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Additive manufacturing of composites offers a potential for a new level of control over a material’s structure at the microscale.

The focus of this work is a 2-hydroxyethyl methacrylate (HEMA)–based gelation system with orderly distributed carbon

nanotubes (CNTs). CNTs undergo shear-induced alignment during printing process, and retain their orientation after the poly-

merisation of HEMA monomers, thereby, forming a nanocomposite with anisotropic mechanical and electrical properties. It is

characterised with an intensive programme of mechanical tests including quasistatic uniaxial stretching, and dynamic cyclic

loadings, as well as its four-terminal sensing of conductive characteristics. A coupling effect of mechanical and electrical

properties is also studied. The experimental findings are discussed in detail and demonstrate that the orientation of CNTs affects

both the mechanical and electrical conductive properties of the nanocomposites in terms of its ultimate strength, resistivity, and a

piezoresistive coefficient. Understanding of anisotropic electromechanical properties of printed PHEMA-CNT hydrogel nano-

composite will ultimately underpin the development of smart soft materials for diverse applications, such as biomimetic nucleus

pulposus or flexible electronics.
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1 Introduction

High water-locking capacity, excellent biocompatibility and

soft mechanical properties endow hydrogels with a great poten-

tial for biomedical applications, e.g. scaffolds in tissue engi-

neering [1, 2], substrates for cell culturing [3, 4], wound healing

[5, 6] or medical electrodes [7]. Additive manufacturing tech-

niques also known as 3D printing enable a precise control of

complex internal structures and the constructing routes by

employing their benefits of computer aid design and freeform

fabrication [8, 9]. Introduction of 3D printing techniques in

building of complex architectures of hydrogels resulted in suc-

cessful production of useful and complex biostructures, such as

multivascular networks [10] and organs [11]. Grigoryan et al.

[10] developed bioinspired alveoli, capable to pump oxygen to

the surrounding vascular network using 3D printing based on

stereolithography. Hydrogel-based architectures with complex

and controllable shape changes were reported by Wang et al.

[12]. By engraving grooves on the surface of a sample with

digital projection lithography, bending or twisting deformations

due to internal swelling resistance of the hydrogel can be

realised. Jiang et al. [1] andWang et al. [13] state in their papers

that direct ink writing (DIW) is much more suitable for fabri-

cating synthetic hydrogels because it can print multiple gel-like

materials simultaneously. The DIW technique (also called

robocasting) requires that the “ink” is high viscosity liquid, like

slurry, before its exit from a nozzle. After exiting from the

nozzle, a curing or polymerising reaction should take place

immediately to retain the shape of the exiting “ink”, thereby,
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leaving a trace of the printed material. Thanks to their

injectability and controllability, photocuring hydrogels are

promising materials for direct printable inks.

As a result of a laminar flow inside a guiding tube system,

the “ink” experiences laminated hydrodynamic shear during

the whole process of transportation. So, if the “ink” incorpo-

rates rod or fibril-like nanofillers, such hydrodynamic shear is

able to align them as the ink flows through the deposition

nozzle [14, 15] (see Fig. 1a). Based on this phenomenon, a

biomimetic hydrogel composite with anisotropic stiffness was

developed by Gladman et al. [16]. In their work, cellulose

fibrils acting as the nanofillers underwent shear-induced align-

ment during the DIW process, and retained their orientations

inside the composite after polymerisation, thus, resulting in

anisotropic mechanical properties of the composite.

In this work, a DIW-based printing technique, with the

photocuring ink, primarily consisting of 2-hydroxyethyl meth-

acrylate (HEMA), ethyleneglycol dimethacrylate (EGDMA),

tetramethylethylenediamine (TEMED), polyvinylpyrrolidone

(PVP), and carbon nanotubes (CNTs), was employed to build

hydrogel nanocomposites with anisotropic mechanical and

conductive properties resulting from the shear-induced align-

ment of the CNTs. Statistical analysis on the directive orien-

tations of the CNTs (see Fig. 1d) demonstrates that over 50%

of CNTs’ directive orientations fall in the offset range of ± 10°

from the aligning direction, thereby, experimentally verifies

the anisotropy of the CNTs in the produced hydrogel

nanocomposite. Both the mechanical and electrical properties

of the printed material samples, including mechanical charac-

teristics under conditions of quasistatic uniaxial tension and

dynamic cyclic loading, as well as electric conductivity and

piezoresistivity, are evaluated in this paper. A fraction of

CNTs embedded in the hydrogel nanocomposite, an angle

between the preferential orientation of CNTs and a loading

direction of the sample and a stretching speed (strain rate)

