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Ultrahigh compressibility has been observed in the lightweight porous carbon nanotube (CNT)-

thermoplastic polyurethane (TPU) nanocomposites prepared by the thermally induced phase

separation (TIPS) technique. The porous structure has significantly reduced the density to

approximately 0.1 g�cm�3. The nanocomposites prepared with a sonication time of 16min and a

filler content of 0.51 vol. % possess uniform CNT distribution and show the highest saturated

electrical conductivity. Furthermore, the observed CNT-dependent cell structure changes indicate

that the added CNTs favor the formation of thicker and stronger cell structure to enhance its repro-

ductivity as a piezoresistive sensor. Piezoresistive behaviors were then conducted under stepwise

and cyclic compression. The porous nanocomposites possess fast sensing capacity over a wide

strain range (up to 90%). In addition, good piezoresistive recoverability and reproducibility were

observed in the nanocomposites after stabilization by cyclic compression. This study provides a

guideline for fabricating porous electrically conductive nanocomposites as promising candidates

for the flexible, high sensitive, and stable piezoresistance sensors.VC 2016 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4939265]

Conductive polymer composites (CPCs) have been widely

used in many fields such as electromagnetic interference

shielding,1–3 sensors,4–11 electrostatic discharge protection,12,13

and self-regulated heating materials.14,15 CPCs are usually

obtained by dispersing single or hybrid conductive fillers into

an insulating polymeric matrix, and an insulator-conductor

transition was observed at the point of percolation threshold.16

Near the threshold, the CPCs can demonstrate a sharp electrical

resistance variation due to the arrangement of conductive net-

works in the polymer matrix when subjected to external stim-

uli. Recently, CPCs based strain sensors have attracted great

attentions upon the deformation of the polymeric matrix. In the

previous studies, we have conducted some research on the

response behaviors of thermoplastic polyurethane (TPU) based

CPCs to tension strain.17 As a kind of polymeric elastomer,

good flexibility of TPU matrix endows its composites an excel-

lent deformation and thus applicable over a large strain

scale.18–21 Piezoresistive behavior, defined as a resistance vari-

ation upon subjecting to an external mechanical strain or stress,

is one kind of strain sensing. Good compressibility is impera-

tively demanded for satisfactory piezoresistive sensors.

Traditional piezoresistive sensors fabricated from metal

or semiconductor are rigid and have limited small strain

ranges (less than 2%).22,23 CPCs based piezoresistive sensors

have been considered as promising alternatives due to the

good flexibility of the polymeric matrix. For example, Ku-

Herrera and Avilés fabricated carbon nanotube (CNT)-vinyl

ester nanocomposites and reported different piezoresistive

behaviors in a wide strain range (up to 10%).24 Shang et al.
produced CNT-vulcanized silicone rubber nanocomposites,

showing a piezoresistive behavior to a strain up to 50%.25

Porous conductive sponges or foams used as piezoresis-

tive sensors were also studied intensively owing to their

good mechanical flexibility and conductivity. Porous CPCs

have been considered as an alternative due to their combina-

tional lightweight, high electrical conductivity, compressibil-

ity, and flexibility.26–29 The reported approaches to fabricate

porous CPCs include salt-leaching,30,31 foaming agent,32,33

biotemplate synthesis,34 ice templating,35 and thermally

induced phase separation (TIPS). Among them, the TIPS

could fabricate porous CPCs through one simple process36

including TPU based porous nanocomposites. For example,

Jell et al. produced CNT-TPU foams. With increasing CNT

loading, the mechanical strength was significantly enhanced

for bio-application.37 Jing et al. also prepared highly porous

and interconnected porous graphene oxide (GO)/TPU nano-

composites. About 300% enhancement of compressive mod-

ulus was observed with the addition of 10% GO for

bioapplication.38 However, the piezoresistive behaviors of

porous TPU based CPCs have rarely been reported.

In the present study, lightweight porous TPU based

CPCs with different CNT loading levels prepared by using

TIPS technique were studied for piezoresistive sensing. The

effects of the CNT loading and ultrasonication time on elec-

trical conductivity were studied. The cell morphology of

CPCs with different CNT loadings was also investigated. In

addition, stepwise and cyclic compressions were adopted

separately to examine the piezoresistance behaviors of the

prepared porous CPCs.
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Polyester-based TPU (Elastollan 1185A) with a density

of 1.12 g�cm�3 and a melt flow index of 17.5 g/10min

(215 �C, 10 kg) was purchased from BASF Co. Ltd., China.

