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Abstract

The fabrication and characterization of stretchable canenotube and graphene nanocomposite electrodedienedt rubber
substrates is reported. Electrodes are fabricated at loweeatures using solution processable carbon nanomateRaibber
substrates are stretched while performing simultaneartredal measurements for the electrodes. During 20 % alomy of
rubber substrates a 2—120-fold increase in the electr@ilaiace was observed, depending on the sample. The edlatiease in
the resistance with stretching was smaller in the case @hgme electrodes, whereas the resistance change durietatitemer
relaxation was smaller in the case of carbon nanotube etéedr Our results suggest that solution processed carlnomagerials
on rubber substrates have potential for stretchable waiysensor applications.

Keywords: Carbon nanotubes A, Flexible composites A, Polymer-maimposites (PMCs) A, Electrical properties B,
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1. Introduction as flexible displays, radio frequency identification (RFID) an-
tennas, batteries, supercapacitors and solar cells [25, 26]. The

Carbon-based nanomaterials, especially carbon nanotublS€ ©Of Printing technologies in combination with disposable,
(CNT) [1] and graphene [2], have gathered exceptional internON-toxic organic and molecular materials can lead us towards
est during the last decade due to their properties such #s hig€en electronics [27]. These types of devices have numerous
electrical and thermal conductivity, high tensile stréndtigh potential app_llcatlons in fl.Jture. equtromcs, such as logistics, en-
surface area, chemical sensitivity, flexibility, transpagy, light ~ €'Y harvesting and ambient intelligence.
weight and environmental friendliness. Graphene and CNTs Despite their intrinsic tendency to aggregate, graphene and
have already shown their potential in the fields of electronCNTS can be made solution processable by using chemical
ics [2—4], optoelectronics [1, 3, 5] and materials techgglo modification [28, 29] or solubilizing additives, such as surfac-
[6, 7] as well as in energy technology and biotechnology [S]Itants, cgllulose derivatives [9, 3.0, 31] or conducting polymers
For example, the electrical conductivity and high surfaesaa [32]. This h_as enabled the solutlon—baged processing of car.bon
make graphene and CNTSs interesting for supercapacitors [glqnqmater|al§ [4, 28, 33] and the fabrication of devices using
12] which are potential future energy storage devices. The p Printing techniques [17, 18, 34, 35]. _ _
tential transparency of these materials enables theimuselar ~ Composites of rubber and CNTs have been widely studied
cells [13-15] and displays [16] or as transparent elecsaode N order to improve the mechanical durability [36-40] as well
transistors [17] or sensors [18, 19], whereas chemicaltsens as electrical [37, 40, 41] and thermal conductivity [38, 42] of
ity makes them ficient sensing materials [20]. The elastic- the rubber. A composite of rubber and graphene has also been
ity, mechanical stability and high conductivity make grapa  recently demonstrated [43]. If a carbon nanomaterial is used
and CNT networks especially interesting for flexible [4] and@S @ sensing material or an electrode, instead of a composite
stretchable electronics [21, 22] as well as composite t@ehn Material, only a thin film on the rubber substrate is required.
ogy [6, 22, 23]. For this type of application, thin graphene and CNT films can
Utilization of printing technologies for the fabricatiorf o P€ produced easily with printing techniques, which allows a
electronics has raised interest in both academic and inaust Nigh-throughput fabrication process and minimal consumption
communities. Printing technologiesfer a promising route of the electrode material. The use of solution processed CNT
for low-cost and high-throughput manufacturing of flexible films for flexible [4] and stretchable electronics [22] has been

lightweight and even transparent electronic devices [84¢h extensi\{ely studied, but there are only a few dem_onstrations
of solution processed graphene electrodes on flexible [44] or