are taken as independent variables and intensively investigat-

ed to assess the anisotropic mechanical and electrical charac-

teristics. The data presented in this work provides a fundamen-

tal understanding of both the CNT-based fine-tuning tech-

niques and anisotropic properties of the printed hydrogel

nanocomposite.

2 Materials and methods

2.1 Materials

67.5 vol% of the monomer HEMA (purity ≥ 99%, from

Sigma-Aldrich Co. Ltd.), 30 vol% of the solvent deionised

water, 0.8 vol% of the crosslinker EGDMA (purity 98%, from

Sigma-Aldrich Co. Ltd.) and 1.7 vol% of the catalyser

TEMED (purity ≥ 99.5%, from Sigma-Aldrich Co. Ltd.) were

blended to form a homogeneous aqueous solution. 10w/v%of

stabiliser PVP (purity ≥ 99%, K value 90~100, from Sigma-

Fig. 1 a Schematic evolution of

the directive orientation of CNTs

in laminar fluid flow. The colour

represents the velocity gradient,

red for high and blue for low. The

size and the direction of arrows

represent the velocity and flowing

direction of the fluid flow,

respectively. b Definition of the

tilt angle. c SEM photograph of

the sample in this wok, proves the

alignment of the CNTs using

DIW printing process. d

Statistical analysis on the tilt

angle. Sample size for the

statistical analysis to form the bar

graph is 189



Aldrich Co. Ltd.) and nanofillers CNTs (Multi-walled carbon

nanotubes, purity ≥ 90 wt%, length 1~3 μm, from Chengdu

Organic Chemicals Co. Ltd.) in a powder form were added

into the solution. The dissolved PVP is able to thicken the

aqueous solution, thus, facilitating the uniform dispersion of

CNTs. After 24 h of stirring, the photocuring precursor in form

of suspension slurry was ready to be loaded in a syringe. The

content of CNTs herein is defined using the weight/volume

percentage (w/v%), which denotes the mass of CNTs per

100 ml of precursor.

2.2 Printing process and post-treatments

The HEMA-based DIW–printing process proposed in this

paper is schematically illustrated in Fig. 2. First, the

photocuring precursor was prepared and put into a syringe.

Ammonium persulfate solution (APS, 10 wt%, purity 98%,

from Sigma-Aldrich Co. Ltd.) acting as the initiator was then

mixed with the precursor by employing a static mixer to start

the printing process (see Fig. 2). The length of the static

mixer was determined by FEA simulation to ensure that

homogeneous mixture was formed. Simulation results can

be found in Fig. S1 in supplementary material. Finally, the

hybrid ink was extruded from the nozzle and cured with UV

light to form poly(2-hydroxyethyl methacrylate) (PHEMA).

Thanks to the shear-induced alignment of CNTs, the printing

direction dictates their local orientation. Following the pro-

grammable printing routes, samples of the hydrogel nano-

composite with tailored CNT orientations were thus built

using the DIW technique. Three representative directions of

the CNTs alignments were chosen, namely, the longitudinal

direction, the diagonal direction and the transverse direction.

The dimensions of the final samples are 40 mm in length,

10 mm in width and 0.8 mm in thickness.

The extrusion rate of the hybrid ink and the velocity of

nozzle movement should be well balanced to match the vis-

cosity of the precursor. A rheological curve of the precursor at

room temperature is shown in Fig. 2. The viscosity was mea-

sured at shear rates from 10−3 to 103 s−1; it decreased with the

increase in the shear rate. In this case, the maximum shear rate

of the hybrid ink for the whole pipe system was at the nozzle.