The amine functionalized multi-wall CNTs were purchased

from Chengdu Organic Chemicals, Chinese Academy of

Science. Its diameter was about 8–15 nm and length was

about 50 lm. Dioxane was purchased from Zhiyuan Reagent

Co., Ltd. Tianjin, China, and used as-received without fur-

ther treatment.

Porous CNT-TPU nanocomposites with different CNT

loading levels (0, 2, 4, 6, 8, 10, 12, and 14wt. %, correspond-

ing to volume concentrations of 0, 0.09, 0.19, 0.29, 0.40,

0.51, 0.63, and 0.75 vol. %, which were obtained using the

formula: Vc¼q�Wc/qc, where Vc and Wc are the volume

and weight fraction of CNT, respectively, qc is the true den-
sity of CNT, which is assumed to be 2.1 g/cm3, and q is the

density of the porous CNT-TPU nanocomposites) were pre-

pared by TIPS technique (Fig. 1). Briefly, CNTs were dis-

persed in dioxane by an ultrasonication instrument

(SCIENTZ-II, 285W, Ningbo Scientz Biotechnology Co.

Ltd., China) to achieve a homogenous mixture. The TPU

pellets were then dissolved in pure dioxane or CNT/dioxane

mixture under vigorously stirring at 40 �C for 30min; the

TPU concentration was fixed at 5 g TPU dissolved in 100ml

dioxane for all the solutions. Subsequently, solutions were

poured into glass tubes (diameter 20mm) with filter paper

lids and placed in a �25 �C freezer for 12 h to completely

freeze the solutions. The tubes were then transferred to a

freeze-drying vessel at �80 �C for 72 h at 8 Pa.

The morphology of the produced CNT-TPU composites

was carried out using a field emission scanning electron

microscope (FE-SEM, JEOL JSM-7500F). The samples

were immersed into liquid nitrogen for an hour and broken

quickly. The fracture surfaces were then covered with a layer

of platinum for better imaging.

Compression tests were carried out at room temperature

using a universal testing machine with a 100N load cell

(UTM2203, Shenzhen Suns Technology Stock Co. Ltd.,

China). Cylindrical porous samples (15mm in diameter and

10mm in height) were compressed with a compression strain

of 50% at a loading rate of 5mm min�1. The results are aver-

aged over at least five different foam samples.

As for the volume resistance test, the porous CPCs were

cut into cylinders (diameter of 15mm and height of 10mm)

and measured using a precision digital resistor (Model

TH2683, Changzhou Tonghui Electronics Co. Ltd., China)

under a constant voltage of 10V. For cyclic compression, all

the cylinders were sandwiched between two aluminum elec-

trodes, and silver paste was used to ensure a good contact

between electrodes and the sample. The electric resistance

upon cyclic compression was recorded using self-made

online recording device (Fig. S1 in Ref. 39).

Owing to the intriguing low electrical resistivity and

large aspect ratio, CNTs have been considered as good con-

ductive fillers for CPCs.40 However, due to the strong van

der Waals force and the tangled structure, it is hard to

achieve homogeneous dispersion of CNTs in the polymer

matrix.41 A good dispersion, critical for forming conductive

networks especially in the porous structure,42 is achieved by

ultrasonic dispersion technology.

The electrical conductivity of the porous CPCs as a

function of sonication time (Fig. 2(a)) and CNT content (Fig.

2(b)) was studied, respectively. An abrupt conductivity

increase of about 7 orders of magnitude was observed show-

ing interesting percolation behaviour with a sonication time

of 2min, Fig. 2(a), when the CNT content was fixed at 0.51

vol. %. With further increasing sonication time, the conduc-

tivity was increased gradually and tended to be stable when

the sonication time increased to 16min. Fig. 2(b) shows the

conductivity-CNT content relationship for the porous com-

posites at a fixed sonication time of 16min. The porous

CPCs become more conductive gradually with increasing

CNT content. The conductivity was increased about 10

orders of magnitude to 6.3� 10�3 S�m�1 when the CNT con-

tent was 0.51 vol. %, and no obvious increase was observed

by further increasing the CNT loading.

