
Highly Stretchable and Sensitive Unidirectional Strain Sensor via
Laser Carbonization
Rahim Rahimi, Manuel Ochoa, Wuyang Yu, and Babak Ziaie*

Birck Nanotechnology Center and School of Electrical and Computer Engineering, Purdue University, West Lafayette, Indiana 47907,
United States

*S Supporting Information

ABSTRACT: In this paper, we present a simple and low-cost
technique for fabricating highly stretchable (up to 100% strain)
and sensitive (gauge factor of up to 20 000) strain sensors. Our
technique is based on transfer and embedment of carbonized
patterns created through selective laser pyrolization of
thermoset polymers, such as polyimide, into elastomeric
substrates (e.g., PDMS or Ecoflex). Embedded carbonized
materials are composed of partially aligned graphene and carbon
nanotube (CNT) particles and show a sharp directional
anisotropy, which enables the fabrication of extremely robust,
highly stretchable, and unidirectional strain sensors. Raman
spectrum of pyrolized carbon regions reveal that under optimal
laser settings, one can obtain highly porous carbon nano/
microparticles with sheet resistances as low as 60 Ω/□. Using this technique, we fabricate an instrumented latex glove capable of
measuring finger motion in real-time.
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Stretchable and flexible sensors have attracted considerable
attention for their potential applications in wearable

electronics,1 smart textiles,2 soft robotics,3 and structural health
monitoring.4 Among the various types of transducers available
for these applications, piezoresistive strain sensors are among
the most investigated ones. These are often used for human
motion analysis in applications such as athletic assessments,5

kinesiology, and interactive entertainment systems.6 Traditional
metallic and semiconducting strain sensors are not suitable for
stretchable applications because they can only withstand very
limited strain (<5%) before fracture.7,8 Today’s most common
approaches for fabrication of highly stretchable piezoresistive9

and piezocapacitive10,11 strain sensors are based on two main
techniques: (1) conductive-liquid-filled elastomeric tubes or
microchannels,12 and (2) polymeric blends or composites
prepared by embedding conductive nanomaterials within an
elastomeric network.13,14 The first method dates back to 1953
when Whitney used mercury-filled elastomeric tubes to
measure blood volume in the limbs (mercury-in-rubber
plethysmograph).15 When strained, the tube was stretched
and narrowed, resulting in an increased resistance, forming a
low-cost piezoresistive sensor. More recently, several groups
have reported on miniaturized variations of this technique using
microchannels filled with eutectic gallium−indium16,17 or
carbon grease.18 Despite its attractive simplicity, this method
suffers from various drawbacks, including small gauge factor,
leakage of the liquid upon strain (mostly at the electrical
connections ends), and technical challenges associated with

filling a highly viscous fluid into microchannels. The second
method relies on making elastomeric composites containing
conductive nanomaterials (e.g., carbon nanotubes,9 gra-
phene,19,20 silver nanowires21) that are either embedded
directly into the elastomeric material22,23 or deposited on the
surface of a stretchable substrate using various methods such as
contact transfer printing,24 screen printing,25 and inkjet
printing.26−28 Recent examples of the latter method include
screen printing of silver nanowire networks onto glass slides
that are subsequently transferred to an elastic matrix21 and
mixing graphene with cellulose nanoparticles in a controlled
ratio to create stretchable conductive nanopaper.29 Despite
their promising performance, these techniques pose various
practical fabrication challenges. For instance, making CNT and
conductive nano particles for use in these processes requires
time-consuming and complex synthesis, often in a clean room
facility, which increases the overall cost of and limits the
scalability of the process. Many also require aligned single-
walled carbon nanotube (SWCNT) thin films which are
difficult to grow controllably and must often be transferred
manually onto the stretchable substrate.9 Additionally, deposit-
ing and uniformly dispersing the nanoparticles by inkjet
printing and screen printing is also challenging; the nano-
particles tend to aggregate, requiring additional processing steps
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to ensure uniform dispersal (e.g., using surfactants and
sonication).
As an alternative approach addressing some of the above-