For a nonNewtonian fluid flowing within a pipe, the shear rate

at the inner wall is given by the Weissenberg-Rabinowitsch-

Mooney equation [17, 18]

γ̇ ¼
4Q

πr3
3nþ 1

4n

� �

; ð1Þ

where γ̇ is the shear rate, Q is the volumetric flow rate inside

the pipe, r is the internal pipe radius, and n is the flow index (n

< 1 in this case, indicating the fluid is shear-thinning). For the

optimal printing parameters developed in this work, the shear

rate was calculated as 179.26 s−1, which derives the viscosity

of the hybrid ink as 3.02 Pa s.

Although a high speed of the moving nozzle can improve

the manufacturing efficiency, it should be matched with the

extrusion rate [19, 20]. If the extrusion rate is high, excess

hybrid ink that cannot solidify in time causes overlaps of the

printed traces. On the other hand, a low extrusion rate can

cause thin and intermittent printed traces, thereby resulting

in discontinuous samples. Based on our experimental trials,

the optimal combination of printing parameters used in this

work is listed in Table 1.

After the UV curing photopolymerising reactions were

completed, the activity of the free radicals, which were re-

leased by HEMA monomer, was lost. Stable and crosslinked

polymeric chains were formed to hold the embedded CNTs

together and froze their orientations. At this stage, the gen-

eral physical state of the printed sample is hard and sticky,

Fig. 2 Schematic diagram of

DIW printing process. The

rheological curve of the precursor

was measured with a rheometer

with two coaxial parallel plates

(Ø35 mm, distance 1 mm). Angle

θ = 0°, 45° and 90° defines the

longitudinal, diagonal and

transverse samples, respectively.

Dimensions of the sample are as

follows: length = 40 mm, width =

10 mm and thickness = 0.8 mm



because the PHEMA polymeric chains are tightly entangled

with each other at microscale. To release the residual stresses

between the polymer chains and CNTs, swelling of the sam-

ples should be carried out. So, the samples were first im-

mersed into a 30 vol% ethanol aqueous solution for 4 h.

Small solvent molecules entering the material pushed the

polymeric chains apart, thereby, releasing the residual stress-

es. The concentration of ethanol was subsequently diluted by

repeatedly replacing the soak solution with deionised water.

This process not only released the internal stress but also

enabled the cleansing of the chemical residuals that remained

inside the hydrogel product.

2.3 Experimental apparatus

The DIW printing platform used in this work was based on a

modified commercial fused deposition (FDM) delta printer

(model QQ, Henan FLSUN, China). In brief, its original ex-

truder and feeding system were replaced with the adapted

mixing and injecting pipe system, connected with two inde-

pendent screw-driven syringe pumps (customised model,

Xinka electronics, China). To evenly mix the precursor and

the initiator, a static mixer with a series of twisted baffles was

employed. As the streams moved through the mixer, each set

of baffles was able to divide the incoming stream into two.

The more baffles in the mixer, the more striations of fluids

discharged from the mixer, thus, resulting in an exponential

increase in stratification [21]. In this work, the static mixer

consisting of five baffles was used, installed inside the tube

just before the nozzle.

A uniaxial mechanical testing apparatus (Model

UTM6503, SUNS Industrial Testing System Co. Ltd.,

China) equipped with 200 N of load cell (Transcell Scale

Co. Ltd., USA) was employed to conduct the uniaxial

quasistatic stretching and dynamic cyclic loading tests. Two

digital multimetres (model VC97, TASI Electronics Co. Ltd.,

China) were utilised to evaluate the electric conductivity of the

hydrogel nanocomposite, based on a four-terminal sensing

method. To figure out the electromechanical coupling proper-

ty of the nanocomposite, e.g. piezoresistivity, an electrochem-

ical workstation (Model CS310H, Wuhan CorrTest

Instruments Co. Ltd., China) associated with the SUNS

mechanical testing machine was set up. The voltage-current

curves were recorded for stretching of the samples with vari-

ous strain rates.

