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Abstract Graphene-based functional coatings for 
cotton textiles were realized through an easy dip-
coating procedure. Cotton fabrics were coated with 
a reduced graphene oxide (rGO) layer and then pro-
tected with a very thin polyurethane (PU) layer that 
does not affect the flexibility and the hand of the 
pristine cotton. The application of the rGO coating 
induces electrical conductivity to the fabric and the 
application of the PU phase increases the durability 
of the coatings, that show very stable surface resis-
tivity after 10 washing cycles performed at tempera-
tures up to 40  °C. Furthermore, the rGO and rGO/
PU coated fabrics show good comfort properties, 

increased thermal conductivity and breathability with 
respect to cotton. In particular, the realized coatings 
allow to confine the heat transfer in correspondence 
of a localized heating source, which is very interest-
ing for thermal therapy applications. Finally, the rGO/
PU coated fabrics present a piezoresistive behaviour 
characterized by very stable electrical response to 
applied stretching up to 50% deformation, high sensi-
tivity especially at low deformations with gauge fac-
tor values up to 11.7 and fast response time down to 
500 ms when stretched at 100 mm/min rate at 2.5% 
strain. Overall, the results demonstrate that rGO/PU 
coated fabrics are very promising wash-durable elec-
trically conductive e-textiles with improved comfort, 
enhanced thermal conductivity for possible thermal 
therapy applications, and piezoresistive properties for 
sensing applications as human motion monitoring.
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Introduction

Electrically conductive textiles have acquired signifi-
cant interest for their applicability as wearable elec-
tronic devices such as strain/pressure sensors (Kim 
et al. 2018; Zhu et al. 2021), wearable heaters (Souri 
and Bhattacharyya 2018), temperature or humidity 
sensors (Zhou et al. 2017; Zheng et al. 2022). In par-
ticular, strain and pressure sensors can be employed 
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to monitor human motion to detect physical and 
physiological activities of humans, to provide real 
time monitoring for the diagnosis of stress, for ongo-
ing health care or for correcting posture. These types 
of sensors require high sensitivity for small deforma-
tions, and it would be desirable that they have high 
stability over usury, humidity and washing cycles. At 
the same time, desirable features for wearable sen-
sors are the breathability and the flexibility of the 
substrate. Natural materials such as cotton, hemp and 
wool offer several advantageous features such as nat-
ural abundance, environmental friendliness and cost 
effectiveness. In particular, cotton is made by cellu-
lose, which is the most abundant organic compound 
on Earth, and is very favoured by its good air perme-
ability, flexibility, softness and comfort, which make 
cotton fabric comfortable and breathable to wear 
when compared to synthetic fabrics (Ren et al. 2017; 
Chen et  al. 2021). Also, cotton possesses numerous 
hydroxyl groups on the surface, which can help fin-
ishing treatment, promoting effective binding with 
active materials.

Indeed, electrically conductive fabrics are made by 
the combination of conductive materials with textiles 
and represent a widely exploited class of systems for 
application in several fields, such as sensing (Ko et al. 
2018), energy storage (Bao and Li 2012), biomedi-
cine (Eskandarian et al. 2020; Rollo et al. 2022) and 
e-textiles (Wang and Facchetti 2019). However, the 
traditional metal-inks widely used to realize conduc-
tive textiles can be toxic, expensive, non-environmen-
tally sustainable and may require high temperature 
and processing costs, all these factors severely limit-
ing their range of applications (Irimia-Vladu et  al. 
2012; Karim et al. 2019; Afroj et al. 2020). Alterna-
tive strategies to impart electrical functionality to tex-
tiles range from in-situ polymerization of conductive 
monomers (Oh et al. 1999; Dall’Acqua et al. 2006) to 
the application of conductive coatings onto the fab-
ric (Shateri-Khalilabad and Yazdanshenas 2013; De 
Falco et al. 2019b). While the former usually requires 
complex processes, expensive materials and pre-func-
tionalization of the fibers, the latter is considerably 
more versatile. Indeed, the application of functional 
layers, including nanocomposite or hybrid coatings, 
onto fabric substrates allows to significantly wid-
ening the range of functional properties that can be 
imparted to textile surfaces. Highly conductive heat-
ers, made of natural fibre-based fabrics coated with a 

simple, environmentally friendly and scalable process 
based on stir coating and dip coating were realized 
using highly conductive ink based on graphene nano-
platelets and carbon black particles (Souri and Bhat-
tacharyya 2022). Also, conductive textiles with ultra-
high resistance to rubbing and washing were realized 
with a single-walled carbon nanotubes/polyamide 
coating on cotton or PET fabrics (Zhu et  al. 2021). 
Nevertheless, to obtain high electrical conductivity 
and durability, it was necessary to apply high amount 
of nanocomposite coating (up to 40 wt% in the last 
case), and these amounts significantly affect the hand 
of the textiles and their flexibility, limiting their pos-
sible use for wearable applications. On the contrary, 
thin functional coatings would preserve the typi-
cal characteristics of the fabrics, such as their wear-
ability, high flexibility and lightness, as well as their 
breathability (Sahito et al. 2015; Yetisen et al. 2016; 
Shathi et al. 2020).

Reduction of graphene oxide (GO) is an easy way 
to obtain uniform and thin conductive coatings on a 
wide range of substrates, such as textiles (Ergoktas 
et al. 2020). GO can be applied by several techniques, 
including spray coating (Shi et al. 2015), solvent cast-
ing (Hwang et al. 2021) and dip coating (Yaghoubi-
doust and Salimi 2019). Then, reduced graphene 
oxide (rGO) can be obtained by thermal annealing 
(Castaldo et  al. 2019) or chemical treatments with 
proper reducing agents such as ascorbic acid (AA) 
(Castaldo et al. 2021) or hydrazine (Park et al. 2011). 
Chemical treatments have the advantage of preserv-
ing the carbon plane structure more efficiently than 
the thermal annealing processes, which induce the 
desorption of oxygen-containing functional groups 
from the GO planes. In particular, a combination of 
the two treatments demonstrated to be highly effi-
cient for electrical conductivity (Gao et al. 2009; Pei 
and Cheng 2012). Specifically, rGO coating are very 
appropriate for cotton textiles, since the residual oxy-
gen-containing functional groups are able to interact 
via hydrogen bonding with the hydroxyl functional 
groups of cellulose, ensuring excellent adhesion to 
the fabric (Karim et al. 2017). Also, rGO based coat-
ing are properly suitable for piezoresistive applica-
tions, being sensitive to mechanical or electrical 
stresses (Jiang et al. 2019; Hong et al. 2021).

