoted as 

PAM13-Cu0.5, PAM13-Cu1.0, PAM13-Cu1.5 and PAM13-
Cu2.0, respectively.

2.7  Characterization

Scanning electron microscope (SEM, Phenom XL, Nether-
lands) was used to observe the microstructures of composite 
foams. X-ray photoelectron spectrometer (XPS, ESCALAB 
250Xi, UK) was performed to trace the state of chemical ele-
ment. X-ray diffraction (XRD) patterns were obtained with 
multi-function X-ray diffractometer (SmartLab, Japan) at 
a scan rate of 20°  min−1. Fourier transform infrared spec-
troscopy (FTIR) spectra were recorded with infrared spec-
trometer (Nicolet 380, USA) with wavenumber from 400 
to 4000  cm−1. Viscosity of the solution was performed by 
rheometer (Kinexus ultra + , UK). Mechanical properties 
were performed by INSTRON 5943 under different operat-
ing rate. The specific density of the composite foams was 
obtained by using a densimeter (ME103E, Switzerland). 
The average electrical conductivity of the foam was tested 
by a four-probe technique-based instrument (RTS-8, China) 
with five measurements in different locations. The current 
signal was obtained from a desktop multimeter (B2901A, 
USA). Storage modulus were tested by Dynamic Thermo-
mechanical Analyzer (DMA7100, Japan); EMI SE was 
investigated by vector network analyzer (E5063A, USA) in 
X band (8.2–12.4 GHz). The  S11 and  S21 composed of real 
and imaginary parts were recorded to calculate the  SEA,  SER, 
 SET, R, T and A coefficients by these formulas [45]:

(1)SE
A
= 10 log

(
1−||S11||

2

||S21||
2

)

(2)SE
R
= 10 log

(
1

1−||S11||
2

)

(3)SE
T
= SE

A
+ SE

R
+ SE
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(4)R = ||S11||
2
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3  Results and Discussion

Highly ordered PAM-Cu foams with homogeneously 
porous structure were fabricated by Kevlar polyanion 
modulated assembly strategy and the subsequent  Ti3C2Tx 
MXene triggered electroless Cu deposition. Figure 1a is 
the typical top-to-bottom approach reported firstly by Yang 
et al. [46] for Kevlar polyanion obtained from the deproto-
nation and dissolution process of aramid pulp in DMSO/
KOH solution . After the chemical cleavage of aramid fib-
ers, the hydrogen from amide groups was extracted and 
then the hydrogen bonding interaction between polymer 
chains were accordingly reduced. Therefore, the electro-
static repulsion between polyanionic chains guaranteed 
the stability and homogeneity of Kevlar polyanion solu-
tion [47, 48]. Similarly, the exfoliated  Ti3C2Tx MXene 
was obtained as expected (Fig. S1), displaying high dis-
persibility owing to the electrostatic repulsion caused by 
the negatively charged terminating groups on  Ti3C2Tx 
MXene surface (Fig. 1b) [49]. The fabrication process for 
PAM-Cu foams is depicted in Fig. 1c. After being dis-
solved in DMSO, TPU solution presents high viscosity 
and poor fluidity with lots of bubbles as shown in the 
digital picture of Fig. 2, which can be ascribed to the high 
molecular weight and strong intermolecular force lead-
ing to the high internal friction resistance of polymer 
chains. Taking advantage of the isocyanate bonds (-NCO) 
in hard segment and polyol structure in soft segment of 
TPU, Kevlar polyanionic chains with deprotonated amido 
bonds could disperse uniformly by hydrogen bonding 
interaction (Fig. 2a). Interestingly, it is worth noting that 
the viscosity dramatically decreased after slight Kevlar 
polyanion introduced (Movie S1), and the viscosity plot 
further shows the dramatic decrease in viscosity after the 
addition of Kevlar polyanion in the whole range of shear 
rate (Fig. 2b). This finding may be attributed to the infil-
tration of Kevlar polyanionic chains in hard domains of 
TPU, resulting in a moderate molecular-to-lamellar-level 
ordering disruption, decreasing the interaction and flow 
resistance of TPU polymer chains; as a consequent, the 
decreased flow-activation energy efficiently upgraded the 
flexibility of TPU polymer chains [50]. Moreover, after 
the addition of  Ti3C2Tx MXene, homogeneous TPU/Kevlar 
polyanion/Ti3C2Tx MXene solution was formed via hydro-
gen bonding interaction. Followed by the subsequent NIPS 