3 Results and discussion

3.1 Mechanical characteristics

3.1.1 Uniaxial quasi-static stretching

According to our previous research [22, 23], there is a high

likelihood that the mechanical properties of PHEMA-based

nanocomposites are viscoelastic or hyperelastic. For a typical

viscoelastic material, the phase difference between the stress

input and the strain response leads to a hysteresis, known as

dissipated energy [24–26]. Thus, the stress-strain relationship

of the material is sensitive to the loading speed or strain rate

[27, 28]. To minimise the impact of the hysteretic resilience on

the stress-strain curve, a stretching speed of 5 mm/min (cor-

responding to 0.0021 s−1 in strain rate) was used for the uni-

axial tensile test, which was low enough to consider the

stretching process as quasistatic loading.

The stress-strain curves of fully swollen PHEMA-CNT hy-

drogel nanocomposites with varied concentrations of CNTs

are demonstrated in Fig. 3a of longitudinal orientation of

CNTs with regard to the uniaxial stretching direction.

Compared with the pure PHEMA hydrogel, both PHEMA-

CNT-0.5 w/v% and PHEMA-CNT-1.0 w/v% samples show

robust mechanical properties. The elastic modulus of the ini-

tial linear region of the stress-strain curve, also known as the

Young’s modulus, distinctively increased with the increase in

the CNT content. It indicates that the content of CNTs posi-

tively altered the stiffness of the nanocomposite. It resulted

from enhanced interfacial bonds between CNTs and

PHEMA matrix or interconnections between CNTs them-

selves, e.g. π-π bonding or electrostatic interaction. With the

increase in the CNT content, the strength increased from

0.09 MPa (0 w/v%) to 0.12 MPa (0.5 w/v%) and 0.16 MPa

(0.5 w/v%), corresponding to the ultimate strain of 0.46, 0.36

and 0.31, respectively. Therefore, it reveals a tradeoff between

the ductility and the load-bearing capacity because the tough-

ness remained unchanged, although the addition of CNTs en-

hances the stiffness of the material.

The effect of preferential orientation of CNTs is shown in

Fig. 3b: the PHEMA-CNT-0.5 w/v% samples with all orien-

tations (longitudinal, diagonal and transverse) exhibited iden-

tical behaviour at small magnitudes of tensile strain (below

0.2). Theoretically, from the rheological point of view, longi-

tudinally oriented nanofillers can be considered as parallel

assembling of rod-like nanoparticles in the matrix, which

can be described with the Voigt model [29]. While transverse-

ly oriented nanofillers can be regarded as a serial assembling

Table 1 Optimal combination of printing parameters

Printing parameter Value

Nozzle diameter 0.6 mm

Layer height (distance between exit and substrate) 0.4 mm

Extrusion rate from the syringe pump (precursor) 30.41 μL/s

Extrusion rate from the syringe pump (initiator) 3.93 μL/s

Printing speed (moving speed of the nozzle) 40 mm/s



of fillers in the matrix according to the Reuss model [30]. The

overall modulus derived by these two models is given by.

Voigt model applicable for longitudinal alignmentð Þ : E ¼ fE f þ 1− fð ÞEm;

ð2Þ

Reuss model applicable for transverse alignmentð Þ : E ¼
f

E f

þ
1− f

Em

� �−1

;

ð3Þ

where Ef is the modulus of nanofillers, Em is the modulus of

matrix, and f is the volume fraction of the nanofillers. Since

identical stress-strain curves were observed at small deforma-

tion in Fig. 3b, the CNT aligned directions had an indistinct

impact on the modulus that can be attributed to a low volume

fraction of CNTs in the nanocomposites, which is calculated

as 3.45% for a PHEMA-CNT-0.5 w/v% sample. As the strain

level increased in excess of 0.2, the hydrogel nanocomposite

samples presented varying fracture behaviours. For the

PHEMA-CNT-0.5 w/v% nanocomposite, the sample with di-

agonal orientation of CNTs gave the smallest fracture stress at

0.076 MPa, while the sample with transverse CNTs orienta-

tion failed at the stress of 0.092 MPa. The sample with the

longitudinal orientation of CNTs was the strongest, with the

fracture stress of 0.117 MPa at strain of 0.351. From these

experimental observations, apparently, the directional orienta-

tion of the CNTs is able to regulate the ultimate strength of the

nanocomposite. As well known, ductile material failure is

likely to occur in the region with highest von Mises stress.