The porous morphologies of the porous CPCs with dif-

ferent CNT loadings were examined using FE-SEM (Figs. 3

(a)–3(c)). The interconnected cellular structure was formed

within the CNT-TPU nanocomposites, attributed to the crys-

tallization of solvent at a low temperature and the sublima-

tion of ice crystals by freeze-drying technique.37 The pore

diameter (an average size of 60 lm) is observed to be inde-

pendent of the CNT loading. The porous structure is mainly

consisted of TPU, and all nanocomposites are fabricated at

the same TPU loading. However, thicker cell wall and stron-

ger porous structure were obtained with the addition of CNT

to the nanocomposites. Two main aspects can be used to

explain this phenomenon. First, during the TIPS, polymer

phase took up more space when a higher CNT loading was

added, and a thicker cell wall was formed after the sublima-

tion of ice crystals. Second, the polymer phase still contained

some solvent, which was gradually removed during the

freeze-drying process, forming some small holes on the cell

wall due to the contraction of polymer matrix (Fig. 3(a)).

However, the addition of CNTs could effectively prevent the

contraction of polymer macromolecules due to the hindrance

effect, forming less-defect and strong cell wall (Figs. 3(b)

and 3(c)).37 Besides, the dispersion state of CNTs in the po-

rous nanocomposites containing 0.51 vol. % CNT was stud-

ied. The CNTs are observed to be distributed uniformly

throughout the cell strut with no obvious aggregation
FIG. 1. Schematic for the fabrication of porous CNT-TPU composites by

TIPS technique.
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(Figs. 3(d) and 3(e)). The observed perfect cell structure and

good dispersion of CNT in the porous nanocomposites at

0.51 vol. % CNT loading are very important for the follow-

ing observed good reproductivity and stable sensing signal

output for a piezoresistive sensor. In addition, compressive

tests were carried out and it revealed significantly increased

compression properties of the nanocomposites with increas-

ing CNT content (Fig. 3(f)). Compared with pure TPU, com-

pression strength, and modulus, the porous composites with

0.51 vol. % CNT increased by about 108% and 183%,

respectively (Fig. S2 in Ref. 39). These results were related

to the less-defect and strong porous structure of nanocompo-

sites with higher CNT content, which can help it to suffer a

greater compressive stress.

The piezoresistive behavior of the porous CNT-TPU

nanocomposites with 0.51 vol. % CNTs was studied by

observing the compression strain-dependent electrical resistance

variation. Owing to the porous structure of composites and good

flexibility of TPU matrix, the monolith is able to be compressed

to a strain as high as 90% and recovers immediately after the

external force was removed (inset of Fig. 4(a)), showing very

good flexibility and reversibility. The electrical resistance

responsivity (DR/R0¼ (R�R0)/R0, where R denotes the resist-

ance with applied pressure and R0 denotes the original resistance

without subjecting to strain) of the porous nanocomposites to

strain up to 90% at a compression rate of 5mm�min�1 was

recorded (Fig. 4(a)). The resistance was observed to decrease

monotonically with increasing strain in a wide strain range. The

decreased resistance is caused by the densification of porous

structure during the compression procedure; the CNTs exposed

on the cell strut contact or get closer to each other, resulting in a

large increase in the number of conductive network. Fig. 4(b)

presents the responsivity of the porous nanocomposites under a

stepwise application of compression strain ranging from 15% to

90% (increased by 15% for each step). The electrical resistance

variation with respect to compression strain is observed exhibit-

ing a similar tendency to the result in Fig. 4(a). However, it does

not return to its starting value and exhibits a higher value when

the applied strain is released to 0 at each step. It can be explained

as follows: when the applied strain was removed, the deforma-

tion of porous structure was recovered due to the viscoelastic

property of the TPU matrix, the contacts between neighboring

CNTs were broken, and the conductive network tended to return

to its initial state. However, the applied compression force

resulted in the destruction of imperfect cell structure (Fig. 3(a)),

causing an irreversible resistance in the compression procedure.

In addition, the resistance at the end of each step increased grad-

ually with increasing maximum compression strain (Fig. S3 in

Ref. 39), indicating that the porous nanocomposites underwent

more destruction under higher compression strain conditions.

