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nonconventional substrates (e.g., paper, 
tape, and cloth)[7–10] have been widely 
utilized as the base materials of flexible 
electronic devices. Conductive nanoma-
terials, such as carbon nanotubes, metal 
oxide nanowires, and graphene, have also 
attracted considerable attention as func-
tional materials for applications ranging 
from transistors, to sensors, to energy har-
vesting and storage devices.[11–22] Among 
these conductive nanomaterials, graphene 
plays a key role in producing next-gener-
ation sensors owing to its unique prop-
erties, including atomic thickness, large 
surface area, fast electron mobility, good 
piezoresistivity, and high mechanical 
flexibility.[23–27] As a result, integrations 
between flexible substrate materials and 
graphene-based nanomaterials have led 
to a variety of sensors and other electronic 
devices through development of novel fab-
rication processes, advancing emerging 
and significant fields such as real-time 
motion tracking,[28] structural and human 

health monitoring,[29–31] electronic skin sensing,[32–36] and 
humanized robotic manipulation.[37] It is well known that 
repeated mechanical exfoliation to peel single- or few-layer gra-
phene from bulk graphite using sticky tape and transfer it to 
another surface is rather uncontrollable in terms of the number 
of graphene layers, location, and size of the peeled graphene.[38] 
Recently, graphene film electrodes at centimeter scale have 
been fabricated by peeling tape from a commercial graphite foil 
for the detection of glucose,[39] but the obtained electrodes did 
not have well-defined shapes or control over thickness. Physi-
cally rubbed graphene electrodes have also been produced by 
directly placing solid-state graphene powders at a channeled 
adhesive surface and then rubbing against the surface.[40] 
The resulting graphene patterns, however, have poor feature 
resolution. Photolithography-based microfabrication for gra-
phene patterning[41–49] is relatively complex and requires mul-
tiple steps such as film deposition, lithography, and etching. 
Recently, various interesting methods have been developed for 
patterning and transferring graphene-based materials onto dif-
ferent substrates. For example, laser printing of graphene has 
been studied with variable laser energy, spot size, and pulse 
duration.[50–54] This method, however, requires sophisticated 
lasers and is limited to producing patterns with minimum fea-
ture size of several tens of micrometers. An ink-jet printing 

This paper reports on a simple and versatile method for patterning and trans-
ferring graphene-based nanomaterials onto various types of tape to realize 
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1. Introduction

Flexible plastic substrates (e.g., polyethylene terephthalate, 
polyimide, and polydimethylsiloxane or PDMS)[1–6] and other 
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method has also produced patterns of reduced graphene oxide 
(rGO), but resolution is poor and, for practical applications, 
additional laser processing is required to improve electrical 
conductivity of rGO.[55] A transfer printing method involves 
first creating graphene patterns on an initial substrate, and 
then utilizing a stamping process to transfer them onto a final 
substrate.[56] Micro transfer molding is based on filling the 
carved patterns of a stamp emplaced on top of a target substrate 
with graphene-based suspensions, followed by vacuum drying 
and removing the stamp from the final substrate.[57] Both the 
transfer printing and molding methods require a special care 
to modify the surface properties of the device substrates and 
functional materials. In addition, most existing graphene-based 
sensors cannot be easily installed onto the irregular surfaces of 
the sensed objects so, despite the efforts made, many problems 
remain unsolved before a large-scale, cost-effective graphene 
patterning method with high feature resolution and process 
simplicity can be realized.

In this paper, we report on a simple, high-resolution, and 
scalable graphene patterning and transferring method toward 
roll-to-roll production of flexible graphene sensors. This 
method involves (i) creating graphene patterns inside prepat-
terned negative features at the surface of a polydimethylsiloxane 
(PDMS) substrate using a unique “Drop cast-Dry-Stick-Peel” 
(D2SP) method, and subsequently (ii) transferring the resulting 
graphene patterns onto a final sticky tape via an easy-to-imple-
ment “Stick-and-Transfer” (ST) process. The feature size of 
the transferred graphene structure on the final tape can be as 
small as a few micrometers. This method does not require the 
use of any expensive equipment, except for needing a PDMS 
substrate containing negative features. The versatility of this 
approach is demonstrated by producing complex graphene and 
rGO micropatterns onto different tapes commercially available 
(e.g., polyimide, Scotch, 3M electrically conductive, and alu-
minum foil adhesive tapes). Furthermore, tape-based flexible 
graphene pressure and strain sensors, sensor-enabled smart 
gloves, and plant leaf humidity sensors are realized to interact 
with humans and plants for real-time monitoring of important 
signals. We have demonstrated that smart gloves with multiple 
strain and pressure sensors allow real-time tracking of finger 
motion behavior during capturing a moving object, while gra-
phene-based humidity sensors can be made to adhere to leaf 
surfaces to monitor water movement within plants upon irriga-
tion. These sensors are flexible enough to highly conform to 
various irregular shapes of the sensed objects. The patterning 
and transferring method presented outperforms many other 
counterpart approaches in terms of pattern spatial resolution, 
thickness control, process simplicity, and diversity with respect 
to functional materials and pattern geometries.