process, the structural collapse of the final foams with-
out the freezing pretreatment (Fig. S2) was mainly due to 
the non-uniformity of infiltration distribution of DI water 
along thickness direction of the solution. Therefore, the 
freezing pretreatment was performed because crystalline 
DMSO formed in the refrigerator not only maintained bulk 
shape of the mixture but also promoted DI water infiltra-
tion during the melting process of the frozen block in DI 
water at room temperature. In the NIPS process, lots of 
water molecules infiltrated into TPU/Kevlar polyanion/
Ti3C2Tx MXene mixture, facilitating the phase separa-
tion, namely, the rich phases eventually coagulated to form 
foam skeletons and the poor phases formed the porous 
structure [51, 52]. Simultaneously, the Kevlar polyanion 
could be easily transformed into ANF by hydrogen pro-
tons in DI water [53, 54] (Fig. 1d). Finally, PAM foams 
with high flexibility were obtained after being thoroughly 
dried as illustrated in Fig. 1g. When the PAM foams were 
immerged in  AgNO3 solution,  Ti3C2Tx MXene with the 
negatively charged groups subsequently anchored with Ag 
NPs by the van der Waals force [42, 55, 56] (Fig. 1e). The 
small amount of Ag NPs with the average size of 170 nm 
(Fig. S3) was served as the seeds (namely catalyst) for 
electroless Cu plating (Fig. 1f) to form electrically con-
ductive networks and avoiding large usage of Ag noble 
metal. Consequently, conductive PAM-Cu foams with high 
compressibility were obtained (Fig. 1h).

During the protonation of Kevlar polyanion, ANF assem-
bled quickly and aggregated as fibrous skeletons into the 
TPU matrix which facilitated the infiltration of water mol-
ecules effectively, thus avoiding the generation of macropo-
rous structure caused by slow infiltration of water mol-
ecules. The successfully protonated ANF is about 50 nm 
in diameter (Fig. S4). Finally,  Ti3C2Tx MXene was tightly 
attached into TPU skeletons by hydrogen bonding interac-
tion as shown in Fig. 2c. Typical SEM images in Fig. 3 were 
used to investigate the morphological evolution of TPU-
based foams. Both the pure TPU foam and PM foam dis-
played obviously macroporous structure visible to the naked 
eyes (Fig. 3a, b). The uniform dispersion of tiny amounts of 
 Ti3C2Tx MXene was proved by elemental mapping images 
of Ti (Fig. S5). As shown in Fig. 3c, d, the optimized foam 
structure with homogeneous appearance and uniform pores 
is ascribed to the reduced viscosity of TPU solution modu-
lated by Kevlar polyanion, so as to attenuate Marangoni 
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convection to lower the thermodynamic gradient of hard 
domains and soft domains of TPU [24, 57]. Dramatically, 
with the introduction of different content of Kevlar poly-
anion, the size of pore was significantly improved from 
25.00 ± 0.32 μm (PAM7) to 38.27 ± 0.93 μm (PAM13). It 
can be deduced from that the DI water in the protonation 
process promoted the process of phase separation; mean-
while, more Kevlar polyanion increased the heterogene-
ous nucleation sites, leading to the expansion of pore size 
during NIPS process. With the further increasing Kevlar 
polyanion contents, the over-cumulative ANF broken the 

affinity with TPU matrix, resulting in the structural collapse 
of PAM20 and PAM26 foams (Fig. S6).

In IR spectra (Fig. 4a), for all the samples, the typical 
peak at around 3338 and 1537  cm−1 can be assigned to N–H 
stretching and N–H bending vibrations. Though the similar 
C = O deformation of ANF (around 1645  cm−1) and TPU 
foam (around 1733  cm−1) is also observed, PM and PAM 
foam is hard to discern the existence of C = O of ANF due to 
the slight content of Kevlar polyanion. Specifically, free and 
hydrogen-bonded C = O appeared in 1733 and 1704  cm−1 
in Fig. 4b is utilized to calculate hydrogen bonding index 

