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ABSTRACT

To date, wearable sensors are increasingly finding their way into application of

healthcare monitoring, body motion detection and so forth. A stretchable and

wearable strain senor was fabricated on the basis of commercially available

spandex/nylon fabric by the integration of conductive graphene network.

Specifically, a simple graphene oxide dip-reduce method that enabled scalable

fabrication pathway was employed. The good recovery of the graphene-coated

fabric led to consistent resistance values despite the strain applied on the fabric

and exhibited high gauge factor around 18.5 at 40.6% strain. Moreover, the

graphene-coated fabric sensor could detect human motions such as finger

bending with acceptable mechanical properties against un-coated fabrics, indi-

cating that it has huge potential in wearable sensors applications.

Introduction

Human motion monitoring is the key element for

wearable sensors for healthcare applications [1–8].

Two-dimensional (2D) conductive carbonaceous

materials such as graphene and carbon nanotube

embedded in elastomeric matrix have been suggested

as a solution [9–12]. The degree of contact between

the conductive fillers is modulated by strain exerted

to the matrix material; contact between the conduc-

tors is off/on when the material is stretched/re-

leased. However, the success of wearable sensors is

heavily dependent on the comfortableness felt by the

wearer; the monolithic structure of the aforemen-

tioned elastomeric composite poses a challenge in air

and moisture permeability, which can cause dis-

comfort for the wearer.

Monitoring the motion of joints, such as elbows,

knees, shoulders and fingers, is subject to difficulties

caused by the large amount of deformation and fast

movement. The monitoring sensor must accommo-

date a large amount of strain, with high durability to

repetitive cycles, a fast response and low creep

deformation, whereas the sensor should not obstruct

or interfere with the natural motion of the joint.
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Knitted textiles are idea vehicles for thewearable strain

sensor application due to their unique fabric structure.

The knitted structure intrinsically possesses pores

between the yarns, which can serve as moisture-per-

meating and heat-insulating component. In garments,

key stretch points such as the knees and elbows require

up to 50% stretch [13, 14]. The desired stretch can be

created by both the fibres and the fabric structure;

circular weft-knit jersey fabrics provide some stretch,

but the greatest stretch and recovery comes from the

use of highly elastic fibres such as spandex. Spandex

has been widely used in athletic wear, uniforms,

swimwear and workout clothing due to its outstand-

ing elongation and recoveryproperties. Spandexfibres

are comprised of[ 85% segmented polyurethane [15],

exhibit elongations at break of 400–700% and can

recover nearly completely from high elongations

[15, 16]. Spandexfibres are often usedwith nylonfibres

where stretch and recovery are needed [17]. Spandex

has[ 85% of its polyamide units attached directly to

two aromatic rings and has ‘‘very good’’ elastic recov-

ery from elongations up to 10%, with dry elongations

at break from 19 to 40% [15].

Although graphene-coated fabric sensors have

been attracting attention for several years, few stud-

ies have been done to investigate treatment effect

(e.g. heat, chemicals and solvents) on mechanical

properties (i.e. elongation and recovery changes) of

fabrics, especially knitted fabrics, in order to provide

a comfortable feeling for wearers [18, 19]. In this

study, we introduced a scalable pathway to convert a

conventional nylon/spandex knitted fabric into a

stretchable and conductive strain sensor for human

motion monitoring. We demonstrated the graphene-

coated fabric is capable of strain sensing with high

gauge factor (GF = 18.24 within 40.6% strain). Fur-

thermore, the as-coated fabrics were tested to moni-

tor human finger motion with slight and forceful

bending. The effect of the graphene coating on the

mechanical properties of the fabrics for potential

wearable sensor applications was also discussed.

