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Small and light strain sensors based on graphene coated human 

hairs† 

Wenjing Yuan, Qinqin Zhou, Yingru Li and Gaoquan Shi*

We report an efficient and cheap strategy to construct strain 

sensors by assembling reduced graphene oxide (rGO) sheets onto 

human hairs. These sensors are small, light and robust, and can be 

shaped into different structures such as fibre, spring and network. 

They can be used to detect various deformations including 

stretching, bending and compression with excellent repeatability 

and durability. 

Introduction 

Strain sensors can be used to detect the deformations or 

structural changes occurring in human bodies or in 

surroundings.1−10 They are usually constructed by the 

composites of deformable conducting materials and flexible 

elastomers.11, 12 Metallic films coated elastomeric substrates can 

accommodate strains by forming fractures13 or buckling,14 but 

they are limited to sensing small strains (<5%) because of their 

poor mechanical stabilities at high strains.10, 11 Thus, 

nanomaterials have been widely explored to improve the 

performances of strain sensors.12, 15, 16 Among them, graphene 

films have recently attracted intensive attentions, mainly due to 

their excellent electrical and mechanical properties. 

Furthermore, the unique atom-thick two-dimensional structure 

also makes graphene sheet easily deforms in the direction 

normal to its surface, providing it with good flexibility.17−20 

On the other hand, human hair is a mechanically strong fibre 

with excellent flexibility. It can also be shaped into different 

structures by perming. Human hair comprises α-keratin, 

containing around 15−16 wt% nitrogen and 4.5−5.5 wt% 

sulfur;21, 22 thus its surface have a large amount of functional 

groups for bonding or assembling electrically conductive 

components. Furthermore, a human hair has a diameter around 

70 µm with very small weight. Thus, it is a promising elastic 

substrate for making ultrasmall and ultralight strain sensors. In 

this paper, we report the fabrication of strain sensors by 

assembling rGO sheets onto human hairs. These sensors are 

cheap, robust and sensitive. They are also light and small, 

making them comfortable with human body. Human hairs are 

abundant and sustainable;23, 24 thus these strain sensors are 

readily scalable for practical applications.  

Experimental section 

Synthesis of graphene oxide (GO). GO was prepared by 

oxidation of natural graphite powder (325 mesh) according to 

the literature.25, 26 The details are described as follows. Graphite 

flakes (1 g) were dispersed in concentrated sulfuric acid (24 

mL), and the temperature of reaction system was kept to be 

around 0 oC by ice bath. Then potassium permanganate (3.0 g) 

was added and stirred for 16 h. Successively, diluted sulphuric 

acid (20 mL, 10%) was continuously added to the reaction 

mixture for over 2 h, then 60 mL water was added slowly for 

over 6 h. The reaction mixture was poured onto ice (500 mL) 

and hydrogen peroxide (20 mL, 3%) was added dropwisely 

until gas evolution was finished. The mixture was filtered and 

washed with 1:10 (by volume) HCl aqueous solution to remove 

metal ions followed by washing with water to remove the acid. 

The resulting cake was dried in air and diluted to form a GO 

aqueous dispersion (0.5% w/w). Finally, it was purified by 

dialysis for one or two weeks to remove the remaining 

impurities. The as-obtained GO dispersion was diluted to 0.35 

mg mL−1 for use.  

Perming of hair. We used our own healthy hairs cut by a pair 

of scissors for the experiments. These hairs were rinsed by 

deionized water, ethanol, and deionized water successively, and 

then dried in air. Then, a hair was twined onto a plastic stick 

(diameter = 1 mm) and immersed into the softener (Swarovski 

Chloe) for 30 min. After rinsing with deionized water for three 

times and dried, hair together with the plastic stick was 

immersed into the fixing lotion (Swarovski Chloe) for another 

30 min. Then, rinsed with water and dried, the curled hair was 

released from the stick, forming a spring structure.  

