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a  b  s  t  r  a  c  t

We  report  a textile-infused  sensor  array,  utilizing  reduced  graphene  oxide  (rGO)  as  a  uniquely  conformal
negative  temperature  coefficient  (NTC)  material,  for  spatiotemporal  mapping  of skin  temperatures.  Nylon
filaments  were  coated  with  rGO  and stitched  along  with  Ag conductive  threads  into  a polyester  fabric
to  create  the  array  of individually  addressable  6  × 6  NTC  sensing  elements.  The  temperature-mapping
attribute  of the  sensor  array was  evaluated  in comparison  to  infrared  imaging.  The  rGO  film  remained
aphene oxide
mperature sensors
ed sensor array
aging of skin

mechanically  and  electrically  stable  upon  stretching  (<4%  strain)  and bending  (<34◦) of  the filaments,
demonstrating  its  conformal  nature.  These  results  suggest  the  intriguing  possibility  of  thermally  mapping
topographically  complex  skin  surfaces  in a non-invasive,  wearable,  and  cost  effective  manner.

© 2018  Elsevier  B.V.  All  rights  reserved.
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temperature is a vital physiological signal of our health,
s have evolved to maintain a homeostatic core temper-
∼37 ◦C. Skin temperature variations, in both temporal
ial aspects, can be measured to infer and monitor the
ur pathophysiological developments. For example, car-
ar diseases can weaken blood circulation, thus lowering
eratures of ankles and toes [1–3]. In another example, a
mperature rise has proven to be a measurable indicator

ic foot ulceration [4–7]. Also, for more intriguing possi-
motional feelings have been correlated to topographical
n skin temperature – happiness making the whole body
whereas sadness resulting in cooler arms and legs [8].
dings suggest the enormous significance of being able to
ntly and comfortably map  skin temperatures using wear-
nology.

 we report a textile-infused sensor array for spatiotem-
pping of skin temperatures. The wearable textile format

 (1) intimate, conformal, and comfortable contact with

infra
The 

denc
We h
dem
cise 

and 

T
know
met
[18–
text
mole
is ty
[21–
a tw
the 

[26]
rial. 

oxyg

hically complex skin surfaces due to its good flexibility,
ility, and breathability [9–12] and (2) non-invasive real-
itoring of skin temperatures that cannot be accessed using
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(IR) or other state-of-the-art imaging methods [13–16].
le-infused sensor array is built on the temperature depen-
the electrical resistance of reduced graphene oxide (rGO).

 previously exploited this behavior of rGO to produce and
rate conformal (>1000 mechanical bending cycles), pre-
01 ◦C), responsive (∼0.1 s), and miniaturized (10 nm thick

 wide) temperature sensing elements [17].
onformal nature of rGO is truly unique since all other
mperature-sensing materials are ceramic-, silicon-, and

sed. These conventional materials are rigid and brittle
and are not sufficiently conformal to be integrated into
t a fabric filament level. rGO is conformal because of its
r level thickness as a 2D material. Graphene oxide (GO)
ly produced by chemical exfoliation of graphite powder
GO consists of monolayers of carbon atoms packed into

ensional (2D) honeycomb lattice [24,25] with some of
n atoms functionalized with oxygen-containing groups

 is a water-soluble, electrically nonconductive mate-
ever, by thermal, chemical or photo-catalyst reduction,
ontaining groups can be removed and electrical con-

 can be restored to a certain extent in rGO [27,28]. We
y found [17] that rGO behaves as an NTC material, which

terized by an exponential relationship between tempera-

ase and electrical resistance decrease. The NTC behavior
an accurate mechanism of temperature sensing. In addi-

 has found to sensitive to humidity [29,30] and pressure
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Fig. 1. rinted GO on filament surface, and (c) chemical reduction of GO into rGO.
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Fabrication procedures of rGO-coated nylon filaments: (a) major steps, (b) inkjet p

can be further functionalized for a wide variety of sensor
ns [32–34].
ecific objectives of this paper were to: (1) fabricate rGO-
lon filaments by inkjet-printing and chemical reduction,
ate rGO-coated filaments with Ag conductive threads into
er fabric to create an array of rGO sensing elements, (3)
the conformal nature of the rGO film upon mechanical
g and bending, and (4) evaluate the temperature-mapping
of the sensor array in comparison to infrared imaging.