Nevertheless, the co-presence of the required 
mechanical and electrical properties for piezoresistive 
materials, combined to high resistance to washings, 
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keeping unaltered the breathability and the hand of 
wearable textiles, is a complex issue and still few 
papers are focused on the peculiar combination of all 
these aspects (De Falco et al. 2019a; Li et al. 2019). 
Recently, an approach based on the application of a 
rGO coating followed by the deposition of an exter-
nal Ni or Cu layer by vacuum arc deposition has been 
proposed to realize cotton substrates suitable for pres-
sure sensing (Chen et  al. 2021). However, to obtain 
very low surface resistivity, the proposed method is 
based on the application of a thick rGO layer whose 
electrical conductivity is further improved by the con-
tinuous metal layer.

In this work, conductive coatings for cotton tex-
tiles were designed and realized through an easy and 
scalable process, based on GO deposition by dip-
coating, followed by eco-friendly reduction induced 
by ascorbic acid coupled to thermal treatment. In 
addition, a thin polyurethane layer was applied, with 
the objective of improving the coating durability and 
promoting enhanced piezoresistive performances. 
The coatings structure, morphology and durability 
were evaluated. Then, the realized systems were char-
acterized by evaluating their breathability and ther-
mal conductivity to assess their comfort and thermal 
properties, and by electromechanical tests, to assess 
their functionality as piezoresistive sensing textiles.

Experimental section

Materials

Cotton fabric (cotton, plain wave, weight 230  g/m2, 
thickness about 1 mm, thread density 730 yarns/m), 
purchased by a local distributor, was employed as 
substrate. Graphene oxide (GO) water dispersion 
(dry content 0.45 wt%) was obtained by Nanesa Srl 
(Arezzo, Italy). Polyurethane (PU) water dispersion 
(Idrocap 994) was purchased by Icap-Sira Srl (Parabi-
ago, Milano, Italy). Ascorbic acid (AA) and all other 
chemicals were purchased by Merck Life Science Srl 
(Milano, Italy) and used without further purification.

Coating deposition

Before coating applications, cotton fabrics were 
cleaned by immersing them in diethyl ether anhy-
drous for 10  min. Then, cotton fabrics specimens 

(about 10 × 10  cm2) were dip-coated with a GO/AA 
aqueous dispersion with a GO dry content of 0.45 
wt% and a GO:AA weight ratio 1:10. The impregna-
tion was considered completed once, after blotting 
on filter paper to remove the excess dispersion, the 
fabrics reached a constant weight gain. Then, the fab-
rics were dried at room temperature overnight. These 
samples were coded GO/AA_cotton. GO/AA_cotton 
fabrics were kept in oven at 150 °C for 2 h, in order 
to promote chemical and thermal GO reduction. After 
that, the obtained fabrics were washed with distilled 
water in order to remove AA and dried at room tem-
perature overnight. The obtained fabrics were coded 
rGO_cotton.

A further cotton specimen was impregnated with a 
0.45 wt% GO dispersion as previously described, but 
without using AA. This sample, coded GO_cotton, 
was not subjected to thermal reduction, and was used 
for comparison in Raman analysis to assess the reduc-
tion of GO to rGO.

The rGO_cotton fabrics were impregnated in three 
PU water dispersions previously diluted with distilled 
water at different dry contents, namely 0.5, 1.0 and 
2.0 wt%. The impregnations were performed similarly 
to the GO/AA impregnations. The obtained samples 
were dried at room temperature overnight and coded 
rGO_PUx_cotton, where x indicates the correspond-
ing PU dispersion dry content.

Characterization

Fourier transform infrared spectroscopy (FTIR) 
analysis was performed on cotton, rGO_cotton, rGO_
PU0.5_cotton, rGO_PU1_cotton, rGO_PU2_cotton 
and, for comparison, on a PU film obtained by cast-
ing evaporation from the PU solution. Measurements 
were performed in attenuated total reflectance (ATR) 
with a PerkinElmer Spectrum One FTIR spectrom-
eter, using a resolution of 4   cm−1 and 32 averaged 
scans.

Raman spectra were performed on cotton, rGO_
cotton, rGO_PU0.5_cotton, rGO_PU1_cotton, rGO_
PU2_cotton. Measurements were performed with 
a Horiba-Jobin Yvon Aramis Raman spectrometer 
operating with a diode laser excitation source limit-
ing at 532 nm and a grating with 1200 grooves  mm−1. 
The 180° back-scattered radiation was collected by 
an Olympus metallurgical objective (MPlan 50X, 
numerical aperture = 0.50) and with confocal and 



2670 Cellulose (2023) 30:2667–2686

1 3
Vol:. (1234567890)

slit apertures both set to 400 mm. The radiation was 
focused onto a Peltier-cooled charged-coupled device 
detector (Synapse Mod. 354,308) in the Raman-shift 
range 3500–800   cm−1. Spectral deconvolution of 
unresolved peaks was performed using the software 
Grams/8.0AI, using a Lorentzian function. By a curve 
fitting of the data, height, area, and position of the 
individual components were evaluated.

Washing tests were performed on rGO_cotton, 
rGO_PU0.5_cotton, rGO_PU1_cotton and rGO_
PU2_cotton at lab scale using a Gyrowash equip-
ment (James H. Heal & Co). The fabric samples were 
placed in the steel containers of the Gyrowash, along 
with 10 steel balls. The liquor was distilled water. The 
liquor ratio (liquor:specimen) was 150:1 vol/wt, cor-
responding to 150  mL of liquor per gram of fabric 
(De Falco et al. 2018). A total of 10 subsequent wash-
ing cycles, each lasting 45  min, were performed on 
the fabric samples. The first 5 cycles were performed 
at 20 °C (“cold” cycles), and the following 5 cycles 
were performed at 40  °C (“hot” cycles). Between 
consecutive washings, fabric samples were dried at 
room temperature.