The main procedures for forming graphene patterns on 
the tape surface are illustrated in Figure 1. Briefly, a master Si 
mold with positive patterns made of SU-8 photoresist was first 
formed on the surface of a silicon wafer, and negative patterns 
were then formed on a PDMS substrate from the Si mold via 
soft lithography (Figure 1a). Here, the “negative” patterns or 
features refer to the “channels” or cut out areas at the PDMS 
surface. Subsequently, aqueous suspensions of graphene nano-
platelets were loaded onto the PDMS surface (Figure 1b). After 
drying on a hotplate in air, a thin graphene film was formed, 

covering the entire PDMS surface (Figure 1c). Next, Scotch tape 
was manually applied and stick to the top surface, and then 
peeled the excess graphene from the nonpatterned areas on 
the surface. This stick-and-peel process was repeated to ensure 
complete removal of the unwanted graphene from the top sur-
face (Figure 1d), while the graphene inside the PDMS nega-
tive patterns remained intact because it was set below the top 
surface. Therefore, the D2SP process was completed, resulting 
in the graphene structures inside the negative patterns on the 
PDMS surface (Figure 1e). After that, transfer of the formed 
graphene patterns onto a final target tape was implemented 
by manually applying and pressing the target tape, and then 
peeling it from the PDMS surface (Figure 1f,g). The ST pro-
cess was thus completed and the microscale graphene patterns 
were formed onto the surface of the final tape. Figure 1h–l 
displays the images for the main procedures of the D2SP and 
ST processes. The details of fabrication are described in the 
Experimental Section. A video showing the process to obtain 
the graphene patterns on the tape surface is given in the Sup-
porting Information.

Essentially, the tape-based graphene patterning and transfer 
technique utilizes the work of adhesion WA-B at the interface 
between two contacting materials A and B as determined by 
their surface energies,[59,60] with WA-B given by[61]
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where γ d and γ p correspond to the dispersion and polar com-
ponents of surface energy (γ = γ d + γ p). Table S1 (Supporting 
Information) provides the surface energies of the materials used 
in this work[68–70] and the calculated values of Wgraphene-PDMS at 
the interfaces between graphene and PDMS and Wgraphene-tape 
between graphene and tape. The fact that Wgraphene-tape >  
Wgraphene-PDMS for different types of tape makes it possible to 
remove the excess graphene from the PDMS top surface using 
the cleaning Scotch tape during the D2SP process, and transfer 
the patterned graphene onto the target tape during the ST pro-
cess. See the Supporting Information for the values of WA-B for 
different material combinations.

2. Results and Discussion

2.1. Microscale Patterning and Transferring

Figure 2 shows several examples of microscale graphene pat-
terns transferred onto a 25 µm thick polyimide tape with 
silicone adhesive. The PDMS substrate used here contained 
15.4 µm deep negative features prefabricated at its surface. 
The graphene structures inside these negative patterns were 
10.3 ± 2.7 µm thick, which was determined by a surface pro-
filometer (see the measurement method in the Experimental 
Section). The transferred patterns were of high spatial reso-
lution (≈5 µm), and mostly retained the features of the orig-
inal patterns at the PDMS surface. This method also allowed 
producing graphene patterns on a tape roll, as shown in 
Figure  2f–h (see Figure S1, Supporting Information, for the 
fabrication process). It should be noted that, to realize these 

Adv. Mater. Technol. 2017, 1700223



www.advancedsciencenews.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700223  (3 of 14)

www.advmattechnol.de

graphene patterns on a tape, several critical geometrical and 
processing parameters, including the volume of graphene sus-
pensions over the unit surface area, the depth, and width of 
the preformed negative features at the PDMS surface, and the 
number of repeating D2SP times, should be carefully consid-
ered. The following section will discuss the influences of these 
parameters on the quality of pattern formation and transfer.

First, although a thick graphene film could easily be pro-
duced by loading a large volume of graphene suspensions 
per unit surface area onto the PDMS surface, patterning of a 
thick film was difficult using the D2SP method. The experi-
ment here utilized a PDMS substrate containing 15.4 µm deep 
and 500 µm wide channels at its surface, and was covered by 
a 10.3 µm thick graphene film. This thick film was formed by 
drop-casting with 20 mg mL−1 concentration graphene suspen-
sions at a large volume per unit surface area of 710 µL cm−2 