imental

rials

ommercial available high-purity aqueous solution of
/ml, purity > 99%), supplied by CheapTubes. (Brattle-

, USA) with thickness of 0.7–1.2 nm and diameter of
nm,  were used. The nylon filaments (>99% polyamide,

 500 �m)  and polyester fabric (100% polyester) were pur-
om Amazon. The nylon filaments provided a chemically

 smooth substrate surface while being highly flexible and
le [35–37]. The polyester fabric provided excellent flexi-
ng with good heat conductivity and electrical insulation
he conductive Ag threads were purchased from Syscom

 Materials. The conductive Cu tape, which was  used as for
s, was purchased from R.S. Hughes.

ication of rGO-coated filaments

strated in Fig. 1, rGO-coated nylon filaments were pro-
 inkjet-printing of GO suspended in water [40–42]

equent chemical reduction of GO using L-ascorbic acid
]. Nylon filaments were rinsed with deionized water

opyl alcohol and treated with oxygen plasma for 10 min
lasma cleaner (Harrick Plasma) to make the filament
ydrophilic. GO sheets were printed on nylon filaments
imatrix FujiFilm inkjet printer (DMP-2831). This printer
pped with a printhead/cartridge configuration consist-

 microfabricated piezoelectric nozzles with each nozzle
able and addressable with 5 �m positioning resolution.

 height and substrate temperature were maintained at

Fig. 2
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nd 25 ◦C, respectively. The GO ink was printed on one side
ments with a cartridge that generated 10 pL ink droplets.
GO ink was dried, the filaments were turned over to print
her side. The printed GO was reduced using an aqueous

ity testin
HP-150 h
strain wa
(ME-823
ile-infused array of 6 × 6 temperature sensors: (a) array design, (b) inter-
ction between rGO-coated filaments and conductive Ag threads.

of L-ascorbic acid (reagent grade, Sigma-Aldrich) at 90 ◦C
nd were dried at 70 ◦C for 12 h. The resistance of rGO on
s about 10 k�/mm whereas the resistance was higher than
mm prior to chemical reduction.

ic infusion of temperature sensor array

ematically illustrated in Fig. 2a, six rGO-coated nylon fil-
nd twelve Ag conductive threads were stitched into the

 fabric to create an array consisting of 6 × 6 sensing ele-
x of the Ag threads were aligned parallel to the rGO-coated

 with the other six threads oriented perpendicular. Fig. 2b
s that the electrical connections were made by looping the
s tightly around the rGO-coated filaments. The length of

ve sensing element was defined and controlled by pro-
1-mm distance between the perpendicular and parallel
e sensing elements were individually and externally read
cting the Ag threads to conductive copper tapes attached
edges. This array design was  possible since the resistance

m rGO sensing element was  about 7 orders of magnitude
an that of the Ag thread (∼104 vs. ∼10−3 �/mm).

ument and analysis

rface morphology of rGO film was  examined with scan-
tron microscopy (SEM, Zeiss Auriga Small Dual-Beam

microscope). Captured micrographs were processed using
e processing software (ImageJ). For temperature sensitiv-

g, the rGO-coated filaments were placed on a Sawatec
ot plate for temperature control. For tensile testing, the
s measured using a Materials Testing System machine

6), and the data was processed using Pasco Capstone. The
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Fig. 3. rGO-coated nylon filaments: (a) and (b) surface SEM images and
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perature mapping attribute of the sensor array was evaluated
istent NTC behavior measured from 6 sensors as indicated by low stan-
ions.