mentioned problems, we present a simple and low-cost
technique (with a cost of $ 20 per m2) to create highly
stretchable (up to 100% strain) and sensitive (gauge factor of
up to 20 000) strain sensors using laser-carbonized nanoma-
terials. The stretchable strain sensors consist of PDMS
embedded with patterns of partially aligned mico/nano carbon
particles. The carbon nanomaterials are created by direct laser-
pyrolization of a polyimide tape, resulting in highly porous
carbon traces. The carbon particles are subsequently transferred
to and encapsulated within an elastomeric material, yielding
highly stretchable and unidirectional piezoresistive strain
sensors (the same method can be used to fabricate
piezocapacitive sensors).
Figure 1a illustrates the fabrication process of the stretchable

carbon traces. First, a piece of polyimide tape is attached to a
PET sheet to provide handling rigidity during the process
(Figure 1a.i). Next, a CO2 laser engraving system (PLS6MW,
Universal Lasers, Inc., Scottsdale, AZ) is used to inscribe highly
porous carbon patterns in the desired shape on the surface of

the polyimide tape (Figure 1a.ii). This is achieved by locally
pyrolizing the surface of the polymer into carbon nanomaterials
(e.g., CNTs, graphene). The traces are subsequently immersed
in n-heptane for 20s; this improves the adhesion and increases
the penetration of the elastomeric materials into the carbon
network. In order to make stretchable sensors, the carbon
patterns are then transferred to polydimethylsiloxane (PDMS).
This is accomplished by pouring a diluted form of uncured
PDMS (prepolymer with 7% n-heptane) over the carbon
patterns, followed by degassing and cross-linking (at 70 °C for
2 h) (Figure 1a.iii). The use of diluted prepolymer results in
improved impregnation of the carbon patterns with PDMS
during the vacuum degassing step. After cross-linking, the
PDMS is peeled off the polyimide substrate (Figure 1a.iv-v).
Figures 1b, c shows photographs of the carbon patterns before
and after transfer to the PDMS substrate. Figure 1d, e shows an
LED attached to a 3 V battery through two parallel carbon
traces of 1 mm width and 3 cm length. In an unstrained state,
the LED is brightly lit, whereas at low strain levels (5%), the
LED begins to dim. At higher strains (>5%), the conductivity of
the traces decreases significantly until the LED is eventually
turned off.

Figure 1. (a) Schematic of the fabrication process for stretchable carbon nanocomposite using laser pyrolization of polyimide: (i) attach polyimide
tape to a PET sheet; (ii) laser-carbonize patterns on the polyimide; (iii) pour and impregnate carbon traces with diluted uncured PDMS; (iv, v) peel
off the PDMS sheet after cross-linking. (b) Carbon trace before and after transferring to the PDMS. (c) Twisted carbon trace. (d) Lit LED
connected to carbon traces showing diminished brightness as a function of strain: (i) 0, (ii) 2, (iii) 4, and (iv) 6%.
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The surface morphology of the carbon patterns, before and
after embedment in the PDMS, was qualitatively investigated
by scanning electron microscopy (SEM) (Figure 2). The top
view of carbon traces clearly reveals highly porous carbon
micro- and nanoparticles arranged in a parallel pattern. This
phenomenon is related to the method by which the laser beam
is scanned across the sample during the fabrication. Since the
spot size (diameter) of the laser beam in our system is 60 μm,
ablation of areas larger than 60 μm requires multiple sweeps of
the laser beam over the targeted area; thus generating carbon
particles in a parallel orientation to the direction of laser
motion. Higher magnified pictures of the carbon particles in the
pyrolized lines are shown in Figure 2c, d. Partially oriented
carbon flakes and high-aspect-ratio filaments (some of them as
small as ∼70 nm wide with lengths of up to ∼2 μm) can be
seen on the carbon traces. A cross-sectional view of the carbon