Morphological analysis of cotton, rGO_cotton 
and rGO_PU2_cotton samples before and after the 
10 washing cycles was performed by scanning elec-
tron microscopy (SEM) using a FEI Quanta 200 FEG 
SEM in high vacuum mode. Before SEM observa-
tions, samples were mounted onto SEM stubs by 
means of carbon adhesive disks and sputter coated 
with a 5–10  nm thick Au–Pd layer. All the samples 
were observed at 10  kV acceleration voltage using 
a secondary electron detector. The rGO/PU coating 
structure on the rGO_PU2_cotton sample was also 
investigated by transmission electron microscopy 
(TEM). A small rGO_PU2_cotton specimen was 
embedded with an epoxy resin (Epoxy-Embedding 
kit 45,359, Sigma-Aldrich). Ultrathin sections of 
the embedded sample was obtained through a Leica 
UC7 ultramicrotome (nominal thickness = 130  nm) 
and collected on TEM copper grids. TEM observa-
tions were performed in bright-field mode with a FEI 
Tecnai G12 Spirit Twin microscope (LaB6 source) 
equipped with a FEI Eagle 4 k CCD camera, using an 
acceleration voltage of 120 kV.

Surface resistivity (ρS) measurements were per-
formed on cotton, GO/AA_cotton, rGO_cotton and 
rGO_PUx_cotton samples using a Keithley Elec-
trometer/High resistance meter, Model 6517A, with a 

two-point probe in alternated current, applying 100 V 
voltage. Tests were registered in triplicate; average 
results are reported. Before testing, the fabric samples 
were conditioned at 25 °C and 50% RH.

Breathability tests were performed on cot-
ton, rGO_cotton and rGO_PU2_cotton through 
the upright ASTM E96 cup standard at 25  °C and 
50% RH, in triplicate.

Thermal conductivity (λ) of cotton, rGO_cot-
ton and rGO_PU2_cotton was measured at 25 °C by 
using the multipurpose apparatus ISOMET Applied 
Precision. For each sample, λ values were measured 
on overlapped fabrics (80 mm × 80 mm lateral size) to 
reach an overall thickness of 1.5 cm, in triplicate.

Then, the heating behaviour of cotton, rGO_cot-
ton and rGO_PU2_cotton was qualitatively evalu-
ated placing the samples in contact with a localized 
heating source and analysing the sample temperature 
by an infrared thermal camera. In detail, the central 
parts of fabric samples (50  mm × 50  mm in size) 
were positioned on the square base (10 mm × 10 mm 
in size) of an aluminium parallelepiped whose oppo-
site square base was heated at 50  °C with a heat-
ing plate. The fabrics temperature was monitored 
with an infrared thermal camera (FLIR Systems, 
Thermo Vision A40M) until a plateau temperature 
was reached (about 300 s). Analysis of the collected 
images allowed to evaluate the heating rate of cotton, 
rGO_cotton and rGO_PU2_cotton in correspondence 
of the heating source (considering a circular area of 
4 mm diameter) and on areas of the fabric located at 
20 mm from the center of the heating source.

Piezoresistive properties of rGO_cotton and rGO_
PU2_cotton fabrics were evaluated by combined 
tensile tests, performed through an Instron 5564 
dynamometer, and current measurements, performed 
by a Keythley 2450 multimeter. In details, a 15 yarns-
wide fabric sample with a gauge length of 2 cm was 
mounted between two non-conductive clamps of the 
dynamometer and conductive copper tape was used 
to connect the sample extremities to the multimeter. 
Therefore, cyclic tensile tests were conducted at 
10 mm/min deformation rate, with 10 cycles at each 
deformation step. For all samples, an initial preload 
corresponding to 1 mm of deformation was imposed. 
Incremental deformation steps ranging from 2.5 to 
50% were imposed in this way: in the range 2.5—
20%, deformation was increased with a 2.5% step; 
in the range 20—30%, deformation was increased 
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with a 5% step; in the range 30%—50%, deforma-
tion was increased with a 10% step. After each step 
ranging from 5 to 40%, a 2.5% deformation step was 
repeated before passing to the next deformation step. 
Contemporarily to the tensile tests, a 3 V voltage was 
applied at the extremities of the sample and a cur-
rent measurement test was set in the two-electrode 
configuration. To further evaluate the piezoresistive 
performances of rGO_PU2_cotton, a similar test was 
performed on this sample with 100 and 50 consecu-
tive cycles at 15% and 20% deformation respectively. 
Then, the effect of the strain rate on the response and 
recovery time of rGO_PU2_cotton at variable defor-
mation was assessed repeating the 2.5% and 15% 
stretching/release cycles also at 100  mm/min; the 
response and recovery time of rGO_PU2_cotton were 
evaluated for these deformations both at 10 mm/min 
and at 100 mm/min. A durability test was performed 
by subjecting the rGO_PU2_cotton sample to 1000 
consecutive stretching/release cycles at 100 mm/min. 
The hysteresis in relative current change in response 
to deformation was evaluated for the 10th, 100th and 
1000th deformation cycles. These tests were per-
formed at 25 °C and 50% RH.

The effect of humidity on the piezoresis-
tive response of the rGO_PU2_cotton sample was 

investigated by performing electromechanical tests on 
rGO_PU2_cotton at variable water content. First, the 
rGO_PU2_cotton sample was subjected to 10 stretch-
ing cycles at 15% strain and 10 mm/min strain rate at 
room humidity (50% RH, dry cycles); then, the sam-
ple was impregnated with distilled water and the test 
was prolonged for further 10 wet cycles.

Finally, the applicability of the rGO_PU2_cotton 
system as a wearable sensor for human motion moni-
toring was qualitatively evaluated. A rGO_PU2_cot-
ton fabric (approximate size 15 × 10  cm2) was applied 
onto a high stretchable cotton sport shirt, in the posi-
tion corresponding to the right elbow. After the shirt 
was worn, the rGO_PU2_cotton was connected to the 
Keythley 2450 multimeter and, applying a 3 V volt-
age, the current was measured at different arm bend-
ing angles.