Experimental methods

Preparation of graphene-coated fabrics

A commercial weft-knit jersey fabric (90% nylon/10%

spandex, 99.5 g m-2, 12 wales 9 26 courses cm-1)

was cut into small pieces with width by length of

5.5 9 4.5 cm2, followed by cleaning with deionized

(DI) water and isopropanol, and finally dried at 90 �C
for 10 min. The pre-cleaned fabrics were biaxially

stretched on a grid-patterned plastic base with 20%

strain for both directions. The fabric specimens were

then completely submerged in a graphene oxide (GO)

solution (4 mg mL-1, Graphenea, Spain) for 1 min

and then transferred to a convection oven at 100 �C
for 90 min to dry completely. This dip-coating pro-

cedure was repeated to obtain different mass con-

tents of GO-coated fabric specimens (1 dip, 5 dips

and 10 dips). Finally, the as-coated fabric specimens

were completely dried in oven.

After drying, the GO/fabrics were un-stretched

and reduced to graphene/fabrics using L-ascorbic

acid [20, 21]. The as-prepared GO/fabrics were

placed in an 8 mg mL-1 L-ascorbic acid (L-AA,

Sigma-Aldrich) aqueous solution and the solution

was heated up to 90 �C for 24 h. The as-prepared

graphene/fabrics pieces were rinsed with DI water

and isopropanol and then placed in the convection

oven (95 �C) to dry completely (Fig. 1).

Characterization of graphene-coated fabrics

A field emission scanning electron microscope (FE-

SEM, Zeiss Sigma) was performed to obtain further

morphological details of the as-coated fabrics. The

resistance of obtained fabrics was measured with a

digital multimeter.

The strain sensitivity of graphene/fabrics was

further tested. The sample was placed between the

external jaws of the caliper and held by two large

metal clips which were connected to a digital source

meter. The relative electrical property change was

measured by the digital source meter as the strain

sensor was stretched. As the fabrics were stretched

according to the given strain, their respective current

values were recorded. The voltage of the voltmeter

was set to 1 V.

To investigate whether the dip-and-reduce proce-

dure had detrimental effects on the mechanical

properties of the fabrics, stretch and recovery tests of

the treated fabrics were conducted using ASTM

D2594 [22]. Eight specimens, four wale-wise

(lengthwise) and four course-wise (width-wise), were

cut into 5.1 cm 9 12.7 cm specimens from the

untreated fabrics and the as-prepared

graphene/fabrics and were conditioned as outlined

in ASTM D1776 [23]. Tension was applied to each
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specimen by adding weight (214 ± 0.5 g) and hold-

ing for 30 min. The fabric stretch ratio is calculated

using Eq. 1.

% Stretch ¼ l1 � l0
l0

� 100 ð1Þ

where l0 is the initial length of testing specimen while

l1 is the length of testing specimen under loading.

The fabric growth ratio is also calculated using

Eq. 2

%Growth ¼ l2 � l0
l0

� 100 ð2Þ

where l0 is the initial length of testing specimen while

l2 is the length of testing specimen after loading

removed.

Detection of human finger motion

The graphene-coated fabric was placed vertically

along a finger pointing upwards. Two of the electrical

wires were then placed in contact with the fabric and

taped together on the finger. These wires were con-

nected to the digital source meter. The current mea-

surements versus time were recorded for each

motion. There were two types of motions that were

performed to evaluate the sensitivity of the fabric—

slight bending and the forceful bending of the finger.

The bending motion was repeated every 10 s for a

total of 120 s. After 60 s of slight bending, the fol-

lowing 60 s were carried out with forceful bending of

the finger.

Results and discussion

The low- and high-magnification SEM images of the

pristine fabric indicate that the diameter of nylon

fibre was about 10 lm and the surface of nylon fibre

was smooth, which would enhance the capillary flow

of GO dispersion through the inter-fibre area during

dip coating (wicking ability), resulting coating effec-

tiveness improvement [24]. An interconnected ultra-

thin GO network sheets were also observed from the

SEM image of 10 dips GO/fabric composite (Fig. S1).