As reported in the literature [31, 32], von Mises stress is pri-

marily concentrated and stored at the interface between the

CNTs and the matrix, or the entanglement points of polymeric

chains. In the case of uniaxial stretching, the principal stress

plays a major role in stretching the sample with longitudinal

CNTs, while shear stress is responsible for bending of CNTs in

the transverse sample or debonding of CNTs from the

PHEMA matrix. For the sample with diagonal CNTs,

comparable principal and shear stresses are applied and con-

centrated at the CNTentanglements, thereby, attributing to the

maximum von Mises stress and resulting in the smallest frac-

ture stress.

3.1.2 Dynamic cyclic loading

To quantitatively evaluate the hysteresis of viscoelastic hy-

drogel nanocomposites, cyclic loading-unloading tests were

conducted. Twenty cycles of loading and unloading with two

speeds—50 mm/min and 100 mm/min—were implemented

on the PHEMA-CNT-0.5 v/w% samples with different CNT

orientations. According to the literature [33, 34], a hysteretic

loop formed by the loading and unloading stress-strain

curves can be observed in viscoelastic materials. The size

of the loop represents the energy dissipated during the cyclic

deformation. The degree of viscoelasticity (η) is defined as

the ratio of the unloading area (the area under the unloading

path) to the loading area (the area under the loading path)

[24]. Thus, the more energy dissipated during the cyclic

loading, the larger hysteretic loop can be obtained; conse-

quently, the ratio η is farther from the value 1, indicating a

larger degree of viscoelasticity. Particularly, if the ratio η

equals to 1, the mechanical property of the material can be

categorised as hyperelasticity because there is no energy dis-

sipation during the cyclic loading.

Evolution of stress-strain curves in dynamic cyclic loading

is presented in Fig. 4. No offset was observed for the cycle.

The small triangular overshoots (near the minimal and maxi-

mal strains) were caused by the inertial torque of a servomotor

when reversing its rotating speed. These triangular overshoots

have been manually neglected in calculating the size of hys-

teretic loops. In general, the loading-unloading loops coincid-

ed with each other, indicating that PHEMA-CNT hydrogel

nanocomposites had stable and fully recoverable mechanical

parameters under dynamic cyclic loading. For the same

Fig. 3 a Stress-strain curves of PHEMA hydrogel and PHEMA-CNT-

0.5/1.0 w/v% hydrogel nanocomposite samples with longitudinally

aligned CNTs. b Stress-strain curves of PHEMA-CNT-0.5 w/v%

hydrogel nanocomposites for three orientations of CNTs. Each curve is

plotted by averaging 3 groups of data. The maximal strain was set as 0.4



loading speed, the largest size of the hysteretic loop was de-

served for the longitudinal sample. The values η were calcu-

lated as 0.923 and 0.944, for Fig. 4 a and b respectively. As the

orientation angle θ increased from 0 to 90°, the size of hyster-

etic loop decreased for both loading speeds. The respective

curves for the sample with transverse aligned CNTs exhibited

the minimum size of hysteretic loops, regarding in the ratio η

of 0.997 (for Fig. 4a) and 0.998 (for Fig. 4b). In terms of the

size of the hysteretic loop, the samples with diagonal rein-

forcement fall between the “longitudinal” and “transverse”

groups. The variation of the ratio η for pure PHEMA was

confined as 0.97~0.99, because of its hyperelasticity [35].

Therefore, comparing the values of ratio η for the pure

PHEMA and the hydrogel nanocomposite samples under

loading speed of 50 and 100 mm/min shown in Fig. 4a and

b, twomain findings can be outlined: (1) the loading speed has

a limited impact on the size of hysteretic loop; (2) viscoelas-

ticity of the hydrogel nanocomposite originates from the pres-

ence of CNTs, which can be altered by their orientation.

Hence, as a brief summary of the mechanical characterisa-

tion of the PHEMA-CNT hydrogel nanocomposite, anisotrop-

ic mechanical behaviour experimentally established is a result

of the orientation of CNTs that can regulate the strength and

the degree of viscoelasticity of the material.

3.2 Electromechanical coupling

3.2.1 Electric resistivity

Electric-resistivity tests were conducted based on the four-

terminal sensing method using two digital multimetres (mod-

el VC97, TASI Electronics Co. Ltd., China), aiming to gain

quantitative understanding on the impact of orientation of

CNTs on electric conductivity. Four-terminal sensing, also

known as 4-point probes method or Kelvin sensing, is an

accurate resistance or impedance measuring technique [36].