stretchable substrates [45]. For the deposition of CNTs on elas-
*Corresponding author. Tek:358 405415276. tomer substrates, a so-called buckling process has been devel-
Email addresssampo . tuukkanen@tut . £i (Sampo Tuukkanen) oped [21, 46]. In these studies, poly(ethylene terephthalate)
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(PET) has been generally used as a flexible substrate, véheresamples had a length of 60-80 mm, thickness of 2.0-2.5 mm
poly(dimethylsiloxane) (PDMS) silicone has been used as and width of 19-28 mm. The sample dimensions are needed
stretchable substrate [47]. However, an extensive study ofrhen calculating the resulting stress applied on each sampl
solution-processed graphene or CNT films on rubber substrat from the applied stretching force.
has not been reported. Prior to the electrode deposition, the rubber samples were
In this paper, we demonstrate the fabrication of solution-stretched up to 120 % length (20% elongation) with a universa
processed graphene and CNT electrodes dierént rubber- testing machine (Instron 5967) and then let return to tinéiai
based substrates. The electrical conductivity of nanacarb length. This was done to remove tensile stress-softeniag, i
films has been measured with simultaneous rubber elongatioMullins effect [48, 49], which makes the actual rubber stretch-
Films made from graphene and CNT inks have been comparddg experiments more repeatable.
in the cases of four élierent rubber substrates. The microstruc-
ture of the printed films was studied by microscopic methods. 2.2. Inks
One graphene ink and one CNT ink were used for deposition of
2. Experimental the electrodes on the rubber substrates. The grapheneeank (d
notedX in the following sections) was a commercially available
Two different types of solution processable carbon nanomank formulated especially for screen printing (P3014 Giaph
terials, i.e. graphene and CNT, were deposited as strdi&chabScreen Printing Ink from Innophene Co., Thailand). The CNT
electrodes on four fierent types of rubber substrates. The sub4nk (denotedY in the following sections) is a nanocomposite
strates were stretched while performing simultaneoustrélec material which was prepared by mixing CNTs and cellulose
cal measurements for the nanocarbon electrodes. The samplgerivatives with ultrasonication (obtained from Morphdrtd.,
were characterized using electrical, microscopic and mwgieh Finland). The solid content of the ink was 1.5 wt-% and its
cal analysis. preparation procedure was similar to one described preliou
31].
2.1. Rubber substrates 134
Four elastomer-based rubber materials containinterdint  2.3. Fabrication of electrodes

fillers were used as substrated) NR/BR 15 phr clay, 8)  Both inks were deposited on the rubber substrates using-blad
NR/BR 25 phr carbon black3] NBR unfilled and 4) CSM.  coating method. Patterning of 1 cm by 5 cm stripes was done
The base elastomers were selected to represent a mixture ®fth a mechanical mask. For the graphene ink, a mask was
different chemical structure and mechanical properties, as NPade of 7 |ayer5 of Scotch tape (tota| thickness aboump
previous knowledge on the substrate selection was availablFor the CNT ink, a mask was made from 125 thick PET
Blends of natural rubber (NR) and butadiene rubber (BR) argiim which was attached to the substrate using adhesive tape.
commonly used in technical applications such as tyres; th@fter deposition the films were dried in a convection oven.
rubbersl and?2, having diferent filler systems, representfBti The graphene films were dried for 7 min and the CNT films
and more flexible (soft) variants, respectively. In additidue  for 5 min at 130 °C. The final thicknesses of the graphene and
to the electrically conductive filler, the electrical cowtiuity CNT films were 3—5um and approximately fm, respectively

of rubber2 is higher than the electrical conductivity of rub- (see Section 3.3). The electrode thicknesses were selsoted
ber1. Rubber3 was nitrile-butadiene rubber (NBR), which that obtained sheet resistances were approximately the feam

is tough and has a good chemical resistance. RuBheas poth materials, which makes the analysis of the results more
chlorosulphonated polyethylene (CSM) which has high tempe consistent (see Table 2).