patterns shows that the entire thickness of the pyrolized carbon
is comprised of highly porous nanomaterials. This enables the
PDMS to penetrate deep into the carbon patterns (Figure 2e),
resulting in a uniform transfer of carbon nanoparticles to the
elastomeric matrix (Figures 2f, g). The thickness of the
carbonized regions embedded in the PDMS is ∼30 μm (Figure
2h), which is close to their original thickness on the polyimide
(before transfer). The microstructure quality of the carbon
nanomaterials was evaluated by transmission electron micros-
copy (TEM). The samples were prepared by cutting the
carbonized layer to a thickness of 100 nm using an
ultramicrotome and placed on a copper grid. TEM images
reveal the presence of multiple layers of oriented CNTs with
widths as small as 40 nm (see Figure S1 in the Supporting
Information).

Figure 2. Surface and film architecture details. (a, b) Optical images of the carbonized polyimide before and after transfer to the PDMS. Scale bar
250 μm. (c) SEM image of the aligned particles in the traces with the arrow showing the direction of laser ablation. (d) High-magnification SEM
image showing nanoparticles and fibers. (e) Cross-section image of the carbon traces showing the porosity of the carbonized material. (f, g) SEM
images of the carbon particles after transfer to the PDMS at different magnifications. (h) Cross-section SEM of stretchable carbon traces embedded
in PDMS.
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The electrical conductivity of the carbon patterns before and
after transfer to the elastomeric matrix was measured by four-
point-probe technique. Figure 3 demonstrates the sheet
conductivity of the carbon patterns as a function of the
fabrication parameters, i.e., speed and power of the laser, before
and after transfer to the PDMS. The plots show the strong
dependence of the sheet conductivity on both power and speed
of the laser. In practice, the polyimide can be carbonized with
the laser once the polymer reaches the threshold energy needed
to initiate the pyrolization process (this also results in a weight
reduction of the pyrolized polymer, polyimide). As the plots
show, the threshold energy can be achieved at different laser
powers and speeds. For example, with lower laser speeds,
carbonization occurs at low power levels, whereas with higher
laser speeds, carbonization requires a higher power. We
observed that when the thermal energy is too large (laser
power >8.25 W and raster speed <1.0 m/s) the polymer turns
into a white ash and exhibits a mass reduction of about 90%,
but when the thermal energy is too low (laser power <4.5 W
and raster speed >1.5 m/s), the polymer does not carbonize
and shows a negligible change in the mass, both phenomena
resulting in a low conductivity. Figure S2 in the Supporting
Information shows the change in the mass of the polymer after
laser carbonization on a surface of 7 mm × 7 mm using
different laser parameters (speed and power).
The Gaussian shape of the conductivity plots in Figure 3a

reflects this behavior, showing that there is an optimum
combination of laser power (4.5 to 8.25 W) and speed (0.5 m/s

to 1.9 m/s) needed for producing high-quality, high-
conductivity traces. The optimal setting corresponds to the
maxima at each plot; these are plotted in Figure 3b, showing a
linear relationship with speed and power (a maximum
conductivity of 0.02 Mhos/□ with 6.75 W and 1.3 m/s).
The slope of the plot shows the optimal energy density (62 000
J/m2) needed to achieve low resistance carbon traces. Laser
ablations with energy densities below or above this threshold
will result in either insufficient energy for complete carbon-
ization or burning of the polymer, respectively. The carbon
patterns exhibit a small dip in conductivity after transfer to the
PDMS; this decrease can be attributed to an incomplete
transfer where residual amounts of carbon particles remain on
the polyimide surface (Figure 3c).
The structural characteristics of the carbon nanomaterials

were studied via Raman spectroscopy. Figure 3d shows the
Raman spectra recorded from the center of the carbon patterns
in the range of 1000−3000 cm−1 using an excitation laser
source at 532 nm. The data clearly show three distinctive
Raman spectra peaks at 1350 cm−1 (D-band), 1580 cm−1 (G-
band), and 2700 cm−1 (2D-band) after laser carbonization,
which suggest the presence of CNT and graphite in the
carbonized material. The peak located at 1580 cm−1 (G-band)
is the primary phonon arising from lattice stretching in the C−
C bonding in the graphitic plane. The D-band observed at
about 1350 cm−1 corresponds to the disorder and defects in the
graphitic lattice. The ratio of the peak intensity (ID/IG) of the D
and G bands is a parameter used to quantify the amount of