Results and discussion

Reduced graphene oxide thin coatings were obtained 
on cotton fabrics through a simple dip coating pro-
cess followed by a combined chemical-thermal reduc-
tion procedure. As shown in Fig. 1, cotton fabric was 
treated with a GO/AA dispersion by dip-coating. The 

Fig. 1  Overall scheme 
of the work, showing the 
images of cotton fabric (a), 
cotton fabric after GO/AA 
impregnation (b), rGO_cot-
ton (c) and rGO_PU2_cot-
ton before (d) and after 10 
washing cycles (e)
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dipping treatment was prolonged for about 1  min 
until, after blotting on filter paper, the fabric weight 
gain was constant, and the specimens gained about 
200% of their original weight. Then, after drying, 
the GO/AA-treated cotton substrates were subjected 
to a thermal treatment in order to obtain a combined 
chemical/thermal reduction of the graphene coating, 
and washed with distilled water to remove unreacted 
AA and AA by-products. By considering the GO 
content of the absorbed water dispersion, the applied 
rGO phase resulted 9.0 mg/g of cotton, or, expressed 
in weight per fabric surface, 2.07 g/m2.

With the objective of improving the coating dura-
bility and the piezoresistive performances of the 
fabrics, an external polyurethane layer was applied 
through a second dip-coating treatment in PU water 
dispersions at varying PU dry contents. In this case, 
the rGO-coated fabrics gained about 100% of their 
original weight. Therefore, considering the PU dry 
content of the impregnation baths, rGO_PU0.5_cot-
ton, rGO_PU1_cotton and rGO_PU2_cotton were 
coated with nominal amounts of 1.15, 2.30 and 4.60 g 
of PU per square meter of fabric, respectively. All 
the fabric samples, including that with the maximum 
amount of applied PU, rGO_PU2_cotton, did not 
show a significant change of the hand of the fabric, 
neither of its morphology, as shown in Fig. 1d for the 
sample with the highest amount of PU, rGO_PU2_
cotton. On the contrary, further increasing the dry 
content of the PU water dispersion used for the dip 
coating process led to significant modification of the 
hand of the textile with respect to pristine cotton, with 
a pronounced tactile feeling of stiffness and heaviness 
of the fabric.

The morphology of the coated cotton substrate at 
different stages of the process is illustrated in Fig. 2. 
The differences between untreated cotton and cot-
ton after GO/AA impregnation are evident. Large 
amounts of GO/AA film, pointed with yellow arrows 
in Fig.  2c, d, are deposited on the surface of cotton 
fabric, fully covering the cotton fibers. The GO/AA 
phase forms a continuous film embedding adjacent 
fibers and masking the surface of the fibers. This 
morphology is indistinguishable from that shown by 
GO/AA treated cotton after the thermal reduction 
treatment. To be noticed is that at this stage, the tex-
tile hand is highly affected by the significant amount 
of applied AA, that, being ten-fold the amount of GO, 
corresponds to about 21  g of AA per square meter 

of cotton fabric. After AA removal by washing with 
distilled water, the rGO coated fabric (rGO_cotton) 
shows a different morphology (Fig. 2e,f). The fibers 
are much more clean due to removal of the AA phase, 
and a very thin and homogenous rGO layer covers 
the cotton fibers, as evidenced by protruding plate-
lets (pointed by orange arrow in Fig. 2f), not affect-
ing significantly the morphology of the fibers. Upon 
application of the PU coating, the morphology of the 
fibers shows further peculiar features. Thin PU films 
bridging adjacent fibers can be observed (evidenced 
by green arrows in Fig. 2g,h), without masking, how-
ever, the presence of rGO platelets, evidenced with 
orange arrows, and imparting a smoother morphol-
ogy to the fibers. The uniformity of rGO and rGO/PU 
coatings on a large scale is revealed by low magnifi-
cation images shown in Figure S1.

TEM analysis was used to better investigate the 
applied rGO/PU coating. Bright field TEM images of 
rGO_PU2_cotton are reported in Fig. 2i-k. The TEM 
micrograph at lower magnification clearly shows the 
cross-section of a cotton fiber fully coated with a 
dense external layer attributed to a composite rGO/
PU coating. Indeed, progressively increasing the 
magnification, a compact PU layer is observed, whose 
overall thickness, evidenced by the green arrow in 
Fig.  2k, is in the range 40–65  nm, embedding high 
contrast platelets attributed to stacked rGO sheets.

ATR-FTIR spectra of pristine cotton and cot-
ton fabrics coated with rGO and PU are shown in 
Fig. 3a. Cotton shows the typical cellulose absorp-
tion signals: O–H stretching in the 3650–3000  cm−1 
range, O–H in-plane bending at 1335 and 
1203   cm−1, C-H stretching in the 2980–2800   cm−1 
range, C-H wagging at 1427 and 1314   cm−1, C-H 
bending at 1730 and 1360   cm−1, C-H deforma-
tion stretch at 1280   cm−1, C-O stretch in the range 
920–1060   cm−1, C–O–C asymmetric stretching at 
1104 and 1160  cm−1, and a broad peak at 1640  cm−1 
due to adsorbed water molecules (Roeges 1994; 
Chung et al. 2004). In the rGO_cotton spectrum all 
the cotton signals are still evident, due to the very 
thin nature of the rGO coating. Nevertheless, the 
presence of the rGO layer is not clearly detected, 
as rGO mainly induces a lowering of the baseline, 
more significant at lower wavenumbers. On the 
contrary, ATR-FTIR analysis was useful to confirm 
the homogeneity of the applied external PU layer. 
The spectra of the rGO_PU coated fabrics show 
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absorption bands typical of the polyurethane phase, 
such as the C = O stretching signal at 1740  cm−1, the 
aromatic C–C stretching at 1530   cm−1, the C–O–C 
stretching signal at 1243  cm−1 and the C-H bending 
at 790  cm−1 (Trovati et al. 2010). For each sample, 
the analysis of different areas of the sample does 
not show significant change of the ratio between the 
peak centred at 1243   cm−1, attributed to PU, and 
the peak centred at 1020   cm−1, attributed to cotton 
cellulose, indicating the homogenous distribution 
of the external PU coating on the rGO_cotton sur-
face. Moreover, the intensities of the PU absorption 
bands progressively increase along the series rGO_
PU0.5_cotton—rGO_PU1_cotton—rGO_PU2_cot-
ton, confirming that the increase of the dry content 
of the PU water dispersion induces an increase of 
the amount of applied PU on the fabric.