The measurements evaluating piezoresistive behaviour

of the porous nanocomposites were performed under cyclic

compression with strain of 30%, 60%, and 90% at a strain

rate of 5mm�min�1. The electrical resistance variation for

the first 10 cycles and cycles 41–50 is shown in Fig. 5. For

all the tested samples, unlike the trend in the first cycle, the

responsivity reached a lower one compared with the starting

value at the end of each cycle during the cyclic compression

process. The result may be attributed to the reconstruction of

conductive paths during the successive compression cycle.43

Due to the hysteresis effect or even unrecoverable plastic de-

formation of TPU matrix, some of the contacts between

FIG. 2. Volume conductivity as a

function of (a) sonication time for the

porous CNT-TPU nanocomposites

with a fixed CNT loading of 0.51 vol.

% and (b) CNT content for the porous

CNT-TPU nanocomposites with a

fixed sonication time of 16min.

FIG. 3. FE-SEM images of the porous CNT-TPU nanocomposites with (a)

0, (b) 0.29, and (c) 0.51 vol. % CNT; (d) cell strut of porous nanocomposites

with 0.51 vol. % CNT; and (e) high-magnification image of (d) showing the

dispersed CNT (white dots in inset) within the TPU matrix; (f) representa-

tive compression stress-strain curves of the porous nanocomposites with dif-

ferent CNT contents.

011904-3 Liu et al. Appl. Phys. Lett. 108, 011904 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  160.36.33.186 On: Mon, 25 Apr 2016

15:58:41



neighboring CNTs could not be separated when the applied

strain was removed, leading to a better conductive paths and

lower resistance.

In addition, with the increase in the cycle number, resist-

ance response pattern (Fig. 5) and the (DR/R0)m (the value of

DR/R0 at the maximum strain during each cycle) drift to

lower ones and then tended to be constant (Fig. S4 in Ref.

39), showing good recoverability and reproducibility after

the stabilization by cyclic compression. Considering the

stress-strain curve of porous nanocomposites up to a strain of

90% as an example (Fig. S5 in Ref. 39), in the first 10 cycles,

the hysteresis effect or unrecoverable plastic deformation

increases gradually with the increase in cycle and an accu-

mulation of new conductive networks is achieved, causing

the drifting of (DR/R0)m to a lower one; it remains almost

unchanged in cycles 41–50. The drifting becomes much less

and nearly stabilized after a few cycles of treatment.

Ultrahigh compressibility has been observed in the light-

weight (density of 0.1 g�cm�3) porous CNT-TPU nanocom-

posites fabricated by the TIPS technique. Interconnected

cellular structure with an average size of 60 lm was formed

within the porous composites. The porous composites with

good conductivity (6.3� 10�3 S�m�1) were obtained when

the sonication time and filler content were fixed at 16min

and 0.51 vol. %. Furthermore, the addition of CNT was

observed to favor the formation of thicker and stronger cell

structure, beneficial to enhance its reproductivity as a piezor-

esistive sensor. Based on the electrical resistance changes

caused by the CNT contacts on the cell struts upon exposure

to external compression, the porous structure endows the

CPCs with fast sensing capacity over a large compression

strain range up to 90%. During stepwise compression, due to

the destruction of imperfect cell structure upon compression,

a higher resistance value than the initial one was obtained at

the end of each cycle. Upon cyclic compression, the porous

CNT-TPU nanocomposites show good piezoresistive recov-

erability and reproducibility after the stabilization by cyclic

compression. This study provides a guideline for the fabrica-

tion of porous electrically conductive composites utilized as

promising candidate for the flexible, high sensitive, and sta-

ble piezoresistance sensors.
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FIG. 4. (a) DR/R0 as a function of

strain up to 90% (inset: image showing

the compressibility of porous CNT-

TPU composites); (b) DR/R0 of porous

CNT-TPU nanocomposites with 0.51

vol. % CNTs under stepwise applica-

tion of compression strain ranging

from 15% to 90% (increased by 15%

for each step).

FIG. 5. DR/R0 of porous TPU nanocomposites with 0.51 vol. % CNTs under cyclic compression with a strain up to (a) 30%, (b) 60%, and (c) 90% at a strain

rate of 5mm�min�1.
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