After GO reduction, the graphene layers assembled

3D pathways on the fabrics as shown in Fig. 2b, d.

The graphene layers formed a large surface not only

over the fibres, but also making a contact with other

layers to form a network as shown in Fig. 2d [2, 3],

which significantly enhance the conductivity of as-

coated fabrics. Furthermore, it was clearly shown that

the wrinkles around the individual fibres (Fig. 2b)

were attributed to the different thermal expansions of

graphene [21, 25]. Furthermore, there was no obvious

change in reduced GO thickness with different GO

dipping cycles, but the interconnection between

individual fabrics increased by graphene bridging,

which elevated the conductivity (Fig. S2).

Figure 3 depicts the relationship between the

resistance of graphene/fabrics and GO deposition

cycles. As the number of dips increased, the con-

nectivity between graphene-coated area improved

and their thickness increased. Consequently, the

resistance of the graphene-coated fabrics decreased

from 1.37 ± 0.84 to 0.22 ± 0.02 kX with the increase

in dipping steps. The mean standard deviation (SD)

of the resistance of coated fabrics also decreased and

Figure 1 Schematics of the fabrication procedure of the graphene/fabrics.
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provided a high uniform sheet resistance over large

area. Between 1 dip and 5 dips, drastic decreases in

resistance values and their standard deviation were

observed, but the further difference observed

between 5 and 10 dips was not as dramatic as the first

1 dip and 5 dips. This indicates that percolation

between electrically conducting graphene-coated

regions was achieved within the first 5 dips.

To investigate the strain sensing performance, the

current change of graphene/fabrics was traced under

various strain loading condition. Figure 4 demon-

strates a pattern that the fabrics were stretched up to

0, 6.67, 13.3, 20.0, 26.7, 33.3 and 40.0%. The 10 dips

sample was chosen as the testing samples in this

study. Grey shadows represent the transition stage

Figure 2 SEM images of the fabric that went through a, c no treatment and b, d 10 time deposition cycles.

Figure 3 Resistance of the graphene-coated fabrics prepared with

1, 5 and 10 dips.

Figure 4 Relative current change of 10 dips sample over time for

strain of A = 0%, B = 6.67%, C = 13.3%, D = 20.0%,

E = 26.7%, F = 33.3% and G = 40.0%.
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where the fabric was in a process of stretching and

therefore can be ignored. The decrease in electrical

current values was due to an increasing distance

between graphene layers when the stain was applied

[7, 26–28]. When the distance between graphene

layers increases, it caused the overlapping area

between adjacent graphene layers to decrease, hence

the graphene layers that were acting as a bridge for

the current to flow disconnect.

The relative resistance change of 10 dips samples

was further characterized versus the applied strain

(%) to evaluate the sensitivity of the strain sensor.

Figure 5 illustrates the resistance variation (DR/Ro)

of 10 dips graphene/fabrics under tensile strain. The

slope of the resistance versus strain also increased,

respectively. The gauge factor (GF), which is the

representative parameter to evaluate the sensitivity of

the strain sensor, was evaluated by (DR/Ro)/e, where

e is the strain [1, 9]. The GF of the coated fabric was

6.33 within 6.67% strain and 18.24 within 40.6%

strain. The relatively higher GF was superior or

comparable to most of the previously published

graphene-based strain sensor [7, 26–29], which

endowed the fabric-based sensor with a controllable

combination of high sensitivity at small strain and

broad sensing range.

We further investigated the behaviours of the

strain sensor for human motion monitoring. The

fabric strain sensor was attached onto a glove to

detect the change of figure bending (Fig. 6a). When

the fabric was bent slightly, the relative resistance

change values stayed over 280% with rapid response.