Self-assembly of rGO sheets. A clean straight or spring shaped 

hair was immersed into the aqueous solution of positively 
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charged poly (dimethyl diallyl ammonium chloride) (PDDA, 2 

wt %) for 1 h. After being washed with deionized water twice 

and dried in air, the modified hair was immersed into GO 

solution (0.35 mg mL−1) for 10 min, and air dried. Then the 

GO/straight hair composite was soaked in hydrazine solution 

(60%) for 16 h to reduce its GO component. In the case of 

using spring-shaped sample, GO solution was adsorbed into the 

intervals between hair screws because of capillary force. The 

assembled structure was immersed into ascorbic acid solution 

(10 mg mL−1) and kept at 70 oC for 2 h. Porous and wrinkled 

rGO coating was formed on the surface of hair spring after 

reduction. The rGO coated linear and spring-shaped hairs are 

nominated as rGO-l-hair and rGO-sp-hair.  

Characterizations 

Raman spectra were recorded on a HORIBA Jobin Yvon HR 

Evolution spectrometer with He–Ne 532 nm laser excitation in 

the range of 50–2000 cm–1. Scanning electron micrographs 

were taken out by using a Zeiss 1540 EsB field emission 

scanning electron microscope (FESEM). For strain sensing 

tests, rGO-l-hair or rGO-sp-hair was connected to copper wires 

partly sealed in polydimethylsiloxane elastomer (Sylgard 184 

from Dow Corning). The copper wires were connected to an 

electrochemical analyzer (CHI 760D potentiostat-galvanostat, 

CH Instruments Inc.) for measuring current responses. 

Repetitive and consecutive strains were applied by a Instron 

3342 universal testing machine. The sensitivity of the sensor 

was monitored by applying a constant bias voltage of 0.5 V on 

the sensor and recording the conductance change upon applying 

a given strain.  

Results and Discussion 

The shapes, sizes and weights of rGO coated hairs are nearly 

identical to those of clean hairs because of their ultrathin 

graphene layers (Fig. 1a, b).  Scanning electron microscope 

(SEM) image indicates that the hairs used by us have an 

average diameter of 65 µm and their surfaces have a squamose 

microstructure (Fig. 1c). The surface of a rGO coated straight 

hair shows the wrinkles of rGO sheets (Fig. 1d). The Raman 

spectrum of this rGO-l-hair also confirms the successful coating 

of rGO sheets (Fig. S1†). This spectrum displays a D-band at 

1337 cm−1 and a G-band at 1593 cm−1. The G-band is attributed 

to the first-order scattering of the E2g mode. The D-band is 

associated with the structural defects related to the partially 

disordered structures of graphitic domains or created by the 

attachments of functional groups on the carbon basal plane.27, 28 

The formation of rGO coating has also be confirmed by X-ray 

photoelectron spectra (XPS, Fig. S2†). The C1s XPS spectrum 

of GO, hydrazine reduced GO on rGO-l-hair, or ascorbic acid 

reduced GO on rGO-sp-hair shows four types of carbon atoms: 

C=C (284.6 eV), C–O (286.6 eV),  C=O (287.8 eV), and HO-

C=O (288.9 eV).29, 30 The peak intensity of oxygen-containing 

functional groups of GO was greatly decreased after chemical 

reduction. Actually, the C/O atomic ratio was increased from 

2.38 for GO to 3.86 for hydrazine reduced GO or to 4.99 for 

ascorbic acid treated GO. The surface of rGO-sp-hair  

 
Fig. 1 (a, b) Photographs of an rGO-l-hair (a) and an rGO-sp-hair 

(b). (c, d) SEM images of a clean straight human hair before (c) and 

after (d) coating with rGO sheets. (e) SEM image of the spring-

shaped hair coated with rGO sheets. 