Raman spectra of GO and rGO coated fabrics 
allowed to reveal the presence of GO and its reduc-
tion after the combined chemical/thermal treatment. 
Raman spectra of cotton, GO_cotton, rGO_cotton 
and rGO_PU2_cotton fabrics are shown in Fig. 3b. 
The typical GO bands D (centred at 1350  cm−1) and 
G (centred at 1590   cm−1) are well evident in the 
fabric coated with GO. The spectrum of the rGO_
cotton sample shows an increase of the  ID/IG ratio 
from 0.85 (GO_cotton) to 0.99 (rGO_cotton), this 
phenomenon being often associated to GO reduc-
tion, ascribed to an increased degree of disorder due 
to the new defects and vacancies generated during 
the reduction process (Tuinstra and Koenig 2003). 
Also, the G band of rGO_cotton shifts to lower 
wavenumbers in comparison to GO_cotton, and 
the D’ band (centred at 1612   cm−1), associated to 

Fig. 2  SEM images of cotton (a, b), cotton impregnated with GO/AA (c, d), rGO_cotton (e, f) and rGO_PU2_cotton (g, h) fabrics; 
Bright field TEM images of rGO_PU2_cotton (i, j, k)
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disordered carbon, appears as a shoulder on G band 
(Castaldo et al. 2021). At higher wavenumbers, the 
overtone 2D band (2700  cm−1) and the D + G band 
(2900   cm−1) are partially superposed to the cotton 
absorption signals at 2750   cm−1 and 2900   cm−1. 
After the deposition of the PU layer on the rGO_
cotton fabric, the presence of rGO is still detect-
able in the Raman spectrum of rGO_PU2_cotton, 

where the typical rGO signals are partially over-
lapped with the PU absorption bands in the 
1000–1800   cm−1 region, where the bands associ-
ated to the C–N stretch (at about 1530   cm−1) and 
to the ester C = O (at about 1730  cm−1) are centred 
(Parnell et al. 2003), and in 2500–3200  cm−1region, 
where the C-H stretching band of poly(ether ure-
thanes) are located (Roohpour et al. 2009).

Fig. 3  FTIR spectra of cotton, rGO and rGO_PU coated cot-
ton fabrics and PU film (a), Raman spectra of cotton, GO, 
rGO and rGO_PU2 coated cotton fabrics (b), surface resistiv-
ity of cotton and coated fabrics (c) and surface resistivity of 

coated fabrics depending on washing cycles (d); SEM images 
of rGO_cotton (e, f) and rGO_PU2_cotton (g, h) after the 5th 
hot washing cycle
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The effect of the reduction process on the surface 
electrical resistivity of the fabric samples is shown in 
Fig. 3c. Upon GO/AA impregnation, the cotton sur-
face resistivity, ρS, passes from 4.7 ּ  1010 to 3.3 ּ  1010 
Ω/sq. Then, after the thermal treatment of the fabrics 
and AA removal, ρS decreases of four orders of mag-
nitude, down to about 1.9 ּ  106 Ω/sq. Interestingly, 
although pristine PU has a very high surface resistiv-
ity (1.6 ּ  1016 Ω/sq), its application on the surface of 
rGO_cotton does not significantly affect the electrical 
conductivity of the fabrics, irrespectively of the PU 
amount. This phenomenon can be explained consid-
ering that, once the external PU layer is applied onto 
the rGO_cotton sample, the absorption of the PU 
water dispersion by the cotton substrate induces the 
formation of a nanocomposite PU/rGO coating (see 
also Fig. 2i-k) that, containing stacked rGO platelets 
that well percolate the coating structure, keeps the 
electrical conductivity of the fabric comparable to 
that shown by the fabric coated with only rGO (De 
Falco et al. 2019b).

The washing cycles on rGO_cotton and rGO_PU 
coated fabrics did not have significant effect on the 
visual appearance of the samples, as shown in Fig. 1e 
for rGO_cotton and the sample containing the highest 
amount of PU, rGO_PU2_cotton. The effect of the 
washing cycles on the electrical properties of the 
samples was evaluated by measuring the electrical 
resistivity of the coated fabrics after 1, 3 and 5 subse-
quent washings at 20 °C (“cold” cycles) and then 
after 1, 3 and 5 subsequent washings at 40 °C (“hot” 
cycles). As shown in Fig. 3d, the surface resistivity of 
the coated samples slightly increases during the 
washings, although remaining in the same order of 
magnitude. Nevertheless, it is interesting to note that, 
on average, the samples coated with higher amount of 
PU (rGO_PU1_cotton and rGO_PU2_cotton) show 
the lowest surface resistivity values (up to 3 ּ  106 Ω/
sq), while rGO_cotton and rGO_PU0.5_cotton show 
the highest surface resistivity values, with rGO_cot-
ton reaching the maximum value of 4.8 ּ  106 Ω/sq at 
the 10th washing cycle. Hence, resistivity measure-
ments performed after multiple washings of the fab-
rics demonstrate that the external PU coating plays an 
important role in protecting the rGO percolating net-
work during washings, also in comparison to other 
protective coatings developed for conductive cotton-
based textiles (Table 1). This protective effect of the 
external PU coating was confirmed by evaluating 

SEM micrographs of rGO_cotton and rGO_PU 
coated fabrics after the washing cycles. Indeed, after 
the 5th hot washing cycle, the rGO_cotton sample 
showed detachment phenomena of rGO sheets and 
areas of cotton fibres that resulted uncoated (evi-
denced with orange arrows in Fig. 3e,f whereas an 
almost undamaged PU layer was found on rGO_PU2_
cotton (Fig. 3g,h).

Breathability of rGO_cotton and rGO_PU2_cot-
ton was evaluated to assess the comfort properties 
of the treated textiles. As already evidenced by SEM 
analysis, the rGO and rGO_PU coatings do not clog 
the woven structure of the pristine fabric. This phe-
nomenon was quantitatively confirmed as breathabil-
ity values resulted very close for all samples, from 
0.95 ± 0.05 kg/m2 d for the pristine cotton fabric, to 
1.08 ± 0.06 kg/m2 d and 1.11 ± 0.07 kg/m2 d for rGO_
cotton and rGO_PU2_cotton, respectively. Although 
not being very sizable, the slight increase of breatha-
bility registered upon coating with rGO and PU may 
be ascribed to a binding-like effect of the rGO and 
rGO/PU coatings on the cellulosic fabrics, which 
could compact the yarns constituting the woven struc-
ture, allowing a faster vapor flow.