Although the sensitivity fluctuated slightly while the

bending motion was forceful, they remained rela-

tively consistent throughout the tests within the

range between 460 and 540% (Fig. 6b). The high

sensitivity and good repeatability of these measure-

ments show that the graphene-coated fabrics were

able to monitor different parts of the human body

motions. It can be also noticed that this sensor was

very flexible which would enable to integrate with

textile-based wearable devices, so as to monitor body

motion. However, more experiments need to be

conducted to evaluate the long-term stability of the

fabric as a sensor.

Mechanical properties such as elongation and

recovery in both wale and course direction are the

most critical factors for knit fabrics in terms of giv-

ing excellent comfortable feeling to wearers. A

knitted structure of fabric is shown in Fig. 7a, b,

indicating both wale and course of knit structure.

Figure 7c and d shows the elongation of the

untreated fabric samples had a maximum elongation

of 253% in the wales direction, and 267% in the

courses direction. Weft-knitted fabrics often exhibit

anisotropic deformation with the course direction

typically having substantially higher stretch than the

wale direction. It was due to increased yarn slippage

within the fabric structure to accommodate the

strain [30]. The high percentage of spandex in this

fabric likely increased the amount of stretch in the

wale direction beyond what would be expected

without the spandex, enabling greater extension in

the yarn stretch step of the weft-knit deformation

[30]. The elongation and recovery of pure water and

L-AA treated samples showed less changes in both

wale and course direction compared with untreated

samples (Fig. S4). The graphene-treated fabrics

showed a marked decrease in elongation compared

to the samples without graphene saturation, and the

maximum elongation of the graphene-treated fabrics

was 124 and 121% in the wale and course directions,

respectively.

The different amount of stretch seen in the gra-

phene-treated fabrics can be attributed to several

different factors; one being the graphene physically

interfering with the fabric’s ability to stretch. The

graphene could be preventing the yarns from slid-

ing past each other to accommodate the strain, due

to its high tensile strength. Graphene is known for
Figure 5 Relative resistance change of the 10 dips of graphene-

coated fabric as a function of applied strain.
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its strong intrinsic material properties, including a

very high ultimate tensile strength of 130 GPa [31].

Moreover, the presence of graphene wrinkles may

change the texture of the fabric surface into more

rough and unrefined [32]. Due to this physical

interference, the fabrics treated with graphene

exhibited substantially less extension than the other

fabrics, and as a result, mostly recovered to their

original length (20 and 14% growth ratio in the

wale and course directions, respectively).

Figure 6 a Photography of

the fabric-based sensor

attached onto the finger for

analysis of the bending

motion, b relative resistance

change over time according to

the motion of the finger.

Figure 7 Schematic description of the fabric pattern of a wale-wise and b course-wise. Stretch and recovery performance of fabrics in

wale direction a and course direction b.
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From the stretch and recovery experiment, it was

apparent that although the fabrics lose most of their

ability to stretch after being treated with graphene,

the recovery stage shows high recovery rate, with the

values staying steady. More importantly, the gra-

phene-treated fabrics stretched beyond the required

50% for key stretch points and recovered with a

minimal amount of growth, which would enable

proper fit. Therefore, this fabrics based strain sensor

as a wearable device has great potential in the

detection of human body and health.

Conclusions

A stretchable and wearable graphene/fabric strain

sensor has been fabricated by a simple and scalable

dipping-reduce method with commercial spandex/

nylon fabrics as a starting material. The strain sensor

showed good conductivity and high GF of 18.24

within 40.6% strain, which could be ascribed to the

highly conductive graphene network and good

elongation and recovery properties of spandex/nylon

fabric. It was demonstrated successfully that the

resulting strain sensor was able to monitor human

body motion such as finger bending. The further

results showed that although the stretch and recovery

changes of the graphene-treated fabrics were

decreased in both wale and course direction and

became less pliable, it could provide a comfort-

able feeling for wearers, indicating this strain sensor

could be adapted for wearable human motion sens-

ing. In addition to high GF and good mechanical

properties, the performance repeatability of the fabric

strain sensor is also important; the repeatability will

be evaluated in the future.
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