ature, oil and outdoor resistance but average mechaniopt pr
erties. Rubberd-3 were fabricated in-house while rubbér 2 4. Sheet resistance measurements

was a commercial compound. - Elastomérs3 and their in-  The gheet resistances of fabricated nanocarbon films weae me
gredients (filler, ZnO and stearic acid) were mixed in in&rm gyreq using a four-point probe setup and a multimeter (Ksith
mixer Brabender N 350 E and the curatives were added on tway425 100 W SourceMeter) [31]. The four probes were placed

roll mill. All samples were vulcanized to 2—3 mm thick sheetsjp, jine with an equal spacing of 3 mm between them. The value
by compressing moulding with their respective curing timde (  for the sheet resistance is given by
+ 2 min). Tensile properties were determined according to ISO v

T

37 with dumbbell specimen type 1. Tests were performed with R =G —
Messphysik Midi 10-20 universal tester and contact extereso In21
ter. The Shore A hardness was recorded according to ASTM WvhereG is the additional geometric correction factor, which de-
2240-00 with AFFRI Hardness tester. Surface energy measurpends on sample dimensions and the probe spacing [50]. Mea-
ments for the rubber substrates were performed using a CAMured sheet resistances for the nanocarbon electrodeseare p
200 goniometer (KSV Instruments). Mechanical properties a sented in Table 2. Sheet resistance measurements were also
surface energies of the rubber substrates are presentesd in performed for the bare rubber substrates to ensure thatithey
ble 1. not contribute to the electrical conduction. All rubber suates

The rubber substrates were cut to suitable size pieces fahowed highly insulating behaviour giving the sheet ragist
stretching experiments (discussed in Section 2.6). Thbaub Rs> 1 GQ/O.
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2.5. Adhesion test method were fixed in place under the objective using an adhesive tape

The adhesion of deposited nanocarbon films on the rubber sufending was done to simulate the stretching of the substrate
strates was studied before and after the stretching expetim Tom the electrode’s point of view.

using the tape test method. Adhesion classification is done a 10 analyse the microstructure of the graphene and CNT elec-
cording to ASTM standard D 3359-97 (Standard Test Method§'odes, the samples were imaged using a scanning electron mi
for Measuring Adhesion by Tape Test) by applying and remov£roscope (SEM, Zeiss ULTRAplus) and a transmission elgctro
ing pressure sensitive tape over cuts made in the ink [51]. IfMicroscope (TEM, Jeol JEM-2010). For the SEM analysis, the
Test Method B, classification 5B refers to the case where adi@mples were cut at the middle of the electrodes. While SEM
hesion is very good and no material is detached from the filmimaging, the samples were tilted 40° to study the crossaecti

Classification OB refers to the case where over 65 % of the m&2f the electrodes. For TEM imaging, pieces of graphene and
terial has detached from the film. Results of the adhesida tesCNT ink films were detached from the rubber substrates and

are presented in Table 2. placed between folding TEM grid.

2.6. Stretching experiment procedure 3. Results and discussion

Stretching of the rubber samples with nanocarbon elecsrode
was done using the universal testing machine Instron 597 th The graphene and CNT electrodes were blade-coated on four

could be programmed for all the cross head movements needé&éfferent types of rubber substrates. After the deposition of
in the tests. A schematic view of used experimental setup i§anocarbon films, the adhesion tests and sheet resistaraee me

shown in Figure 1. surements were performed for the films. The conductivity-mea
In the rubber stretching experiments, the samples werurements were performed for the electrode areas that were

stretched in a stepwise manner. Rubbers were stretched up $§€d for the subsequent stretching experiments, whiledhe-a

120 % length (20 % elongation) at speed of 5 fmim with sion tests were performed for the regions that were not wged f

15 seconds breaks at every 1 % (of absolute value) elongatidﬁe electrical measurements. The rubbers were then stcetch

intervals. In other words, after each stretching step (@8ch- while simultaneously measuring the electrical conduttioif

ing steps in total) the rubber sample had time to relax for 18he nanocarbon films in order to analyse how the stretching af

seconds. fects the conductivity of the films. After the stretching erp
Electrical measurements were performed on the nanocarbdflents, the samples were analysed using optical and efectro

electrodes while the samples were simultaneously strétcheMICroScopy.