In a simple two-point measurement, the measured resistance

includes not only that of the test sample but also that of the

test probes themselves. In four-terminal sensing, the separa-

tion of current and voltage electrodes eliminates the contri-

bution of resistance of the current leads to the measured

voltage drop, thereby, leading to an accurate resistance value

for the test sample. Four-terminal sensing was adopted in this

work because it is suitable for measuring the sheet resistance

of films [37].

The experimental setup for the electric resistivity tests is

schematically illustrated in Fig. 5a. A sheet-like printed hy-

drogel nanocomposite with anisotropic CNTs alignment

(thickness t = 0.86 mm) was placed on an insulating substrate

(glass in this study). Four electrodes were arranged in a line.

The current was applied to the surface at position 1 leaving in

position 2. Similarly, the voltage was charged between posi-

tions 3 and 4. The distances between 1 and 3 and 2 and 4 were

fixed as d13 = d24 = 4 mm in this case. During the test, four

variables were recorded including the distance between posi-

tions 3 and 4 (d34), the angle (θ), the voltage (U) and the

current (I), read from the digital multimetres. The experimen-

tal results in terms of the calculated resistance values are

depicted in Fig. 5b. As the overall trend, the resistance calcu-

lated for all orientations slightly increased with the distance

between the electrodes, when d34 ascended from 1 to 5 cm.

The largest (smallest) resistance was always identified for the

diagonal (longitudinal) orientation for each value of d34. This

difference caused by the CNT orientation became inconspic-

uous with the increase in d34. Thus, the printed hydrogel nano-

composite demonstrated anisotropic electric conductive prop-

erties, related to the orientation of CNTs. To gain further in-

formation about the contribution of orientation of CNTs to the

anisotropic properties of the hydrogel nanocomposites, cou-

pling of mechanical and electrical behaviours could provide

fundamental proofs and quantitative explanations.

3.2.2 Piezoresistivity

To investigate the coupling effect of mechanical and electrical

behaviours of the PHEMA-CNT hydrogel nanocomposites,

Fig. 4 Stress-strain curves from dynamic cyclic loading at speed of 50 mm/min (a) and 100 mm/min (b) for PHEMA-CNT-0.5 v/w% sample with

longitudinal, diagonal and transverse CNTs. The maximal strain was set as 0.2



the four-terminal sensing was combined with the uniaxial ten-

sile tests. The electrodes were clamped at the two ends of the

rectangular sample, wrapped with a plastic insulating sheet.

Grippers of the mechanical testing machine clamped the ends

of the rectangular sample outside the insulating sheet, thus,

avoiding that the mechanical testing machine formed another

conductive circuit. The levels of voltage and current were

recorded with the digital multimetres, while the corresponding

magnitudes of stress and strain were obtained with the me-

chanical testing machine. Thus, both the mechanical and the

electrical properties were recorded simultaneously.

The programme of mechanical loading consisted of 6

stages—both stretch and relaxation—with various loading

speeds. First, voltage-current data are recordedwith nomechan-

ical loading (static state). Then, the mechanical stretching was

applied with the speed of 10, 20 and 50mm/min, corresponding

to the loading stages 1, 2 and 3, with constantly recording of the

voltage-current data. After those loading stages, unloading

(relaxation) of the sample was under taken, at the speed of −

50 mm/min (negative speed denotes the reversed direction).

The unloading process was terminated when the original length

of the sample was reached, thereby leading to stage 6—static

state. The corresponding electrical recordings in terms of the

voltage-current characteristic are depicted in Fig. 6a, with the

line segments clearly signifying the 6 stages of mechanical

loading. The slope of each segment (detailed values can be

found in Table S1 in Supplementary Materials) indicates the

resistance of the sample under the corresponding loading con-

dition. With the increase of the responsive current from 0 to

2 μA, the linear voltage-current relationship demonstrates that

the resistance of the sample did not vary with the external stress

if the strain rate was constant. For the responsive current in

excess of 2 μA, the change of the slopes is apparent, especially

for the transition from stage 2 to stage 3. A drastic decrease of

the slope can be found at the starting point of the unloading

stage, corresponding to the responsive current of 3.71 μA in

Fig. 6a. When the sample reached its original length at the end

of the unloading stage, mechanical stress was fully removed.