e of rGO-coated filaments was measured using a standard
ethod with a Keithley 2000 multimeter.

ts

hology and conformality of rGO-coated filaments

 shows that the surface morphology of rGO-coated nylon
 was uniform and continuous. Also, the cross-section

 Fig. 3c and d show that the rGO film was  dense and
well to the filament surface. As shown in Fig. 4, the NTC
from six different rGO-coated filament sensors was  ana-
ng Eq. (1) and found to be consistent as indicated by low
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 (c) and (d) cross-sectioned FIB/SEM view.

is the initial resistance of the sensor at a reference tem-
 T0; R is the resistance at a temperature, T; and  ̌ is the
ure sensitivity parameter which is determined by fitting
ntal data with the equation.
echanical and electrical responses of rGO-coated filament
nder stretching and bending are shown in Figs. 5 and 6,
ely. With stretching, R/R0 increased then sharply to 300%
rain and, upon release, did not return to its original value
ined about 22.4% higher (Fig. 5a). Comparison of the SEM

in Fig. 5a show significant localized buckling of rGO film
 12% strain was  released. Note that we experimentally
ed that nylon filaments did not plastically deform up to
. However, the resistance change was  more tolerable with

 strain. In Fig. 5b, the resistance was  measured during
ching cycles of 4% strain, which caused relatively small
e changes of up to 1.76%. The changes in R/R0 remained
6% upon moderate bending up to 34◦ as shown in Fig. 5c.
erate effect of bending could be explained since the 34◦

generates a tensile strain of 1.5% which is less than the
 strain limit of 4% in Fig. 5b. The rGO-coated filament was
ed in 100 34◦-bending cycles, after which the resistance
ightly increased by 1.92%. As can be seen in Fig. 5e, f, and
ore severe bending to 117◦, cracking was observed in the
der tension and buckling at the compressed region. Com-
th cracking, buckling made more morphological damage
ating, which explains why the bending testing resulted in
istance change than tensile testing did.

ping capability of the temperature sensor array

wn in Fig. 6, the textile-infused temperature sensor array
 to spatially map  a human finger touching the textile. After
sor element was  calibrated at several temperatures, the
g a finger on the fabric. Fig. 6c shows that the calibrated
ure map  measured by the sensor array, highlighting the
hed by the finger with the lower resistance of the sen-
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Fig. 5. Resistance change upon stretching and bending: (a) irreversible increases in R due to the cracking and buckling upon stretching up to 12% as shown by the inset
SEM images before and after stretching; (b) resistance change of rGO with moderate stretching (4% strain) up to 100 stretching cycles; (c) small fluctuations in resistance of
rGO  with bending to 34◦ and (d) resistance change of rGO up to 100 34◦-bending cycles. (f) SEM images of rGO-coated nylon filament after severe bending of 117◦ with (e)
cracking at the stretched area and (g) buckling observed at the compressed region.
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nsor array and (d) an IR camera.

e locations touched by the finger. In Fig. 6d, a thermal
e fabric was taken using an IR camera right after touching

 for 1 min  and then removing the finger for comparison.
 the Fig. 6c and d, the measurements between our sensor

nylo
be in

4.  D

 the typical IR camera was determined to be within ± 2 ◦C.
ally, note that the spatial resolution of the textile-infused
ray depends on the diameters of rGO-coated filaments and
e threads. Based on their current diameters (0.25 mm  for

The re
ing basis
temperat
 touched by a thumb to generate the temperature distribution measured

d 0.2 mm for Ag threads), an array of 8000 sensors could
ated into an 8 cm × 8 cm fabric piece.