(Figure  3a, top). Then, Scotch tape was applied and stick to 
the PDMS surface, with an intent to clean the PDMS surface 
by removing the unwanted graphene from the PDMS top sur-
face. However, as shown schematically in Figure 3a and experi-
mentally in Figure 3b, some portions of the graphene inside 
the channels were also removed by the Scotch cleaning tape. 
A possible explanation for this is that the tape peeling could not 
easily break such a thick graphene film at the step and sidewall 
of the channel completely covered by the continuous graphene 
film. Therefore, to successfully produce thick graphene pat-
terns in the PDMS channels, sequential D2SP processes were 
applied multiple times (each time producing a thin film until 
the desired film thickness was achieved (Figure 3c). Specifically, 
our experiment shows that when the drop-casted graphene film 
was no more than ≈1.5 µm thick, Scotch tape worked perfectly 
to break the film at the step of the channel, almost regardless of 
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Figure 1.  a–g) A schematic representation of the graphene pattern formation on tape. a) Negative patterns created on the PDMS substrate via 
soft lithography. b) Graphene suspensions drop-coated onto the entire surface of the PDMS slab. c) A graphene film formed on the PDMS surface.  
d) The graphene film outside the negative patterns removed using Scotch tape. e) Graphene patterns formed inside the negative patterns at the PDMS 
surface. f) A target tape adhered onto the PDMS surface. g) Graphene patterns transferred onto the target tape. h,i) Optical images showing the main 
steps of graphene patterning and transferring process. The scale bars represent 1 mm. h) Graphene patterns obtained in the PDMS structures. The 
negative patterns on the PDMS substrate were 15.4 µm deep. The graphene inside the PDMS negative patterns were 10.3 µm thick. i) Application 
of the ST process for graphene pattern transfer onto the polyimide tape. j) PDMS surface after graphene transfer. k,i) Graphene patterns transferred 
onto the polyimide tape.
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the channel depth, as long as the tape was not in direct contact 
with the graphene inside the channel. Therefore, in the sub-
sequent experiments, graphene suspensions (concentration: 
20 mg mL−1) were loaded to the PDMS surface (the volume of 
graphene suspensions per unit surface area: 100 µL cm−2) to 
form an ≈1.45 µm thick graphene film (Figure 3c, top). Next, 
this thin film was patterned to form the graphene structures 
inside the channel using the stick-and-peel process with Scotch 
tape (Figure 3c, middle). To increase the thickness of the gra-
phene patterns inside the channel, the whole D2SP process 
(described in Figure 1a–e) was repeated multiple times until a 
desired thickness was obtained (Figure 3c, bottom). Figure 3d  
shows the PDMS channel filled by an ≈10.3 µm thick graphene 
film after seven times repeated D2SP processes. Figure  3e 
shows the optical images for the graphene patterns in the 
PDMS channels obtained with 1–7 times repeated D2SP pro-
cesses. Figure 3f shows that the graphene patterns exhibit a 
linear increase in thickness and a linear decrease in electrical 

resistance with the number of repeated D2SP processes (or the 
number of coatings).

Next, to transfer the patterned graphene from the PDMS 
channels onto a final tape via the ST process, we investigated 
the influences of the channel width and depth on the transfer 
quality. The experiment here utilized the PDMS channels 
with depths of 5, 15.4, and 41.6 µm, and widths of 20, 40, and 
100 µm. By performing sequential D2SP processes, the chan-
nels were almost fully filled by graphene, with a few microm-
eters gap distance to the channel top. Polyimide tapes with 
silicone adhesive were used to transfer the graphene patterns, 
with results indicating that, after the graphene structures were 
transferred onto the tape, the 41.6 µm deep channels of all 
the different widths contained graphene residues as shown in 
Figure 3g. This may be because the van der Waals force within 
the drop-casted graphene film was not large enough to hold 
the ≈36.7 µm thick graphene structure together during trans-
ferring using the tape. The other plausible cause may be due 
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Figure 2.  a–e) Versatile graphene patterns formed on the polyimide tape using the proposed method. f–h) Formation of graphene patterns on the 
relatively large polyimide tape roll with liner. The transferred graphene patterns are protected by a nonsticky liner.
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Figure 3.  a) A schematic representation of forming a thick graphene film over the entire PDMS surface by one time drop-casting, followed by using 
Scotch cleaning tape to remove the unwanted graphene from outside the patterned areas. b) SEM image of the PDMS channel containing the incom-
plete graphene pattern. c) A schematic representation of forming a thick graphene film over the entire PDMS surface via multitime D2SP processes.  
d) SEM images of the PDMS channel filled with the complete graphene pattern after multiple D2SP processes were applied. e) Optical images for 
three groups of graphene patterns inside the PDMS channels. The numbers “5–500 µm” and “1–3–7” represent PDMS channel widths, and numbers 
of graphene layers formed inside the PDMS channel by repeated D2SP processes, respectively. f) Thickness and electrical resistance of the graphene 
filled in the PDMS channel as a function of the number of D2SP coatings. Each coating here is 1.45 ± 0.32 µm thick. g) Analysis of influences of channel 
width and depth on the transfer process. The magnitudes of 20, 40, and 100 µm represent the channel widths, while the values of 5, 15.4, and 41.6 µm 
denote the channel depths. The scale bars represent 50 µm. Sheet resistance of transferred graphene patterns (≈10.3 µm thickness) on the polyimide 
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to an increased drag force occurring at the large-area side-
walls of the deep channel and acting on the graphene during 
peeling. When the channel depth decreased to 15.4 µm and 
contained ≈10.3 µm-thick graphene, the tape transfers of gra-
phene became easier and only a very minor residue remained 
in the channels. With decreasing channel width from 100 to  
20 µm, the increased aspect ratio of the channel led to some-
what increased amounts of residue at the channel edges, but 
overall the transferred graphene on the tape retained the orig-
inal pattern features of the graphene structures in the chan-
nels. Furthermore, in the case of transferring ≈2.3 µm thick 
graphene from the 5 µm deep channels, no residues were 
observed to remain in the channels for all widths.