Fig. 6 a Voltage-current characteristic of PHEMA-CNT-0.5 v/w% longi-

tudinal sample for one cycle of uniaxial loading and unloading, with

stretching speed v = 0, 10, 20, 50, − 50 mm/min. b Influence of orienta-

tion of CNTs on resistivity of sample for different stretching speeds. The

resistivity was derived based on the slope of the voltage-current curve

(∂U/∂I) and the effective dimensions of the sample (width w, thickness t,

length l). Additional data for samples with different orientations and con-

tent of CNTs can be found in Supplementary Materials

Fig. 5 a Schematic diagram of

resistivity test setup with four-

terminal sensing. b Experimental

results of resistivity tests in terms

of resistance values (the error bars

represent the standard error with

n = 5)



As expected, the slope for the final static stage (I =

5.73 μA~ultimate) were identical to that of the initial (static)

stage (I = 0~2 μA). It confidently proves that the speed of ap-

plying loads had a significant impact on the voltage-current

curves of the PHEMA-CNT hydrogel nanocomposites.

Unlike a normal piezoresistive effect with the change in elec-

trical resistance resulting from the applied external force, the

obtained experimental results demonstrated that the electrical

resistance of the PHEMA-CNT hydrogel nanocomposite was

sensitive to the loading speed instead. Thus, it can be categorised

as strain-rate-dependent piezoresistive material. The level of re-

sistivity of samples with different orientations of CNTs (i.e.

longitudinal, diagonal, transverse), is compared in Fig. 6b, for

various loading speeds. For any loading speed, the resistivity of

the nanocomposite with diagonal reinforcement was the largest.

It increased from 178 to 917 Ω·m with the loading speed 0 to

50 mm/min respectively. Distinguishable differences between

the resistivity values of the transverse and longitudinal samples

were observed, especially at the loading speed of 50 mm/min

(up to some 200 Ω·m). Compared with the resistivity of static

and loading stages, that of the unloading stagewas the lowest for

the samples with all three CNT orientations.

According to the literature [38, 39], piezoresistivity arises

from the deformation of the energy bands as a result of applied

stress. Therefore, the piezoresistivity of the hydrogel nano-

composite can be explained using the change of the energy

bandgap in the CNT networks due to external stress or applied

strain. The relationship between the energy bandgap (Egap)

and strain (ε) caused by the external stress can be given by

∂Egap

∂ε
¼ sgn 2pþ 1ð Þ � 3t0 1þ νð Þcos 3φð Þ; ð4Þ

where t0 = 2.74 eV is the constant of the carbon nanotubes, φ

is the chiral angle, ν is the Poisson’s ratio, sgn (2p + 1) is the

signum function that is used to determine the strain direction,

p = 0, 1 or − 1. This understanding provides a theoretical ex-

planation to the dependence of the resistivity on the change in

the strain rate: the large strain rate corresponding to a high

speed of loading/unloading of the sample induces drastic

changes of the energy bandgap, reducing the transmission

probability of electrons from a valence band to a conduction

band, consequently leading to a large resistivity.

To assess the dependence of the resistivity on the strain

rate, the evolution of the piezoresistive coefficient (normally

a 6 × 6 matrix [40]) was determined. In practical applications,

the equation for calculating the piezoresistive coefficient of a

thin strip under uniaxial stress can be simplified as a bidirec-

tional model, in terms of the stress components which are

parallel and perpendicular to the loading direction. The gen-

eral model can be expressed as

∆ρ

ρ
¼ ∑πij � σij; ð5Þ

where Δρ and ρ are the change in resistivity and the original

resistivity (e.g. for the static state) respectively, σij and πij are

the tensors of stress and piezoresistive coefficients, respective-

ly. Due to the weak dependence on shape and aspect ratio of

cross-sectional area, the stress components can be reduced to

the combination of the items that are parallel and transverse to

the loading direction (0 < n < 1), providing an approximate

model for assessing the sensitivity of the piezoresistivity un-

der uniaxial stress for thin strip samples:

∆ρ

ρ
≅n � πparallel � σparallel þ 1−nð Þ � πtransverse � σtransverse ; 0 < n < 1:

ð6Þ

Evolution of the piezoresistive coefficient, which is parallel

to the loading direction, is illustrated in Fig. 7. Four segments

of curves can be identified corresponding to the loading and

unloading stages. For all the magnitudes of the loading/

unloading speeds, the curves for longitudinal alignments of

CNTs demonstrate a unique behaviour: they are located above

those for other two orientations. This indicates that the hydro-

gel nanocomposite with longitudinally oriented CNTs is high-

ly sensitive to the strain change. Additionally, for some load-

ing stages, it can be found that curves for samples with diag-

onal and transverse CNTs, (i.e. red and grey curves) coincide,

e.g. at 10 mm/min loading speed. Distinct behaviours of the

samples with various orientations of CNTs were found at the

unloading stage. It is consistent with the experimental results

shown in Fig. 6b: the weak dependence of the voltage-current

characteristics on the strain rate during relaxation due to a low

band energy, thus, revealing the low level of resistivity.

The values of the calculated piezoresistive coefficient of

the PHEMA-CNT hydrogel nanocomposite in this work were

in the range from 10.28 to 851.64 MPa−1. They were signifi-

cantly greater than those for (1) CNTs adhered to pressurised

membranes, i.e. 0.8~1.7 MPa−1 [41], and (2) SU-8/SWCNT

composite, i.e. 0.004~0.008 MPa−1 [42]. This can be

Fig. 7 Correlations between piezoresistive coefficients and strain under

uniaxial loading and unloading with different speeds, for PHEMA-CNT-

0.5 v/w% longitudinal, diagonal and transverse orientations of CNTs



explained by the fact that the PHEMA-CNT hydrogel nano-

composite is a soft piezoresistive material with high ductility:

their responsive strain can reach up to 35%. Thanks to these

mechanical and electrical properties, the PHEMA-CNT hy-

drogel nanocomposite can be considered as potential and ef-

fective candidate material that integrates the functions of cush-

ioning and vibration detecting in aqueous environment.

4 Conclusions

The novelty of this work lies in that a PHEMA-based hydro-

gel nanocomposite with anisotropic mechanical and electrical

properties is fabricated with DIW printing of CNT-suspended

precursor. During the printing process, hydrodynamic shear

resulted in alignment of CNTs as the viscous suspension

flowed through the deposition nozzle, thus, forming hydrogel

product with uniform orientation of CNTs after polymerisa-

tion. Results from the quasistatic stretching tests demonstrated

that (1) the content of the embedded CNTs enhanced the stiff-

ness of the hydrogel nanocomposite, but with unchanged

toughness, and (2) the orientation of the CNTs was able to

alter the strength of the hydrogel nanocomposite.

Specifically, the samples with diagonal orientation of CNTs

exhibited the lowest fracture stress, which can be attributed to

the stress concentration on the CNTs entanglement at micro-

scale. Dynamic cyclic loading experimentally proved the vis-

coelasticity of the studied hydrogel nanocomposites.

Electromechanical properties were evaluated comprehen-

sively by coupling the uniaxial cyclic stretching and voltage-

current characterisation based on four-terminal sensing.

Experimental results demonstrated that orientation of CNTs

had an impact on the resistance and resistivity of the nano-

composite, thus, causing their anisotropic electric conductive

properties. Moreover, it was demonstrated that the resistivity

of the PHEMA-CNT hydrogel depended strongly on the load-

ing speed, (i.e. strain rate), which can be explained by the

theory of energy bandgap of CNT networks. Quantitative as-

sessment of sensitivity of the piezoresistivity and the

piezoresistive coefficient of the nanocomposites was conduct-

ed. Thanks to their fine-tuning nanostructure, which is attrib-

uted to the programmable fabrication process, the PHEMA-

CNT hydrogel nanocomposites developed in this work have a

great potential as candidates for conductive energy absorbers

in aqueous environment, such as nucleus pulposus for biomi-

metic robots.
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