exhibits  a morphology of wrinkled rGO coating with 

microsized cracks (Fig. 1e).  This is mainly due to that the hair 

spring can load rGO dispersion between their neighbouring 

screws, forming cracks during drying because of volume 

contraction. An rGO coated straight hair (rGO-l-hair) can be 

elongated for about 30% before breaking (Fig. 2a). Upon 

applying a constant electrical voltage, the current flowing 

through rGO-l-hair decreases gradually with the increase of 

strain (Fig. 2b) because of the increase in its resistance. The 

force-strain curve has an elastic initial region with strains less 

than 5%. In this region, the current decreases linearly with  

 

Fig. 2 (a) Force-strain curve of an rGO-l-hair composite. (b) 
Current-strain curve of an rGO-l-hair sensor. (c) Plot of response 
versus time for an rGO-l-hair sensor at a strain of 1%, 2%, 3% 4% or 
5% (from left to right). (d) Plot of the response of an rGO-l-hair 
sensor versus strain. 
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Fig. 3 (a) SEM image of an rGO-s-hair fibre in its original state. (b) 

SEM image of an rGO-l-hair fibre after stretching to break. 

strain. Therefore, the sensitivity of strain sensing (S) can be 

evaluated by using the equation of S = △I/I0 ×100%, where △I 

is the change in current, I0 is the current of the sensor before 

stretching. It exhibits a linear relationship between △I/I0 and 

applied strain, leading to a gauge factor (GF = (△I/I0)/ε) of 

4.46 (Fig. 2c and 2d). In order to explain the electrical response 

of the rGO-l-hair sensor during stretching tests, its surface 

morphological changes induced by stretching were examined. 

The surface of rGO-l-hair is uniform with rGO wrinkles in its 

original state (Fig. 3a). However, the rGO layer showed cracks 

upon stretching (Fig. 3b), making the resistance of the sensor 

increases with strains. At small strains, these cracks can be 

healed by unloading the stretching force. However, at large 

strains (close to the failure strain of hair), large cracks cannot 

be healed after unloading (Fig. 3b). It should be noted here that 

the sensors made from the hairs of two different persons or 

tested under ambient environment with different humidity 

showed nearly the same performances.  

The performances of the strain sensors have also been 

applied to detect bending deformations. The rGO-l-hair sensor 

responded to bending deformation rapidly and the current also 

recovered to its original value after releasing from its bending 

state (Fig. 4a). More importantly, the sensing device exhibited 

excellent signal repeatability in each bending state. The current 

variation decreases with increasing bending radian, and the 

relative change in current at 0.8, 1.15, 2.05 and 3.2 cm bending 

radians were measured to be 11.9%, 10.4 %, 8.9% and 4.4%, 

respectively (Fig. 4b, and Fig. S3†). Accordingly, the sensing 

response has a linear relationship with bending radian (S% = 

−2.982R + 14.268, where R is the bending radian). The bending  

 
Fig. 4 (a) Current variation of an rGO-l-hair sensor upon bending to 

a radian of 1.15 cm for five cycles. (b) Current variation of an rGO-

l-hair sensor as a function of bending radians. 

of an rGO-l-hair induced additional contacts among 

neighbouring conductive rGO sheets at the inner side of the 

fibre, decreasing the contact resistances in rGO coating layer. 

Human hair is a flexible substrate, its disulfur bonds can be 

reversibly broken and connected by redox reactions, making its 

shape can be remodelled. We fabricated an rGO coated hair 

spring (rGO-sp-hair) for compression detection. The 

performance of this sensor upon applying a force of 50 N for 

seven continuous cycles is shown in Fig. 5a. A constant current 

change response of 25 % was recorded. The weakest force that 

can be detected by this sensor was measured to be about 3 N 

(Fig. S4†). We performed a cycling test by repeatedly loading 

and unloading force. The output signals kept as a constant value 

upon loading, and the current returned to the baseline upon 

unloading the force. The relationship between relative current 

variation and applied force is plotted in Fig. 5b. This plot can 

be divided into two regions. In the low force region (3−50 N), 

the slope (S/F) was calculated to be 0.49 %/N. A higher force 

(> 50 N) caused partial saturation; thus the current response 

distorted from linearity. To further verify the durability of the 

strain sensor, a 400-cycle test was carried out by applying 10 N 

force. The baseline current showed a small drift (<5%) upon 

increasing the number of compression. This drift is mainly 

attributed to the thermal effect during the measurement. 