To increase electrical conductivity of the transferred gra-
phene, the transferred graphene patterns on the polyimide 
tape were annealed in air. Essentially, thermal treatment may 
improve contacts between graphene nanoplatelets, and thus 
increase electrical conductance of the formed graphene pat-
terns.[58] Because polyimide tapes are dimensionally stable 
below 400 °C,[62] the annealing was carried out at tempera-
tures ranging from 150 to 300 °C (Figure 3h) over different 
treating times ranging from 60 to 210 min (Figure 3i). The 
results show that the sheet resistance of the transferred gra-
phene (≈10.3 µm thickness) was decreased by about seven 
times after the treatment at 250 °C for 180 min. Increased 
annealing time did not help to further decrease the sheet 
resistance. As the annealing temperature increased toward 
300 °C, the sheet resistance was found to decrease, but, 
the optimum annealing temperature was chosen as 250 °C 
because of the above-mentioned critical temperature restric-
tion of polyimide tape.[62]

X-ray photoelectron spectroscopy (XPS) was used to char-
acterize the composition of the transferred graphene struc-
tures on tape before and after thermal treatment. Figure 3j,k 
depicts the XPS survey spectra for two groups of samples, 
that is, the transferred graphene (thickness: ≈10.3 µm) on 
a 25 µm thick polyimide tape, and the polyimide tape alone. 
There were three samples in each group, including one treated 
at 150 °C for 180 min, one 250 °C for the same time, and 
another not treated. The results show that all the on-tape gra-
phene samples contain peaks assigned to C 1s (284 eV), O 1s 
(531.3 eV), N 1s (398.6 eV), and Si 2p (101.4 eV) (Figure 3j), 
and all the polyimide tape samples exhibited peaks belongs 
to C 1s (284.6 eV), O 1s (532.7 eV), F 1s (688.6 eV), and Si 
2p (102.4 eV) (Figure  3k). For the on-tape graphene samples, 
O 1s peak occurs due to the physically adsorbed oxygen;[63] Si 
2p peak might originate from the adhesive of the polyimide 
tape; and N 1s peak was observed because the graphene used 
here is N-doped graphene nanoplatelets.[64] Further, high-reso-
lution spectra analysis (Figures S2 and S3, Supporting Infor-
mation) confirms that the thermal treatment did not make 
distinct changes to the chemical structure of the graphene and 
polyimide tape samples, although the intensity of C 1s peak 

decreased slightly at 250 °C. The intensity of Si 2p peak of the 
graphene pattern decreased as the temperature increased up to 
250 °C (Figure S2c, Supporting Information).

The present patterning and transferring method could also 
be employed to obtain rGO patterns on tape. Figure 4a shows 
some rGO strip patterns formed inside the PDMS channels 
at different coating (or D2SP) times, and Figure 4c–e shows 
the rGO patterns transferred onto the polyimide tape, using 
essentially the same method as described in Figure 1. The 
film thickness of the rGO linearly increased with coating 
time (Figure 4b). The experiments here utilized a PDMS sub-
strate with 15.4 µm deep negative features at its surface. Five 
repeated D2SP processes were sequentially applied to obtain 
the rGO patterns inside the negative features. For each coating, 
100 µL cm−2 of rGO suspensions (20 mg mL−1 in the mixture of 
ethanol and DI water at a volume ratio of 7:3) were drop-coated 
over the entire PDMS surface.

In addition, the present method can also be used to pro-
duce graphene patterns on different adhesive substrates such 
as Scotch and aluminum foil tapes, both with acrylic adhesive 
(Figure 4f,g), and Scotch tape with synthetic rubber adhe-
sive (Figure 4h). All the graphene patterns in Figure 4f–h 
were formed with five repeated D2SP times and transferred 
onto the target tapes with the ST process.