ssion
sults from the sensor array study provide an interest-
 to compare with other known methods of mapping skin
ures, particularly in the context of monitoring plantar
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ures of diabetic patients as an indicator of diabetic foot
n [4–7]. Current clinical standard is tactile determination
ation of foot skin temperatures by clinicians. Two types

s have been developed for this
ation. The first category includes handheld IR cameras
which require a line of sight. The second type includes
mistor- or colorimetric liquid crystal-based mats which
tep onto [49,50]. All of these devices are fundamentally

or convenient use, and therefore are not used widely.
sensors can resolve temperature differences of 0.1 ◦C.

itivity is comparable to other wearable temperature sen-
rted recently [46–50]. Also, the sensitivity of rGO sensors
nt to spatially resolve skin temperature distributions
hysiological development, e.g., 5 ◦C variations across a
e ulcer [51]. The wearable configuration of our textile-

ensor array approach provides the possibility of thermally
 the topographically complex plantar surface in confor-

ate, breathable, and comfortable contact. We  envision
e advantages of textile-infused sensor arrays can be uti-
mart health applications, beyond monitoring diabetic foot
n, such as monitoring chronic wound healing, projecting

 cycles, detecting sleepiness and anxiety, etc.
theless, these results bring out several major challenges
d with further developments of textile-infused tempera-
ors. First, it was experimentally difficult to keep consistent

 connections between the Ag threads and rGO-coated
 upon stretching and bending. The use of mechanically
l and electrically conductive polymeric bonding mate-

 polyaniline [52–54] and polypyrrole [55–57], could be
d in the future. Second, our results on restorable �R

 as well as irreversible �R hysteresis above the stretch-
ending suggest that the weak bonding between individual
ts may  be responsible for the mechanical instability of the
under high strains.
versible changes in the NTC parameters under the mod-

chanical strains can be explained by considering that the
assembly of numerous rGO sheets which are held together
er Waals forces. The magnitude of these weak forces are
pendent on the distance between adjacent sheets, and
efore easily susceptible to reversible physical separations
angements under moderate mechanical strains. However,
ificant strains, the assembled structure would be more

ntly changed via buckling and cracking mechanisms. Our
owed that the rGO sensors could be stretched up to 4%
thout significant damage remained. We  viewed that this
ility to 4% strain is quite impressive, considering all other
ure sensing materials (i.e., metals and ceramics) would
le to withstand such strains without irreversible damage.
ur sensors were not able to avoid damage from severe

nd compression process, they could stay sensitive and reli-
me parts of bodies where the motion is moderate, like

s and chests. Even for the stage right now, our sensors
nts have shown their fundamental value for physiologi-

erature measurement. We  recognize that strain-induced
s in resistance of rGO sensors will interfere with cali-
nd measuring spatiotemporal temperature distributions
ric-infused sensor arrays dynamically deformed. This is an
t issue that will potentially limit the practical use of our
used sensor array approach. One possible solution to this
may  be to covalently crosslink rGO sheets to strengthen
ding and thus stabilize strain-induced resistance changes.
ly, the use of our textile-infused sensor array approach can
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 reduction provides an important capability to precisely
GO on the filament surface with ∼50 �m spatial resolution
eral direction and ∼20 nm thick [28,42]. This fabrication

 offers the possibility of additive, net-shape manufac-
ith minimum use and waste generation of GO.  Also, the

 would be easily integrated into standard roll-to-roll tex-
ent manufacturing using commercial inkjet print-heads
volume and thus low-cost production of smart fabrics.

usions

esigned and fabricated the textile-infused sensor array,
rGO as a uniquely conformal NTC material, for spa-
ral mapping of skin temperatures. The rGO-coated nylon

 were produced by inkjet-printing and chemical reduc-
derate bending (<34◦) and stretching (<4% strain) did
e appreciable and irreversible resistance change of rGO

 therefore the stable NTC behavior could be sustained.
-coated nylon filaments were stitched along with Ag
ve threads into a polyester fabric to create the array, con-

 individually addressable 6 × 6 NTC sensing elements. The
ure-mapping attribute of the sensor array was evaluated
rison to infrared imaging.
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