The response to thermal solicitations of the coated 
fabrics was evaluated through thermal conductivity 
measurements combined with an infrared thermal 
camera analysis. Thermal conductivity measurements 
show higher thermal conductivity for rGO_cotton and 
rGO_PU2_cotton with respect to cotton, due to the 
presence of the rGO phase, with λ slightly increas-
ing from 0.0918 ± 0.0014  Wm−1   K−1 for cotton to 
0.0982 ± 0.0013  Wm−1   K−1 and 0.0947 ± 0.0020 
 Wm−1   K−1 for rGO_cotton and rGO_PU2_cotton, 
respectively. To be noticed is that these results are a 
measurement of the thermal conductivity of the sam-
ple either along the fabric surface, either across over-
lapped fabrics, as the analytical technique used for the 
measurement required the overlapping of several fab-
rics to reach the minimum thickness needed to obtain 
affordable measurements. This is also the reason 
of the slightly higher λ values obtained on our sam-
ples in comparison to data reported in literature for 
the surface thermal conductivity of cellulose fabrics, 
whose value depend on the grammage of the fabric 
and that range from about 0.030 to 0.088  Wm−1  K−1 
(Stanković et al. 2008; Yu et al. 2019). In our system, 
the slight decrease of λ registered for rGO_PU2_cot-
ton with respect to rGO_cotton is to be ascribed to 
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the presence of the PU phase, which partially shields 
rGO thermal conductivity. Nevertheless, rGO_PU2_
cotton still shows thermal conductivity higher than 
pristine cotton.

To better elucidate the thermal behaviour of the 
samples in the directions perpendicular and paral-
lel to the fabric surface, the heating behaviour of the 
fabrics was evaluated by an experimental setup based 
on an infrared thermal camera. IR images of sam-
ples put in direct contact with an underlying heated 
metal element (Fig. 4a) show that the pristine cotton 

fabric and the fabrics coated with rGO and with rGO/
PU present different heating behaviours. In particu-
lar, the temperature profiles collected in the central 
fabric areas (Fig. 4c), i.e. those areas in correspond-
ence of the underlying heating source, indicated by 
the blue circle in Fig.  4b, are significantly different 
for the three samples. While the recorded tempera-
ture of pristine cotton progressively increases from 
about 16.5 °C to 27.5 °C during the test, significantly 
higher temperature values are observed for rGO_cot-
ton (final temperature at 300  s = 34.8  °C). Instead, 

Fig. 4  Infrared thermal 
camera images of cot-
ton, rGO_cotton and 
rGO_PU2_cotton subjected 
to localized heating (a); 
schematic representation 
of the analysed areas of the 
samples (b); temperature 
profiles of the samples in 
correspondence of the heat-
ing source, as indicated by 
the blue area in the scheme 
b (c) and on the peripheral 
region of the samples, as 
defined by the green ring in 
the scheme b (d, e)
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rGO_PU2_cotton shows an intermediate final temper-
ature, namely 31.3 °C. These results are in agreement 
with those obtained by the above discussed thermal 
conductivity measurements, confirming that the rGO 
coating effectively enhances the thermal conductivity 
of cotton and the presence of the additional protec-
tive PU phase only reduces the thermal conductiv-
ity of the rGO/PU coating. A significantly different 
behaviour can be observed for the three samples by 
evaluating the temperature profiles measured on the 
fabric surface areas at a fixed distance (20 mm) from 
the center of the heating source (see green circumfer-
ence in Fig. 4b, d). In the analysed region, all samples 
show a comparable final temperature (about 23.8 °C) 
indicating that thermal dissipation phenomena due to 
heat exchange between the fabric and the environment 
start to prevail soon as one moves from the heating 
source. In those areas, the different thermal behav-
iour of the fabrics can be only appreciated by com-
paring the different slopes of the temperature profiles 
in the first part of the experiment (Fig. 4e), showing 
that rGO_cotton and rGO_PU2_cotton have a slightly 
higher heating rate up to about 100  s, while cotton 
shows the lowest heating rate. Overall, results show 
that rGO-coated cotton fabrics show interesting prop-
erties in terms of enhanced thermal conduction and 
possibility of confining the heat conduction through 
the fabric in correspondence of localized heating 
sources, for personal thermal management and ther-
mal therapy applications (Repon and Mikučionienė 
2021; Zhang et al. 2021).

Finally, the piezoresistive behaviour of the rGO_
cotton and rGO_PU2_cotton fabrics was evaluated by 
means of combined tensile tests and current measure-
ments. As shown in Fig. 5, when a constant differen-
tial electrical potential is set on the extremities of the 
coated fabrics and, contemporarily, a tensile stress is 
applied to the fabric, an increase in the current inten-
sity is registered for both samples. In the same config-
uration, upon release of the tensile stress, the current 
intensity decreases for both samples. This phenom-
enon is to be ascribed to the major proximity of rGO 
conductive domains achieved in the coated fabrics in 
consequence to the tensile stress. Due to the tensile 
solicitation, the fabric yarns orientated along the ten-
sile direction get closer, coming in contact with each 
other in multiple points. In this process, the conduc-
tivity of the fabric increases, while it decreased in 
response to the release of the applied strain. In both 

samples, the measured currents, in response to defor-
mations from 2.5% up to 50% applied at 10 mm/min, 
range from 1 ×  10–6 A to 3 ×  10–6 A, and the regis-
tered load reaches about 10 N.

While the mechanical behavior of the two sam-
ples is comparable, the electrical response is deeply 
influenced by the PU layer. In fact, the current regis-
tered at zero deformation  (I0) for rGO_cotton fabric 
progressively decreases with the number of defor-
mation cycles and with the increasing of the applied 
deformation, decreasing from about 1.5 μA to 1.0 μA 
(Fig. 5a-b), while for rGO_PU2_cotton  I0 is substan-
tially constant during the test, around the value of 0.5 
μA (Fig. 5c-d). This effect is to be ascribed to the fact 
that, upon stretching, the rGO coating covering the 
rGO_cotton fibers progressively loses its continuity, 
therefore inducing a decrease of the whole sample 
conductivity. Instead, the rGO_PU2 coated sample 
does not show a significant decrease of  I0 since it is 
characterized by higher elasticity, due to the polyure-
thane phase which preserves the coating integrity.