2.2. Application Demonstrations

2.2.1. On-Tape Strain Sensors

A graphene strip pattern (6 mm length, 800 µm width, and 
10.3 µm thickness) was transferred onto the polyimide tape 
as a strain sensor. The sheet resistance of the patterned gra-
phene was 0.22 ± 0.12 kΩ sq−1. Electrical contacts between 
the graphene pattern and external tin copper electronic wires 
(Gauge 20) were realized with silver paste. Figure  5a shows 
the resistance response of the sensor to a tensile strain 
applied along the length direction of the graphene pattern. 
The relative resistance changes of the sensor (ΔR/R) increased 
linearly with applied tensile strain. The gauge factor of the 
sensor was found to be 12.16 from the slope of the linear fit-
ting curve in Figure 5a. Figure 5b,c demonstrated the stability 
of the sensor by loading and unloading a 4.4% tensile strain 
for 100 times. The hysteretic behavior of the sensor was also 
investigated. The sensor was stretched up to 6% strain at the 
rate of 1.2% s−1, and then released back to the initial posi-
tion at the same rate (Figure 5d), exhibiting a low hysteretic 
behavior, which may be attributed to the elastic deformation 
of the sensor materials.[65] When the sensor was attached to 
the surface of a growing balloon, the value of ΔR/R increased 
due to the stretching of the graphene strip (Figure 5e). When 
the balloon was in a temporarily static state, the sensor 
resistance remained constant. The tape-based strain sensor 
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tape at different h) annealing temperatures and i) durations (i). XPS survey spectra for graphene patterns transferred onto j) polyimide tapes and  
k) the polyimide tape alone, without thermal treatment and annealed at 150 and 250 °C for 180 min. The error bars in (f), (h), and (i) represent standard 
deviations of three independent experiments using three samples.
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was therefore capable of monitoring strain variations at an 
object’s surface.

In another test, the same type of sensor was attached to the 
middle joint of an index finger to measure the tensile strain 
formed during finger bending (Figure 5f). As the degree of 
bending increased from 5° to 90°, the value of ΔR/R of the sensor 
increased from 33.8 to 147.5%. After the finger returned to its orig-
inal position, the sensor resistance immediately resumed its initial 
value, demonstrating good reversibility of the sensor response.

2.2.2. On-Tape Pressure Sensors

The above-mentioned strain sensor was adopted as an on-
tape pressure sensor in this demonstration. Figure 6a shows 
that the ΔR/R value produced by the sensor increased with 
increasing pressure applied normal to the surface of the 
sensor. Based on the slopes of the linear fitting curves in dif-
ferent pressure ranges, the sensitivity of the sensor was found 
to be S = 0.13 kPa−1 for applied pressures below 300 kPa, and  

Adv. Mater. Technol. 2017, 1700223

Figure 4.  a) Optical images of the rGO patterns inside the PDMS channels with a channel depth of 15.4 µm. The numbers “10–500 µm” and “1–2–4” 
denote the channel widths and numbers of graphene layers inside the PDMS channels, respectively. b) Thickness of the GO patterns measured at dif-
ferent D2SP times. The error bars represent standard deviations of three independent experiments using three samples. Various rGO patterns obtained 
on the polyimide tapes using a c) one-time, d) two-time, and e) five-time D2SP repeated process, followed by the ST process. Optical images of the 
graphene patterns fabricated on various tape substrates, including f) Scotch tape with acrylic adhesive, g) aluminum foil tape, and h) Scotch tape with 
synthetic rubber adhesive.
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S = 0.053 kPa−1 in a higher pressure range up to 575 kPa. To 
verify durability of the sensor, the device was loaded (pres-
sure normal to the sensor surface: 330 kPa) and unloaded for 
100 cycles. No obvious degradation of the sensor response was 
observed after the testing (Figure 6b,c). In addition, the sensor 
exhibited a response time of ≈0.3 s (Figure 6d).

This sensor was used to measure the pulse in the wrist. 
Figure 6e shows that the wrist pulses, 75 beats min−1, were 
counted via the time-varying relative resistance changes. Next, 
the sensor monitored repetitive finger clicking of a computer 
mouse. When the mouse was clicked, the ΔR/R value of the 
interacting sensor increased. Figure 6f demonstrates that the 
sensor continuously tracked various clicking pressures and 
frequencies.

As another example application, an array of 10 × 10 round-
shaped graphene sensors was formed on 3M electrically 
conductive tape (Conductive adhesive transfer tape 9707) 
(Figure  6g). Each sensing element had a diameter of 1 mm, 
a thickness of ≈10.3 µm, and a pitch of 1.5 mm. Because 
this type of tape could sustain temperatures up to 85 °C,[66] 
the transferred graphene was further annealed in air at 80 °C 
for 4 h to reduce its sheet resistance to 4.05 ± 0.18 kΩ sq−1. 
These sensing elements were connected to an external detec-
tion circuit through an array of 10 × 10 vertical pogo pins 
(No. 575-09510152071, Mouser Electronics) formed on a 
printed circuit board and arranged in the same manner as 
the sensing elements (Figure 6g). The conductive tape served 
as a common ground for the sensing elements. To facilitate 

pressure application to the sensor array, the tape and pogo 
pins were embedded in a PDMS layer. After applying external 
pressure, changes in resistance were recorded by a multimeter 
through a multiplexer. Figure 6h shows that when a finger was 
pressed or a key was positioned on the surface of the device, 
the embedded sensor array could monitor its interaction with 
the object and identify the shape and pressure (or resistance) 
profile of the object.