Fig. 1  Illustrations of assembly process for highly ordered PAM-Cu conductive foam. Preparation of a Kevlar polyanion, b  Ti3C2Tx MXene and 
c PAM-Cu foam. d Simultaneous process for protonation of Kevlar polyanion and coagulation of TPU. e Process for in situ reduction of Ag NPs 
on  Ti3C2Tx MXene and f the electroless deposition of Cu NPs. g Digital pictures of PAM foam and h PAM-Cu foam
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of C = O for the evaluation of microphase separation [58, 
59]. According to the increased peak intensity at 1733 and 
1704  cm−1 with the increasing of Kevlar polyanion, the as-
obtained ANF promotes the generation of hydrogen bonds 
in the hard domains, which resulted in a significant phase 
separation between the hard and soft domains of TPU by 
the degree of phase separation (DSP) [60], as shown in 
Table S1. From XRD patterns (Fig. 4c), the peaks at 21.74° 
can be indexed to TPU, while 20.60°, 23.28° and 28.36° are 
attributed to aramid [61, 62]. Interestingly, the decreased 
peak intensity observed from PM foam demonstrated the 
reduced density difference between hard and soft seg-
ments [50], while PAM7 and PAM13 foams both presented 
a higher peak intensity in comparison with TPU and PM 
foams. The result manifested that the addition of Kevlar 
polyanion promoted the flexibility of TPU polymer chains, 
providing more hydrogen bonding interaction between TPU 
chains and ANF. Furthermore, Kevlar polyanion was also 

acted as nucleation sites to improve crystallization capacity 
of PAM foam during the NIPS process. Simultaneously, the 
peak position of PAM7 and PAM13 foam shifted to small 
angle comparing with TPU foam, indicating that the as-
obtained ANF was inserted into the hard domains of TPU to 
increase the intermolecular spacing [50, 63, 64]. In Fig. 4d, 
besides the characteristics peak of TPU, the typical XRD 
peaks of PAM-Ag at 38.30°, 44.46°, 64.58° and 77.50° cor-
responding to (111), (200), (220) and (311) lattice planes of 
silver are also detected [65], confirming that Ag NPs were 
successfully anchored on PAM foams. With increasing elec-
troless Cu plating time from 0.5 h to 2.0 h, the peaks at 
43.28°, 50.52° and 74.18° corresponding to (111), (200) and 
(220) planes of face-centered cubic structure copper become 
stronger [66, 67]. The result can also be observed from Ag 
3d XPS spectra of PAM13-Ag and PAM13-Cu2.0 foam, the 
peak of Ag 3d becomes lower after the deposition of Cu NPs 
(Fig. 4e). Moreover, XPS spectrum of Cu and the elements 

Fig. 2  a Schematic of the bonding mechanism for TPU/Kevlar polyanionic chains. b Plots of viscosity versus shear rate of TPU, PA7 and PA13 
solution. c Schematic of the bonding mechanism for PAM foam during NIPS process
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mapping further verify the successful deposition of intercon-
nected Cu NPs layer on the surface of PAM13 foam (Fig. 4f, 
g). With the deposition time of 0.5 h, loosely distributed 
Cu NPs were observed on PAM13-Cu0.5 foam; however, an 
accumulated Cu NPs layer was accordingly coated on the 
surface of PAM13-Cu2.0 with the further increasing deposi-
tion time to 2 h (Fig. 5).

The compressive performance of the conductive porous 
foams is considered as a key role in practical application. 
So, the mechanical compressive ability of TPU, PM, PAM7 
and PAM13 foams is given in Fig.  6a, and the relative 
stress–strain curves are divided into three stages [68]: The 
first liner stage (strain < 10%) is influenced by the elastic 
bending and accommodation of skeleton. With the increase 
in strain (10 < strain < 35%), a plateau region attributing to 
a slow increase along with the porous structure gradually 
collapses in the foam. At the last stages (strain > 35%), the 
compact internal structure endows the mechanical stress 
increasing sharply. Due to the biggest pore size structures, 
PAM13 displays the lowest stress within 50% strain. Par-
ticularly, the excellent cycling stability of PAM13-Cu foam 

upon loading–unloading cycles at different strain of 10, 20, 
30, 40 and 50% was investigated. It can be found that all the 
PAM13-Cu0.5, PAM13-Cu1.0, PAM13-Cu1.5 and PAM13-
Cu2.0 foams exhibited the promising structural stability after 
seven cycles and completely recovered to original state even 
after being compressed at the big strain (Fig. 6b-e). Specifi-
cally, the maximum compressive stress of PAM13-Cu foam 
at different strain reveals that the closely interconnected Cu 
NPs formed compact layer on the foam skeleton (Fig. 6f). 
Delightedly, after being compressed at the strain of 50% for 
100 cycles, PAM13-Cu2.0 foam suffered negligible struc-
ture deformation (Fig. 6g), indicating the ultrahigh com-
pressibility and good recoverability (Fig. 6h). The structure 
stability is verified by the dynamic SEM images (Fig. 6i), 
PAM13-Cu2.0 foam with different compressive strain still 
maintains the interconnected porous structure without col-
lapse or shedding of Cu NPs, paving the way for potential 
application in piezoresistive sensors.