Nevertheless, the absolute current variation induced by the 

compression force was kept as a constant throughout the test 

(Fig. 5c), reflecting the performance of this device is 

repeatable. The current increase of the sensor upon 

compression is attributed to the enhanced contact between 

conductive rGO sheets. Unloading the force made the spring-

shaped sensor 

Fig. 5 (a) Current responses of an rGO-sp-hair sensor recorded during seven cycles of alternative compression and releasing. (b) Current 

variation of an rGO-sp-hair sensor as a function of compression force. (c) Current changes recorded during the process of compressing the 
sensor by a 10 N force for 400 loading/unloading cycles; the inset shows the zoomed in performance.  
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Fig. 6 (a, b) Photographs of a strain sensor fixed on an index finger 

in relaxing (a) and bending (b) state. (c) Schematic illustration of a 5 

× 5 array network of rGO-l-hair fibres as an on-off pressure sensor. 

(d) The current–time response curve of an rGO-l-hair sensor that was 

fixed on an index finger upon different bending and releasing 

motions. (e) The current–time response curve of the 5 × 5 array 

network of rGO-l-hair fibres upon gentle finger touching. 

recovered to its original shape, reducing the amount of rGO 

contacts and decreasing the current of the sensor at a constant 

applied voltage.  

It is now widely accepted that environmentally benign 

devices is very important for future applications in daily life for 

health monitoring and entertainment purposes. We tested these 

hair-based sensors on human body to demonstrate the potential 

uses in wearable electronics. We mounted an rGO-l-hair sensor 

on the rubber glove encapsulating a finger (Fig. 6a). When 

bending the finger, the strain of finger was adopted by the glove 

layer and then, propagated to the rGO-l-hair sensor. In each 

bending-unbending motion, the finger bent to the same angle 

(about 60° as shown in Fig. 6b) in every cycle held for 20−30 s, 

and then released. This sensor responded to the motion of the 

finger rapidly and the current recovered to the original value at 

every bending-releasing motion. Moreover, the strain sensor 

performed perfectly upon repeated bending and straightening of 

the finger, showing good durability. The current responses were 

measured to be in the range of 10% to 14% (Fig. 6d). The rGO-

l-hair is flexible and mechanically strong; thus it can be woven 

to different structures. For example, a 5 × 5 array network of 

rGO-l-hair was constructed and adhered onto the PDMS 

substrate by conductive tapes. We connected one end of the 

horizontal fibres and one end of the vertical fibres to conductive 

copper fibres (Fig. 6c). Then the network can be performed as 

an on-off pressure sensor. The baseline current of this network 

was measured to be zero. Applying a gentle finger touching on 

the fibre network, we can observe an immediate current 

increase. By repeatedly pressing down onto the strain sensor 

using a finger with an approximate pressure of 2 kPa, a current 

change from 0 to 0.08 µA was observed (Fig. 6e). This network 

responds to pressure rapidly and sensitively. 

 

Conclusion  

We developed prototype strain sensors based on rGO coated 

hairs. These sensors can detect stretching, bending and 

compression deformations. They have excellent mechanical 

stability and repeatability, while their sensitivities are moderate. 

The technique of fabricating sensors is convenient, cheap, eco-

friendly and facile to be scaled up. A sensor is extremely small 

and light, like a human hair. Furthermore, human hair is an 

extra organismic material from self-origin. Thus, it will free 

from the allergic reaction if the hair is obtained from the person 

to whom the sensor will be implanted. Thus, this work will 

inspire the development of strain sensors based on human hairs 

for various practical applications. 
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