2.2.3. Smart Glove

Figure 7 depicts a smart glove equipped with on-tape strain and 
pressure sensors for monitoring mechanical response of fin-
gers when interacting with an object. Specifically, each finger 
was equipped with a pressure sensor at its fingertip and a strain 
sensor at the top of the finger joint, respectively (Figure 7b,c). 
These sensors enabled real-time monitoring of changes in 
important mechanical parameters due to hand movements. As 
an example, the glove was worn while catching a tennis ball 
bounced from a hard floor (Figure 7d). The pressure (Figure 7e) 
and strain (Figure 7f) variations during preparing, adjusting, 
catching, and holding were obtained by the smart glove. As 
the ball bounded upward, the fingers adjusted to bend more, 
increasing the tension on the sensors. When the ball was about 
to reach the palm, the fingers acted to catch the ball, producing 
immediate increases in the applied pressure. The flexibility of 
these tape-based graphene sensors allowed for conformable 
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Figure 5.  Demonstration of using a transferred graphene pattern as a strain sensor. a) Relative change in resistance as a function of the tensile strain 
applied along the length direction of the graphene pattern. The error bars represent standard deviations of three independent experiments using three 
sensors and demonstrate good reproducibility of the sensors. b) Relative resistance of the sensor with the repetition of 100 loading/unloading cycles 
by 4.4% strain. c) Enlarged view of (b), exhibits a stable sensor performance. d) Hysteresis curve of the strain sensor. e) Monitoring of tension changes 
on the balloon surface during inflation. f) Monitoring of bending motions of the index finger.
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contact with the fingers. Such a smart glove would be useful 
in measuring hand mechanical function and control in many 
applications, such as providing real-time data streams for med-
ical rehabilitation therapies and human−computer interaction.

2.2.4. On-Tape Plant Leaf Sensors

Water uptake by roots, transport through the xylem, and tran-
spiration from the stomata of leaves to the atmosphere are an 
important physiological process in plants. Using tape-based 
graphene RH sensors, we demonstrated a unique capability 
to estimate the time required for water movement within a 
plant from the roots to the lower and upper leaves (Figure 8a). 
When the stomata are open, water vapor escapes from the 

leaves, increasing the local humidity level on the leaf surface 
(Figure  8b). Consequently, by installing multiple RH sensors 
on different leaves to dynamically monitor RH variation at the 
leaf surfaces, it is possible to track the key time points at which 
significant water loss occurs at the leaves, thus quantifying 
water transport time via the xylem from the roots to each of 
the measured leaves. The RH sensors were structured as gra-
phene strips (6 mm length, 800 µm width, and 10.3 µm thick-
ness) transferred onto the polyimide tape, and are the same as 
those used in the above-mentioned pressure and strain sensing 
applications. The sensing mechanism is based on changes 
in the electrical resistance of graphene in different moisture 
environments. Figure 8c shows the resistance response of 
the fabricated sensor exposed to different RH levels at room 
temperature. To facilitate the installation of the sensor onto 

Figure 6.  Demonstration of using transferred graphene pattern as a pressure sensor. a) Relative change in resistance as a function of pressure 
uniformly applied to the polyimide tape surface. The error bars represent standard deviations of three independent experiments using three sensors 
and demonstrate good reproducibility of the sensors. b) Relative resistance changes of the sensor with repetition of 100 loading/unloading cycles 
by 330 kPa. c) Enlarged view of (b), exhibiting a stable sensor performance. d) Response curve of the sensor with an applied pressure of 80 kPa at a 
response time of 0.3 s. e) Monitoring of the pulse rate of human wrist. f) Monitoring of the frequency of mouse clicking. g) Cross-sectional view of 
an array of 10 × 10 round-shaped graphene sensors for a pressure-mapping application. Top: schematic representation; bottom: fabricated device.  
h) Top view of a finger (top) and a key (bottom) positioned on the surface of the pressure sensor array and ΔR/R mapping of the pressure distributions.
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the leaf surface, two additional tape strips (acrylic adhesive; 
No. 6915001 from Gorilla) were adhered to the two sides of the 
graphene pattern (see the inset of Figure 8c). This also created 
a 170 µm thick air gap between the sensor surface and the leaf, 
as well as two side openings that allow air exchange between 
inside and outside of the gap space for avoiding accumulation 
of water vapor. The air gap was determined by the thickness of 
the additional tape strips. Figure 8d,e describes real-time moni-
toring of RH using the sensors installed on the back surfaces of 
the fourth and ninth leaf of two-month old maize plants. Here, 
one type of plant (Figure 8d) was inbred line B73.[67] The other 
type (Figure 8e) was a mixed genetic stock (having a more com-
plicated pedigree in which the female parent was a hybrid with 
no close relationship to B73, and the male parent was in a B73 
background; they were grown in Dr. Patrick Schnable’s lab at 
Iowa State University). The testing was initiated 15 min before 
irrigation. After irrigation, for B73, the lower and upper sensors 
exhibited a resistance increment and thus an increase in RH at 