From the pressure sensitivity (S) curve of PAM13-Cu2.0 
foam (Fig. 7a), the interface contact was improved by very 
little pressure in a low-pressure range, causing resistance 

Fig. 3  a1-a2 Digital pictures and the corresponding SEM images of pure TPU foam. b1-b2 Digital pictures and the corresponding SEM images 
of PM foam. c1-c4 Digital pictures, the corresponding SEM images and pore size distribution of PAM7 foam. d1-d4 Digital pictures, the corre-
sponding SEM images and pore size distribution of PAM13 foam
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changes to achieve higher sensitivity. While the compres-
sive stress exceeds 147 kPa, S value reduced from 0.46 to 
0.15  kPa−1, attributing to the internal densification of the 
foam to form denser conductive network accordingly [69]. 
Figure 7b displays the fast response/recovery time of 100 ms 
under a tiny strain, respectively, indicating excellent resil-
ience and structural stability [70]. The cyclic response per-
formance of PAM13-Cu2.0 foam is presented in Fig. 7c. With 
the same compressive strain, the variation of current sig-
nal is consistent with the rapid change of compressive rate, 
while the maximum value of current change is not related 

to the compressive rate, indicating the stable conductive 
path of the porous structure. In the same way, under the dif-
ferent compressive strain with same compressive rate, the 
current signal varies in width and intensity (Fig. 7d). It can 
be deduced that remarkably repeatable and stable signals 
of all the cyclic current curves originated from the well-
constructed conductive porous architectures, further dem-
onstrating that PAM13-Cu2.0 foam possessed the capability 
of rapidly identifying different levels of compressive stress. 
The reusability of PAM13-Cu2.0 foam for piezoresistive sen-
sor was estimated by loading–unloading cyclic compression 

Fig. 4  a-b IR spectra and c XRD patterns of ANF, TPU, PM, PAM7 and PAM13 foam. d XRD patterns of PAM13-Ag, PAM13-Cu0.5, PAM13-
Cu1.0, PAM13-Cu1.5 and PAM13-Cu2.0 foam. e Ag 3d XPS spectra of PAM13-Ag and PAM13-Cu2.0 foams. f Cu 2p XPS spectrum of PAM13-
Cu2.0 foam. g Element mapping and weight of PAM13-Cu2.0 foam
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at 50% strain for 300 cycles under a rate of 10 mm  min−1 
(Fig. 7f). The stable and almost identical current signals dur-
ing the process of loading and releasing indicated that the 
PAM13-Cu2.0 foam possessed remarkable mechanical stabil-
ity and excellent current response repeatability. Benefiting 
from the piezoresistive sensing characteristics and outstand-
ing mechanical properties, the PAM13-Cu2.0 foam can be 
served as the sensor to monitor human motions in real time.

For motion detection, current signal increased rapidly 
when the action performed, and subsequently recovered to 
the initial state following by the release of PAM13-Cu2.0 
foam. Figure 7g visually displays a finger bending under 
angle of 45° and 90°, the large bending angle prompts the 
contact of conductive porous structure and further reduces 
the contact resistance so that the current signal is increased 
visibly. Figure 7h shows different current signals comparing 

with finger bending caused by the smaller deformation. The 
normal throat coughing can also be monitored in regular 
characteristic waves, indicating the sensing capability for 
small motion detection. To summarize, the conductive foam 
with porous structure possesses good potential in monitor-
ing human activities such as the patient’s rehabilitation and 
human–computer interaction.