For deformations up to about 20%, both samples 
show increasing values of maximum current intensity 
 (Imax) at subsequent deformation cycles. This trend 
comes to a plateau by increasing the number of cyclic 
deformations. Indeed, the increasing  Imax for a fixed 
deformation is ascribed to the major proximity of 
conductive rGO domains, which is induced by the 
repeated approaching of neighboring coated yarns 
during cyclic tensile solicitations.  Imax reaches a pla-
teau value after a certain number of deformation 
cycles. In particular, the higher the deformation 
applied, the lower the number of cycles needed to 
reach an equilibrium current value. For example, 
rGO_PU2_cotton, solicited for 100 cycles at 15% 
deformation, reaches its  Imax plateau value at about 
the 80th cycle (Figure S2). The same sample, solic-
ited at 20% deformation, for the firsts cycle of defor-
mation shows a maximum current of about 1.2 ּ  10–6 
A, and reaches the  Imax plateau value at about 40 
cycles (Figure S2). Then, at 25% and 30% deforma-
tion, quite constant  Imax values are registered with just 
10 cycles of deformation for both rGO_cotton and 
rGO_PU2_cotton samples.

A different phenomenon is observed at higher 
deformations, namely 40% and 50%. In these cyclic 
solicitations,  Imax registered for rGO_cotton at 
the first cycle is respectively 9% and 10% higher 
than the plateau values registered in the following 
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Fig. 5  Electromechanical cyclic tests of rGO_cotton (a, b) and rGO_PU2_cotton (c, d) at 10 mm/min
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cycles, and for rGO_PU2_cotton it is about 10% 
and 14% higher than the corresponding plateau val-
ues. In this case, this behavior is to be ascribed to 
the irreversible stretching/damaging of the cotton 
fibers and therefore of the rGO coating covering the 
fibers. Subsequently to the first irreversible stretch, 
in the next deformation cycle the sample conductiv-
ity decreases to a lower value and, in the same way, 
the load registered for the sample decreases.

In general, for all ranges of deformation, a clear 
and noteworthy difference between rGO_cotton 
and rGO_PU2_cotton is represented by the extent 
of variation of between  Imax and  I0, from here 
on denominated ΔI. At all deformations tested, 
rGO_PU2_cotton shows a significantly higher vari-
ation of ΔI with respect to rGO_cotton, demon-
strating higher sensitivity in response to imposed 
deformations.

The samples electrical sensitivity to imposed 
deformations can be well displayed by the defini-
tion of the gauge factor (GF), which is an index of 
the piezoresistivity of a material and correlates the 
applied strain with the electrical resistance accord-
ing to Eq. 1:

where ΔR  (Rmax—R0) is the variation of electri-
cal resistance due to deformation,  Rmax is the resist-
ance of the sample at a fixed deformation,  R0 is the 
resistance exhibited by the material at zero defor-
mation, and ε represents the strain.

Since the electric potential difference in the 
experiment is fixed, GF can be rewritten as:

Usually, GF is a positive number, i.e. electrical 
resistance increases with applied strain increasing. 
However, for some materials, such as e-textiles, in 
which electrical resistance decreases with the align-
ment of conductive fibers toward the traction direc-
tion, GF is negative. Hence, in general, the piezore-
sistive sensitivity of the sample is directly correlated 
to the absolute value of the gauge factor (|GF|), being 
higher for higher |GF| values (Biccai et al. 2019).

(1)GF =

ΔR

R
0

ΔL

L
0

=

ΔR

R
0

�

(2)GF = −

ΔI

I
max

�

|GF| values obtained from the electromechani-
cal cyclic tests shown in Fig. 5 are higher for rGO_
PU2_cotton than for rGO_cotton at all imposed 
deformation, revealing the generally higher sensitiv-
ity of rGO_PU2_cotton for piezoresistive sensing 
applications (see Fig. 6 and Table S1). For example, 
rGO_PU2_cotton and rGO_cotton show |GF| val-
ues of 11.7 ± 0.4 and 4.7 ± 0.4, respectively, at 2.5% 
deformation, and |GF| decreases exponentially with 
increasing the deformation extent for both sam-
ples, with an asymptotic trend reaching values of 
1.74 ± 0.02 and 1.50 ± 0.01, respectively, at 50% 
deformation. In particular, rGO_PU2_cotton shows 
significantly higher sensitivity than rGO_cotton at 
lower deformations, as demonstrated by the higher 
slope of the |GF|(ɛ) curve of rGO_PU2_cotton and, 
also, rGO_PU2_cotton piezoresistive behaviour is 
characterized by higher accuracy (see  R2 in Fig. 6a), 
ensuring the strictly monotonic decrease of |GF| val-
ues with increasing the applied deformation. There-
fore, the high |GF| values of rGO_PU2_cotton dem-
onstrate high sensitivity for this sample as a strain 
sensor, also compared to literature cotton-based 
piezoresistive sensors which show much lower gauge 
factors in the same deformation range (Table 1).

Further characterization of the piezoresistive fabric 
rGO_PU2_cotton was aimed at evaluating the perfor-
mances of the rGO_PU2_cotton as a strain sensor and 
its applicability as a wearable device.

The effect of water content on the piezoresistive 
properties of the coated fabric rGO_PU2_cotton was 
evaluated through combined tensile test and current 
measurements performed on the sample at 50% RH 
and after water uptake. A higher electrical response, 
from 5.3 ּ  10–6 A in static condition  (I0) to 7.1 ּ  10–6 A 
upon stretching  (Imax), was promptly registered for the 
wet sample in comparison to the response registered 
in cycles at 50% RH. Indeed, it is reported that the 
conductivity of graphene-based materials increases 
due to the enhancement of ion conduction with 
increasing the ambient humidity (Yao et al. 2012). 
The barrier-free movement of water in graphene-
based membranes has been demonstrated by Geim 
and collegues (Nair et al. 2012), showing that water 
molecules can readily intercalate the graphene struc-
tures. The effect of such intercalated water molecules 
is reflected on the proton conductivity of graphene 
oxide and reduced graphene oxide films (Ghosh et al. 
2015). However, once subjected to the cyclic tensile 
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test, the rGO_PU2_cotton sample showed a compara-
ble cyclic response as the sample tested at 50% RH, 
with the conductivity of the fabric increasing in 
response to the applied strain and decreasing in 
response to the release of the applied strain, and with 
a comparable relative current change (Fig. 6b). A 

slight reduction of  I0 over the repeated cycles is 
ascribed to the progressive water evaporation from 
the fabric over time.