Figure 3. Electrical characterization of pyrolized carbon patterns. (a) Sheet conductivity of carbon trace on polyimide as a function of laser
fabrication parameters (power and speed). (b) Power and speed required to achieve carbon traces with high sheet conductivity (low sheet
resistance). (c) Sheet conductivity of carbon trace after transfer to the PDMS as a function of laser fabrication parameters (power and speed). (d)
Raman spectra before and after laser treatment showing the appearance of D,G and 2D peaks 1350, 1580, and 2700 cm−1, respectively.
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defects in the graphitic material. The ID/IG (∼0.8) ratio
analyzed form the Raman spectra shows a reasonable amount
of defect in the graphitic materials.30 The 2D band is due to a
secondary phonon vibration of the C−C bonding. This band
provides information about stacking layers in the carbonized
material (such as CNT, graphene). The ratio between the 2D
and G bands (I2D/IG ≈ 0.7) calculated for the Raman data
indicates that the graphitic material is composed of mostly
three carbon layers.31,32

The performance of several prototype strain sensors
consisting of four traces each 2 mm wide and 30 mm long
was evaluated at room temperature by continuously recording
the change in the resistance while the device was stretched by a
micromanipulator. To ensure reliable electrical connections, we
applied silver paste on the two ends of the device. The baseline
resistance of the device (unstrained) was ∼1 kΩ, comparable to

the reported piezoresistive strain sensors made with CNT
(∼100 Ω) and AgNW (∼250 Ω) composites.21 Figure 4a
shows a series of pictures depicting the sensor under
longitudinal (length) and transverse (width) strain. Unlike
other composites in which the conductive nanoparticles are
isotropically dispersed and oriented, the particles in our
patterns possess an anisotropic orientation due to the above-
mentioned laser rastering process. This results in sensors with
unidirectional sensitivity, i.e., conductivity is strongly affected
by the longitudinal strain, whereas remains essentially constant
under transverse strain. The application of longitudinal strain
increases the spacing between the conductive particles and
lowers the number of contact points between the particles,
resulting in an increased resistance. On the other hand, the
number of contact points between the carbon particles does not
change significantly when the device is stretched in the

Figure 4. Characterization of the stretchable carbon traces subjected to longitudinal and transverse strain. (a) Illustrations of carbon traces (i) in
their relaxed state, (ii) under longitudinal strain, and (iii) under transverse strain. (b) Plot of the relative resistance change for different levels of
longitudinal strain. (c) Plot of the relative resistance change for different levels of transverse strain. (d) Gauge factor of the stretchable carbon traces
versus longitudinal strain. (e) Dynamic stretch-and-release cycle response of the sensor for various strains 0−25%.
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transverse direction. Figure 4b, c illustrates the relative change
in resistance in response to the applied strain for five samples.
The device exhibits a very large change in resistance (>20 MΩ)
for 100% longitudinal strain, Figure 4b, but its resistance
changes negligibly (∼100 Ω) in response to 100% transverse
strain, Figure 4c. The smaller decrease in the resistance for
strain levels of <40% (Figure 4b) can be attributed to the
Poisson effect, which results in higher particle density in the
middle of the trace (more contact points and increased
conductivity). In both cases, the device showed no signs of
failure for up to 100% strain. Further stretchability is limited by
the elastomeric properties of the PDMS substrate; however,
this can be extended by using a more elastic material such as
Ecoflex. The unidirectionality of such sensors makes them
suitable for applications that require strain direction detection;
for example, an orthogonal arrangement of three such sensors
can form a coordinate system for measuring strain in three-
dimensional space.
For comparison to other reported stretchable strain sensors,