The orderly arranged porous structure PAM13-Cu foam 
composed of well-constructed conductive network is a 
promising candidate for high performance EMI shielding 
material. As shown in Fig. 8a, with the raising of ELD time, 
the conductivity of PAM13-Cu displays a rapid upward 
trend due to the increased mass of Cu NPs (details listed in 
Table S2). Simultaneously, the average EMI SE in X band 
of PAM13-Cu0.5, PAM13-Cu1.0, PAM13-Cu1.5 and PAM13-
Cu2.0 foam reaches 21.74, 36.61, 61.54 and 79.09  dB, 

Fig. 5  a1-a4 SEM images of PAM13-Cu0.5 foam, b1-b4 PAM13-Cu1.0 foam, c1-c4 PAM13-Cu1.5 foam and d1-d4 PAM13-Cu2.0 foam
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respectively (Fig. 8b), while the EMI SE of PAM13 foam 
without the deposition of Cu NPs is nearly 0 dB, indicat-
ing that the little content of  Ti3C2Tx MXene has no contri-
bution on EMI shielding. To explore the underlying EMI 
shielding mechanism of PAM13-Cu foams, the  SET,  SER 
and  SEA values were calculated, respectively (Fig. 8c), and 
the typical coefficients of reflection (R), absorption (A), and 
transmission (T) were also analyzed individually (Fig. 8d). 
After the deposition of Cu NPs, R is always higher than A for 
all the PAM13-Cu foams, indicating that PAM13-Cu foams 
reflected most of incident EMWs by the impedance mis-
match with air and conduction loss. Furthermore, to effec-
tively investigate the effect of porous structure in PAM13-Cu 
foams, PAM13 foams were deposited with Cu NPs at only 
single face for 0.5, 1.0, 1.5, 2.0 h, respectively. As such, two 
models were proposed as shown in Fig. 8e: The first is the 
deposited single face as the front face to the port 1 of vector 
network analyzer (named as PAM13-S-Cu-f), and the second 
is the deposited single face as the reverse face to the port 1 

of vector network analyzer (named as PAM13-S-Cu-r). With 
the same deposition time, the average EMI SE of PAM13-
S-Cu-f foam is slightly higher than that of PAM13-S-Cu-r 
foam (Fig. 8f), and specifically, the tiny  SET advantage of 
PAM13-S-Cu-f foam owes to the high  SER (Fig. 8g), which 
is also revealed by the higher R displayed in Fig. 8h. For 
PAM13-S-Cu-f foam, EMWs were directly reflected by the 
high impedance mismatch between air and surface conduc-
tive layer. But PAM13-S-Cu-r foam with nearly similar EMI 
SE value is attributed to the higher  SEA and A. The EMWs 
across to the whole porous structures were reflected by the 
impedance mismatch between the insulating part and the 
deposited conductive layer. Moreover, the reflected EMWs 
were dissipated by the inner porous structure via the inter-
facial polarization. Moreover, the EMI shielding stability 
of PAM13-Cu foam after loading–unloading cyclic com-
pression at 50% strain for 300 cycles was investigated, and 
it can be found that the average EMI SE dropped slightly 
from 79.09 to 73.39 dB (Fig. S7), indicating the excellent 

Fig. 6  a Compressive stress–strains curve of TPU, PM, PAM7 and PAM13 foams. b-e Loading–unloading cycles of compressive stress–strain 
curves and f maximum compressive stress of PAM13-Cu0.5, PAM13-Cu1.0, PAM13-Cu1.5 and PAM13-Cu2.0 foams at 10%, 20%, 30%, 40% and 
50% strain. g Loading–unloading cycles of compressive stress–strains curves of PAM13-Cu2.0 foam for 100 cycles. h Digital pictures of PAM13-
Cu2.0 foam during the compressive process. i SEM images of PAM13-Cu2.0 foam with 0%, 20%, 30% and 50% strain
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mechanical durability of the conductive foams. The remark-
able EMI shielding performance of the PAM13-Cu foam 
is absolutely relied on the multiple structure from macro-
scale to microscale (Fig. 8i). On the macroscale, the inci-
dent EMWs were reflected immediately by the impedance 
mismatch, and then the remaining EMWs entered the inner 
of the foams and significantly attenuated by the repeated 
reflections between the top and bottom conductive layers. 
On the microscale, large amounts of microscale conductive 

porous structure extended the propagation path of EMWs 
via the internal multiple reflections [71]. The EMWs inter-
acted with high density of electron carriers in the surface of 
Cu layers, leading to the excellent conduction loss; there-
fore, the EMWs were attenuated by induced currents and 
dissipated as heat at a great extent [72, 73]. Furthermore, 
in the magnetic field, interfacial polarization was induced 
and caused charge accumulation between the heterogeneous 
interface of Cu layers and insulating parts, to significantly 