The response and recovery times of rGO_PU2_
cotton to stretching and releasing were evaluated at 
different strains and at different deformation rates, 

Fig. 6  Gauge factors 
values for rGO_cotton and 
rGO_PU2_cotton, with 
dotted fitting curves, related 
to electromechanical tests 
performed at 10 mm/min 
strain rate (a); electrome-
chanical cyclic tests on 
rGO_PU2_cotton stretched 
at 15% strain and 10 mm/
min strain rate, evaluated 
at 50% RH and 100% RH 
(b); response and recovery 
time of rGO_PU2_cotton 
stretched at 2.5% and 15% 
strain, 10 mm/min and 
100 mm/min strain rate (c); 
rGO_PU2_cotton durability 
over 1000 stretch/release 
cycles at 2.5% strain and 
100 mm/min strain rate 
(d); hysteresis curves of 
the 10th, 100th and 1000th 
stretch/release cycles cor-
responding to panel d (e)
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i.e. 2.5% and 15% strain, 10  mm/min and 100  mm/
min strain rate. As expected, the response and recov-
ery times are smaller when the fabric is stretched 
at higher strain rate. As shown in Fig. 6c, when the 
tensile deformations are applied at 10  mm/min, the 
response and release times of the sensor range from 
2.86 to 18.28  s, while when the deformations are 
applied at higher rate, i.e. 100 mm/min, the response 
and release times significantly diminish, being in 
the range 330  ms–2.06  s. The fast response time of 
rGO_PU2_cotton at 100  mm/min strain rate is very 
relevant for applications of human body motion mon-
itoring, and results to be in the range of rGO/metal 
ions coated cotton fabrics (Chen et al. 2021) (Table 1) 
and silver-coated nylon weft-knitted sensors (Li 
et al. 2021). Also, it is worth to notice that different 
strain rates have little effect on the relative electrical 
response of rGO_PU2_cotton, with  Imax/I0 decreasing 
of only 10% and 20% at 2.5% and 15% strain, respec-
tively, with increasing the strain rate from 10 mm/min 
to 100 mm/min, which is appropriate to obtain a reli-
able response of the sensor.

The stability of rGO_PU2_cotton subjected 
to 1000 stretch-release cycles at 2.5% strain and 
100 mm/min strain rate is shown in Fig. 6d. After a 
transient period in which the sensor reaches its pla-
teau value, rGO_PU2_cotton reaches stable values 
of  Imax and  I0, exhibiting high stability and low hys-
teresis (Fig.  6e). More importantly, the relative cur-
rent (ΔI/I0) variation over the 1000 strain and release 

cycles is very low, as demonstrated by the similar 
trend of the 10th, 100th and 1000th hysteresis loops. 
Therefore, the multiple stretches do not destroy the 
functional coating developed in the rGO_PU2_cot-
ton sensor and do not affect its repeatable response to 
stretching/releasing deformations.

The applicability of the rGO_PU2_cotton as a 
wearable sensor for human motion monitoring is 
shown in Fig. 7, where the coated fabric is shown 
applied to the motion of an arm. As the arm is straight 
and the sensor is at the release state, the current meas-
ured is around a value of 2.5 ּ  10–6 A (Fig. 7a); as the 
elbow is bent over so that the fabric is bent at 45°, 90° 
or 135° the current measured quickly rises to the 
higher values of 3.5 ּ  10–6 A, 6 ּ  10–6 A and 7.5 ּ  10–6 
A, thus allowing to detect the movement entity, upon 
a proper calibration of the sensor.

Conclusions

In this work, reduced graphene oxide/polyurethane 
coatings were applied on cotton fabrics. Results show 
that all fabrics coated with very low amount of rGO 
and PU (2.07 g/m2 and up to 4.60 g/m2, respectively) 
are characterized by four orders of magnitude reduced 
surface resistivity with respect to the pristine cot-
ton. All coated fabrics show limited changes of sur-
face resistivity upon both cold and hot subsequent 
washings, and in particular, rGO_PU2_cotton is 

Fig. 7  Application of rGO_PU2_cotton as a wearable strain sensor, showing the electrical response of the sensor at release (a) and 
subjected to strain due to motion of an arm which induces the deformation of the piezoresistive fabric at 45° (b), 90° (c) and 135° (d)
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characterized by the least variation of surface resistiv-
ity, demonstrating that the PU phase plays an impor-
tant role in protecting the rGO coating during wash-
ing. Moreover, rGO_cotton and rGO_PU2_cotton 
show increased breathability and thermal conductiv-
ity with respect to cotton, demonstrating good com-
fort properties for wearable applications and good 
potentiality for personal thermal management. In 
particular, the evaluation of the thermal behaviour of 
the fabrics in the directions perpendicular and parallel 
to the fabric surface through infrared camera analy-
sis indicated that the developed coatings are able to 
confine the heat conduction through the fabric in cor-
respondence of localized heating sources, which is a 
useful property for thermal therapy applications.

Both rGO_cotton and rGO_PU2_cotton present a 
variable electrical response when subjected to defor-
mation and, in particular, rGO_PU2_cotton shows 
a very stable signal in response to applied tensile 
stretching from 2.5% to 50%. rGO_PU2_cotton shows 
high sensitivity at lower deformations, with gauge 
factor values showing a precise exponential correla-
tion to the applied deformation in all the investigated 
range. rGO_PU2_cotton is sensitive to the presence 
of humidity, showing an increased conductivity in 
wet conditions, but showing a steady piezoresis-
tive response to stretch/release cycles, appropriate 
to obtain a reliable response of the sensor. Tested 
at 100  mm/min strain rate, rGO_PU2_cotton exhib-
its fast response to deformation, with response and 
recovery times of 500  ms and 330  ms, respectively. 
The durability up to 1000 deformation cycles at 
100  mm/min strain rate was demonstrate by cyclic 
strain/release tests which showed limited hysteresis.

Finally, in comparison to other treatments reported 
in literature, the developed coatings induce a neg-
ligible effect on the hand of the fabrics, with flex-
ibility and wearability comparable to pristine cotton. 
Therefore, the overall results demonstrate that the 
developed rGO/PU coatings represent very promis-
ing wash-durable coatings for the realization of elec-
trically conductive smart fabrics and e-textiles with 
improved comfort and enhanced thermal conductivity 
for possible thermal therapy applications, and pie-
zoresistive properties for sensing applications, such 
as human motion monitoring.
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