The two-probe resistance of the film at a 1 cm distance was

measured using a multimeter (Keithley 2425) and the resista 3-1. Analysis of fabricated electrodes

valuesR were collected in the beginning and in the end of eachThe results of sheet resistance measurements perfornexd aft

stretching step. Pieces of copper film were used to makeielect the electrode deposition and the results of adhesion tests p

cal contact to the nanocarbon electrodes on the samplgss Cliformed before and after the stretching experiments are show

were used to keep to the copper pieces in contact with the sarin Table 2. The sheet resistances measured after electeade d

ples during the elongation experiment. The copper was used @osition were quite similar for all samples, as was expedte

a contact metal because it has been reported to give redgonalp the suitable selection of film thicknesses. This indisdleat

low contact resistance with CNTs [52]. blade-coating is a reproducible way to fabricate homogeseo
Simultaneously collected stress and resistance vdt@®  graphene and CNT electrodes on rubber substrates.

plotted in Figure 2. The results of stretching experimenés a By comparing the values in Table 2, one can conclude that

summarized in Table 3. The resistarR@sre Was measured a better adhesion and good quality films were obtained in the

before the stretching experiments was started Rag; after  cases of higher surface energy rubber substrates (rublzers

the experiment when the sample was let to return to its algin 4). It also seems that good adhesion and higher surface en-

length. The valueRina/Rinitial refers to the relative change of ergy results in lower sheet resistance values (higher aiivelu

the resistanc® during the stretching experiment. ity). The adhesion tests before and after stretching shoad
The gauge factoiGF) for a strain sensor is defined by adhesion either decreased or remained the same duringhstret
AR/Ruital Rinal/Rutial — 1 ing, which suggests that the stretching caused detachritre o
GF = = electrode material from the rubber with certain materiahbg
AL/L 0.2 nations.

whereAR = Ryina-Rinitial 1S @ change of the resistance from its
initial resistance valuBytia, AL is an absolute change inlength 3.2. Analysis of stretching experiments

andL is the original length of the sample. The results of the stepwise stretching with simultaneosis+e
) _ ) tance measurements are shown in Figure 2. Open circles in the
2.7. Microscopic analysis plots show the collected resistance values in the begireniag

After the stretching experiments, photographs and optidgal in the end of each stretching step. The zig-zag shape in the me
croscope (Olympus BX 51) images were taken from all samsured stress curves can be explained by relaxation of theerub
ples both straight and bent. While imaging the bent sampleduring the paused between each stretching steps.
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SamplesX-1 andX-4 could not be measured because the ressume, as a good approximation, that the volume and resjstivi
sistance in those was over the measurement range of the muif the elastic conductor stays the same during the elongatio
timeter range R > 20 MQ) already in the beginning of the the resistance would = p - 1?/V. This means that the resis-
stretching experiment. After the experiments, electrooies tance should increase in the power of two with length. At the
these samples contained visual cracks which were mosy likelend of a 20 % elongation experiment, the resistance should be
formed in the beginning of the stretching experiment or damp 1.44 times larger than in the beginning, which is about timeesa
handling. as was observed in the case of graphene electrode sat¥ihle

The stress curves for rubb@r(samplesX-2 andY-2) look  In other samples the increase of the resistance was larger. O
the same with each other. The same can be seen in the casmn also observe that most of the resistance curves in FRyure
of rubber3 (samplesxX-3 and Y-3). Therefore, the deposited do not increase in the power of two with length (the same as
thin film electrodes do not change the stress-strain bebhaefo time axis in this case) but more or less linearly, at leashe t
rubber substrates. beginning of the elongation. This means that the nanocarbon