Fig. 7  a Sensitivity of PAM13-Cu2.0 foam. b Response and recover time of PAM13-Cu2.0 foam upon applied with tiny touch. c Current signal of 
PAM13-Cu2.0 foam under different compressive rate and same compressive strain of 50%. d Current signal of PAM13-Cu2.0 foam under different 
compressive strain and same compressive rate of 10 mm  min−1. e Cyclic stability performance of PAM13-Cu2.0 foam for 300 cycles (3,000 s). 
The current signal under real-time monitoring of PAM13-Cu2.0 foam on: f finger bending, g throat coughing
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increase the absorption of EMWs. On the nanometer scale, 
an aggregation of large numbers of Cu NPs on the surface of 
porous skeleton formed abundant microcapacitances to con-
sume EMWs efficiently [74, 75]. Besides, surface defects of 
Cu NPs on the porous surface also led to the attenuation of 
EMWs. In addition, owing to the surface plasmon resonance 
of Cu NPs, that is, the frequency of the incident EMWs is 
close to the plasmon resonance frequency of metallic nano-
particles, the EMWs were absorbed accordingly [76].

The dynamic mechanical properties of PAM13-Cu foams 
were further investigated as shown in Fig. 9a. Compared 
with PAM foam, PAM13-Cu foam exhibited outstanding 
higher storage modulus (387, 954, 1,887 and 2,932% incre-
ment than PAM, respectively). Results demonstrated that 

the introduction of Cu NPs as protective armor increased the 
surface roughness of PAM pore and meanwhile hindered the 
movement of polymer chains. With the further increase in 
Cu NPs content, the interface binding effect became more 
obvious, resulting in a higher storage modulus, which is con-
ducive to various promising applications under high com-
pressive conditions [77]. The comprehensive performance 
of the multi-functional foams possessed EMI shielding and 
piezoresistive sensor are compared in Fig. 9b [78–80]. It is 
obvious that PAM-Cu foams hold good promise as potentials 
in EMI shielding with high compressive strength and storage 
modulus. By comparing with other composite materials, the 
highly ordered porous PAM-Cu foams with excellent con-
ductivity exhibited the predominant advantages combined 

Fig. 8  a Relationship between conductivity and deposited Cu content. b EMI SE of PAM, PAM13-Cu0.5, PAM13-Cu1.0, PAM13-Cu1.5 and 
PAM13-Cu2.0 foam. c Average  SEA,  SER and  SET of PAM13-Cu2.0 foam. d Average R, A and T coefficients of PAM, PAM13-Cu0.5, PAM13-
Cu1.0, PAM13-Cu1.5 and PAM13-Cu2.0 foam. e Test model for PAM13-Cu foam in vector network analyzer. f EMI SE, g average  SEA,  SER and 
 SET and h average R, A and T coefficients of under different test models. i EMI shielding mechanism of PAM13-Cu foam
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with remarkable sensitivity and noteworthy EMI shielding 
performances, particularly in large compressive deformation 
applications (Fig. 9c, d).

4  Conclusions

Highly ordered PAM-Cu foams with adjustable pore size 
were successfully fabricated by using Kevlar polyanionic 
chains induced assembly via a simple NIPS process, fol-
lowed by the coating of Cu NPs layers according to the in 
situ reduction of Cu NPs using by tiny amounts of  Ti3C2Tx 
MXene as reducing agent. Benefitting from the high elas-
ticity of TPU and the orderly microscale pore structure, the 
PAM-Cu foams showed highly promising potential prop-
erties in detecting human motions, including board com-
pressive interval of 0–344.5 kPa (50% strain) with good 

sensitivity at 0.46  kPa−1, and rapid response/recovery time 
of 100 ms, respectively. Meanwhile, the PAM-Cu foams 
manifested remarkable EMI SE at 79.09 dB in X band, 
displaying outstanding absorption capacity of EMWs due 
to the well-constructed porous conductive structure. The 
well-designed PAM-Cu foams in our work with the inte-
gration of performances in piezoresistive sensing and EMI 
shielding are expected to facilitate the development of 
human–machine interfaces, artificial intelligence, flexible 
wearable electronic devices and other high-tech fields.
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