we calculated the gauge factor (G = (R/R0)/(ΔL/L)) of our
device from the measured data for both longitudinal and
transverse strains. Figure 4d shows the longitudinal gauge factor
(semilog plot) as a function of strain. The exponential change
in the gauge factor at higher strain levels is attributed to the
drastic change in resistance at higher levels of longitudinal
elongation (gauge factor of 50 at 5% strain to a gauge factor of
20 000 at 100% strain). This high gauge factor is significantly
larger than those reported for conductive composites as well as
metal strain gauges. The state-of-the-art graphene-based
composites typically exhibit gauge factors within the range of
2−50, whereas CNTs and AgNWs sensors have an even smaller
gauge factors 1−7.20,28 Although the variable gauge factor
values of our device may require additional logarithmic circuitry
for linearization, the increased sensitivity to high strain levels
makes it ideal for human body applications where detecting
higher strain levels is often more critical.
The performance stability of the sensor was evaluated by

subjecting it to 1000 stretch-and-release cycles (0−100%
strain). Figure S3a (Supporting Information) shows the

resistance change in response to longitudinal strain after
different numbers of cycles. After 1000 cycles, the maximum
drift in strain was 3% (at the lowest resistance), acceptable for
many biomedical applications. This change can be attributed to
migration or rearrangement of the conductive nanoparticles in
the polymer matrix, thus altering the original alignment.
To assess the dynamic performance of the device, we

subjected the sensors to different levels of strain while their
resistance was continuously measured. Figure 4e shows the
results of five stretch-and-release cycles for strain levels of 0−
25%. The sensor shows a fast response (<1 s) to the applied
strain as well as a full recovery upon release. To evaluate the
transient stability, we investigated its stress relaxation behavior
by subjecting the sensor to steps of 10% strain from 0 to 100%.
For each step, the sensor was stretched 10% and held at that
position for 3 min while the resistance was continuously
monitored. The results are plotted in Figure S3b of the
Supporting Information. For strain levels in the range 0−50%
the sensor exhibits a fast response with overshoots of less than
4%. Such values are comparable to some of the highest-
performance piezoresistive sensors reported in the literature
(i.e., about 3% overshoot and 5 s response time).9 For strain
levels above 50%, our sensor shows larger overshoots (∼7%)
and stabilization time (∼25 s); these values, while higher, are
still sufficiently fast for many practical applications, especially
with respect to biological kinetics (e.g., wound healing or
muscle repair) and human motion. In such applications, the
performance of our sensor exceeds that of many other
previously reported piezoresistive conductive composites and
thin conductive-particle films, many of which lack long-term
stability, suffer from high overshoots (∼9%), and require long
recovery time (∼100 s).1

To demonstrate the utility of our technique as related to the
fabrication of human motion sensors, we attached five strain
sensors to a latex glove to detect the joint bending motion,
Figure 5a, b. The sensors were attached to the glove by bonding
their ends to the glove using a cyanoacrylate adhesive (Loctite
420). Glove was subsequently donned and the bending angle
(0−145°) of each finger at middle phalangeal joint was

Figure 5. Human finger motion detection with stretchable carbon traces. (a, b) Photograph of five stretchable strain sensors attached to the finger
joints on the glove. (c) Relative resistance change of the strain sensors at different bending stages over time; the corresponding finger configuration
for each plot region i−ix is shown in the snapshots below the plot.
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monitored by measuring the relative change in the resistance of
the strain sensors. The tests were conducted performing a
stepped bending sequence in which the fingers were bent and
held for a few seconds at each position. Figure 5c shows the
index finger at different bending angles and the time sequence
of resistance change for two cycles (R/Ro ≈ 9 for a completely
bent joint).
To summarize, this work presents a low-cost and facile

method for fabricating highly stretchable and sensitive carbon-
based piezoresistive strain sensors. The fabrication is based on
pyrolyzing conductive carbon patterns on the surface of a
polyimide film using a CO2 laser followed by its transfer to an
elastomeric substrate. The carbonized material contain CNTs
and multilayer graphene flakes that can be aligned in the
direction of the laser scanning, imparting anisotropy
(directionality) to the sensors not achievable using reported
conductive nanocomposite methods.
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