From stress vs. time curves one can notice that a drop in theetwork does not behave like a elastic conductor, but mkee li
stress during the stretching breaks was smaller in the dase a reorganising nanowire network where resistance incsease
rubbersl and 3 (samplesX-3, Y-1andY-3) which have a low the number of percolation paths decreases.
modulus (See stress at 100 % elongation in Table 1). This can
be interpreted as a relaxation of the rubber during the paus8.3. Microscopic analysis of the samples
Relaxation results are summarized in Table 3. After the stretching measurements, visual and microscopic

The resistance values measured befd®gsf and after analysis was performed for all samples to obtain furthewrinf
(Rafter) the stretching experiment (when the sample was not atmation about the behaviour of the electrodes on rubber sub-
tached to the stretching tool) are presented in Table 3. Whestrates. Samples were imaged as straight and while bemhto si
comparing these values, one can notice that in the samXples ulate the &ect of stretching. The photographs and optical mi-
2 andY-2 there was a 4-fold and 2-fold increase in the resis-croscope images are shown in Figure 3. The microstructure of
tance, respectively. In the rest of the samples, the resista the electrode materials can be analysed from the SEM and TEM
returned almost to the initial level measured before thetcltr  images shown in Figures 4 and 5, respectively.
ing. This suggests that rubb2ris not a suitable substrate for ~ SEM images of the cross-sections of the graphene and CNT
these printable materials as least when considering Bale  electrodes (samples-2 and Y-1) on the rubber substrates are
and reversible electrode applications. However, sulestiat3  presented in Figure 4. The thicknesses of the electrodes wer
and4 gave promising results. measured from SEM images: the graphene electrodes were 3—

It can be observed from Figure 2 that resistaRe&ses quite 5 um thick and the CNT electrodes approximatelyrt thick.
linearly during the stretching in samplé&2, X-3 and Y-2 All di fferent substrates containing the same electrode material
whereas in sampleg-3andY-4the resistance rise is exponen- looked similar in SEM analysis.
tial. In sampleY-1there is a jump in the resistance in the be- TEM images of the graphene and CNT electrodes (samples
ginning of the measurement, after which it rises linearly. | X-3andY-1) are presented in Figure 5. In Figure 5(a) one can
samplesX-2, X-3 andY-1there are more élierences between see graphene flakes dispersed in the polymer matrix. This was
the resistances measured in the beginning and in the end of tkonfirmed from the diraction pattern (data not shown here)
pause (between stretching steps). This could be partially e which indicated that both amorphous and crystalline compo-
plained by the relaxation of the rubber at least for samils nents were present in the material. From Figure 5(b) one can
andY-1, where a stronger relaxation was observed during theee that CNTs are very homogeneously distributed in the cel-
pause. lulose matrix, which indicates the high stability of the CNT

The relative resistance chanBg.a/Rinitiar Presented in Ta- nanocomposite ink. In TEM analysis, all the samples contain
ble 3 was calculated from the resistance monitoring resmylts ing the same electrode material showed the same microstruc-
dividing the resistance at the end of stretching by thetasi® ture.
value at the beginning of the stretching. The relative tesis In general, one can conclude that the behaviour of the
change in the case of graphene electrodes was from 1.5d4-folgraphene ink was highly dependent on the substrate material
whereas in the case of CNT electrodes it was from 8—-120-foldwhereas the CNT ink film behaved quite similarly on all sub-
One reason for this can be that the graphene film wams fick  strates. Most of the samples were not harmed during thelstret
and CNT film only 1um thick, which allows more conduction ing experiments. However, some of the electrodes were edack
routes for graphene during electrode elongation. Alsojrtke  while stretching, which can also be observed from the pho-
compositions were étierent: the CNT ink contained insulating tographs taken from the bent samples in Figure 3. The inereas
cellulose derivatives whereas the graphene ink contaired-a in the electrode resistance shown in Table 3 suggests dadeter
tain amount of conducting polymer, which improves the con-ration of the electrodes during the stretching.
ductivity of the film. The gauge factor&¢) calculated from High quality films with low resistances were obtained in the
the experimental results are shown in Table 3. cases of high surface energy rubb2end4. Samples<-3, Y-3