55 and 135 min, respectively. Similarly, for the mixed genetic 
stock, the sensor outputs of the show that the lower and upper 
leaves had an increase in RH at 82 and 110 min, respectively. 
Therefore, in both the B73 plants and plants with mixed genetic 
backgrounds, it took less time for water to be transported from 
the roots to the fourth leaf than from the roots to the ninth leaf. 
Significantly, these two genetic stocks exhibited differences in 
the delta between the fourth and ninth leaves (80 ± 11 min, 
mean ± standard deviation obtained from the measurements 
on three plants for B73 versus 28 ± 10 min, mean ± standard 
deviation obtained from the measurements on three plants for 
the plants with a mixed genetic background). Because water 
transport is a critical process for plants, the on-tape RH sensor 
technology would be useful to select plants with a desirable 
water transport character or improved tolerance to increasing 
water stress, a major objective of crop breeding.

The above demonstrations provide only a few application 
examples of using tape-based flexible sensors, and many other 

Figure 7.  Demonstration of using a smart glove to monitor the pressure and strain levels during catching a tennis ball. a) An optical image of the gra-
phene sensors attached to the finger joints. b,c) Positions of the five pressure sensors (P1–P5) and five strain sensors (S1–S5). d) Time-lapse images 
of catching the tennis ball using the smart glove. The three images represent the three states: preparation (left), adjustment (middle), and catching 
(right). Responses of the smart glove during catching the tennis ball, including e) pressure and f) strain responses.
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graphene sensors could be designed and manufactured on 
tape for use in a variety of emerging applications. For example, 
the graphene pressure and strain sensors could be fastened 
to the surfaces of mechanical and infrastructure systems for 
structural health monitoring purposes. By functionalizing the 
patterns of graphene-based nanomaterials on the tape with an 
enzyme substrate or a receptor ligand that respond to a spe-
cific receptor or enzyme, or by transferring materials already 
functionalized inside the PDMS negative features onto a tape, 
it would be possible to develop many wearable and dispos-
able biological and chemical sensors on tape for applications 
in biomedical diagnostics (e.g., sweat glucose and electrolyte 
sensing), environmental monitoring (e.g., gas sensing), and 
agricultural monitoring (e.g., nutrient and pesticide sensing). 
In addition, this fabrication approach allows formation of high-
resolution patterns on the surfaces of versatile tapes as long 
as their free surface energies are different enough to enable 
strong adhesion to one another. This advantage, in conjunction 
with the ability to control the patterns along three dimensions 

with high spatial resolution, would further extend the applica-
tion potential of this method. Further work will aim at using 
the presented technology to develop on-tape sensors with dif-
ferent nanomaterials. We believe that this technology will open 
a new route for low-cost, scalable, and roll-to-roll production of 
various types of nanomaterials-based sensors.

3. Conclusion

In summary, a novel tape-based graphene patterning and 
transfer approach has been developed. It is simple and effec-
tive, and has potential to support realization of roll-to-roll pro-
duction of various graphene sensors. Once PDMS negative 
patterns are formed via conventional soft lithography, only 
adhesive tapes are required to produce graphene patterns with 
feature resolution of a few micrometers. The method can be 
applied to many tapes to realize various flexible sensors, such 
as the demonstrated wearable graphene-based sensors for 

Figure 8.  Demonstration of using the on-tape RH graphene sensors for the estimation of the times required for water movement within the plant from 
the roots to the lower and upper leaves. a) A photo of the graphene RH sensor and a commercial RH reference sensor located at the back of the maze 
leaf. The placement of the two sensors is magnified in the right-hand image to clarify the structure. The scale bar represents 1 mm. b) A schematic 
illustration of the sensor placement and detection mechanism. c) Resistance of the graphene sensor as a function of RH. The resistance is measured 
using a RLC meter at 100 Hz operation frequency. The error bars represent standard deviations of three independent experiments using three sensors 
and demonstrate good reproducibility of the sensors. d,e) Real-time monitoring of the RH level on the leaf surface after plant irrigation at two maize 
plants: d) B73 and e) a mixed genetic stock.
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mechanical and RH sensing on surfaces of humans and crop 
plants.