An ideal elastic conductor with the volumve= A -1 has the andY-4had good quality films, such as shown in Figures 3(a)
resistanceR = p - I/A, whereA is the cross-sectional ardas  and (b), which showed low resistivity also after stretchéng
the length of the conductor andis the resistivity. If we as- periments. However, sampl4 showed high resistance in the
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beginning of the stretching experiment, which may be due tdreferences
deep cracks observed in the microscope image of the bent sam-

ple in Figures 3(e). _ [1] Robertson J. Growth of nanotubes for electronics. MalerToday
The electrodes deposited on rubbeesd2 were not as good 2007;10:36-43.

quality as on rubber3and4, which is most likely due to higher ~ [2] Geim AK, Novoselov KS. The rise of graphene. Nature Mater

h f th . v f 2007;6:183-91.
roughness of the substrates as can be observed visually ro%] Avouris P, Chen Z, Perebeinos V. Carbon-based eleatsoniNature

Figures 3(c) and (d). In the graphene ink sampesandX-2, Nanotechnology 2007;2:605-15.
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Table 2: Sheet resistance and adhesion classificationebafar after stretching
experimentsX refers to graphene andto CNT electrodes. The numbets4
refer to the diferent rubber substrates.

Sample Rs Adhesion classification
(Q/0) before stretching after stretching
X-1 180+ 30 0B 0B
X-2 100+ 20 3B 2B
X-3 70+ 10 4B 4B
X-4 70+ 10 4B 4B
Y-1 120+ 20 3B 1B
Y-2 140+ 20 1B 1B
Y-3 110+ 10 3B 2B
Y-4 90+ 10 5B 4B

Table 3: Summary of the stretching experiments. Electrodstegsie was mea-
sured beforeRpefore) and after Rasier) the stretching experimenRiinai/Rinitial
describes the ratio of resistance in the end and in the biegiofithe stretching
experiment. Calculated gauge facto®&H) and rubber relaxation analysis.

Sample Rypefore  Rafter  Riinal/Riniiar GF Rubber
(k)  (kQ) relaxation

X-2 2.17 8.10 3.8 14 No

X-3 0.16 024 1.9 45 Yes

Y-1 0.36 0.36 19 90 Yes

Y-2 0.19 0.38 7.7 33 No

Y-3 0.18 0.14 120 590 Yes

Y-4 0.20 0.18 46 220 No




Table 1: Properties of the rubber substrates.

Rubber  Tensile strength  Elongation at break Stress at 100#ore®\ hardness Surface energy

substrate (MPa) (%) (MPa) (15s) (mMN)

1 12.9 581 0.86 36.5 1180.2
2 22.8 593 1.3 46 13.22.7
3 2.2 540 0.82 35 19.42.0
4 7.5 370 2.0 47 23.50.2
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Figure 1: A schematic view of the stepwise stretching measuresaup.

Figure 4: SEM images of the cross-section of the (a) graphesmagleX-2)
and (b) CNT electrodes (samptel) on rubber substrates.



Figure 5: TEM images of (a) graphene (sam8) and (b) CNT (sampl¥-1)
electrode materials.
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Figure 2: Measured stress and resistance as a function ofitinieg the stepwise stretching experiments. The resissambere collected in the beginning and in
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Figure 3: Photographs of the samplesXa3, (b) Y-4, (c) X-1and (d)X-2. The upper and lower present the sample as straight and asémpectively. Micrographs
of samples (eX-4 and (f) Y-1after the stretching experiments. Arrows in (e) are poinéihthe deep cracks.
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