4. Experimental Section
Graphene Suspension Preparation: Dispersion of graphene 

nanoplatelets in n-butyl acetate (total graphene content: 23 wt%; 
SKU: UHC-NPD; Graphene Supermarket, Calverton, NY) was heated 
on a hotplate at 85 °C until it all became dried due to evaporation of 
the solvent from it. The average thickness of graphene nanoplatelets  
is ≈7 nm.[71] Subsequently, aqueous suspensions of graphene 
nanoplatelets (20 mg mL−1) were prepared by thoroughly dispersing 
20 mg of the obtained graphene nanoplatelet powder in 1 mL of a mixed 
solution of ethanol and deionized water at a ratio of 7:3 (vol/vol), followed 
by sonication at room temperature for 400 min. Here, 20 mg mL−1  
concentration of the obtained graphene dispersions was chosen because 
it allowed easy spreading of the solution, while forming a continuous film 
over the PDMS surface. In addition, the specific 7:3 (vol/vol) ethanol-
to-water volume ratio was chosen to allow sufficient dispersion and 
maximum concentration of graphene[58] (see the graphene dispersions 
prepared at different volume ratios in Figure S3, Supporting Information).

PDMS Substrate Fabrication: The PDMS negative patterns used here 
were fabricated using soft lithography. In this step, a silicon wafer with 
photoresist SU-8 (3050; MicroChem, Westborough, MA) was spin-
coated to produce different thicknesses by adjusting rotation speed 
and duration. The wafer was then baked at 65 °C for 5 min and 90 °C 
for 1 h. Subsequently, the wafer was exposed to an ultraviolet light with 
photomask, baked at 90 °C for 30 min, and developed to form a master 
mold for the microfluidic channels. Following that, a precursor solution 
of PDMS was prepared by mixing Sylgard 184 Silicone Elastomer 
base and curing agent (Dow Corning, Auburn, MI) at a weight ratio of 
10:1, and then degassed in a vacuum desiccator for 20 min. Finally, it 
was poured on the master mold and thermally cured at 65 °C for 2 h  
on a hotplate. Finally, the cured PDMS containing negative patterns 
were peeled from the master mold.

D2SP and ST Processes: The D2SP process was used to pattern graphene 
structures in the negative features on the PDMS substrate (Figure 1a–e).  
First, the PDMS substrate was horizontally placed on a hotplate. 
A 3 mm high, 50 mm diameter acrylic plastic ring was then placed 
on the edges of the PDMS substrate to confine graphene dispersions on 
the substrate surface. Next, the graphene dispersions (20 mg mL−1) 
were loaded into the plastic ring using a medical syringe. The volume 
of graphene dispersions per unit surface area was 100 µL cm−2.  
The loaded graphene solution was then heated on the hotplate at 90 °C 
for 5 min, thus forming a casted graphene film. Subsequently, Scotch 
tape with synthetic rubber adhesive (Scotch Heavy Duty Shipping 
Packaging Tape) was manually applied and stick to the PDMS top 
surface. As the tape was then peeled, the graphene in the nonpatterned 
areas was removed from the PDMS surface. The D2SP process was 
repeated multiple times until the PDMS top surface was cleaned. 
Therefore, the graphene patterns (thickness: ≈1.45 µm) were obtained  
in the negative features on the PDMS surface, without any residues left on 
the nonpatterned areas. To increase the thickness of graphene patterns, 
the D2SP process was repeated. For example, to obtain ≈10.3 µm thick 
graphene patterns, one needs to repeat the D2SP process for seven times.

Next, the ST process was conducted to transfer the formed graphene 
patterns from the PDMS surface onto a final tape. In this step, the final 
tape was applied and stick to the PDMS surface. A minor pressure 
was applied to achieve a conformal contact between the tape and the 
graphene flakes filled in the negative surface features. Subsequently, 
the tape was manually peeled from the PDMS substrate, and thus the 
graphene patterns were stick and transferred onto the surface of the tape.

To increase electrical conductivity of the transferred graphene 
patterns, thermal annealing was conducted at 250 °C for 180 min in air 
(Thermolyne Benchtop Muffle Furnace; Thermo Scientific, Waltham, MA).

X-Ray Photoelectron Spectroscopy Analysis: The XPS measurements were 
performed using a PHI ESCA 5500 instrument (Perkin-Elmer Co., MN).  

Each sample was irradiated with 200 W unmonochromated Al 
Kα X-rays. The pass energy was set at 188 eV for survey scans and 
47 eV for narrow scans.

Thickness Measurement for Graphene Patterns in PDMS Channel: The 
thickness of graphene formed in the PDMS channel was measured using 
a surface profilometer (XP-100; Ambios Technology, Santa Cruz, CA). First, 
the profilometer was used to measure the surface profile and depth (H1) of 
the PDMS channel. After the D2SP process was completed, the graphene 
structures were formed in the channel. The profilometer was then used 
to determine the new depth (H2) of the channel filled with graphene. 
Therefore, the thickness of the graphene patterns was calculated as 
H1−H2. In this study, informed and signed consent was obtained from the 
participants of the experiments performed on human subjects.

Supporting information
Supporting Information is available from the Wiley Online Library or 
from the author.
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