
  

  

Abstract—This paper presents a nanocomposite strain gauge 
composed of poly(dimethylsiloxane) and multi-walled carbon 
nanotubes.  Possessing excellent mechanical and piezoresistive 
properties, the biocompatible nanocomposites could withstand 
large strains repeatedly, which is desirable for miniaturized 
implantable biomedical devices.  Prototype strain sensor was 
fabricated with simplicity and efficiency via microcontact 
printing and cast molding.  Experimental results revealed 
sensitive response of resistance with regard to change of tensile 
strains.  Multiple cycles of stretching and relaxing of device 
revealed consistent and repeatable measurements.  An 
interesting hysteresis phenomenon was also observed.   With 
further investigation of the elastomeric mechanisms, this strain 
sensing technology could yield promising potentials in many 
biomedical applications. 

I. INTRODUCTION 
he measurement of biomechanical strains within human 
body is vital for many biomedical applications.  In the 

case of bone fracture treatment, for example, post-surgical 
therapies need to be adapted to the actual healing stage.  In 
fact, this remains a challenge in today’s medicine, since 
approximately 10% of bone fractures still do not heal 
properly due to abnormal strain profiles during the healing 
process [1-2].  Better understanding of strains induced in 
organic structures could also benefit the studying of other 
medical conditions such as osteoporosis, bone tumors, as well 
as prosthetic implants.  
 For biomedical applications, it would be desirable if the 
strain sensor could be attached, during surgery, to a certain 
location (e. g., on a fractured bone).  After surgery, the sensor 
remains inside human body to continuously monitor local 
strain.  Metallic strain gauges are commercially available and 
popular in many applications due to their low cost.  However, 
their usage as implanted medical devices is limited because of 
their relatively large size and lack of biocompatibility to offer 
long-term implantable or wearable monitoring of 
biomechanical strains.  On the other hand, elastomeric 
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nanocomposite materials offer an alternative to be used as 
biocompatible strain sensors.  Since elastomers are much 
more flexible compared to metals, they can sustain higher 
level of strains.  Therefore, for a given displacement (e.g. 
interfragmentary motion during the healing of bone fracture 
could be up to a few millimeters [3]), the required dimensions 
for nanocomposite sensors could be relatively smaller—a 
desirable attribute for miniaturized implantable devices.   

Elastomer nanocomposites are often composed of a 
polymer matrix and nano-scale filling materials.  Among 
common fillers [4-7], carbon nanotubes present an ideal 
candidate for strain sensing applications.  They possess 
superior mechanical properties, for instance, with tensile 
strength up to 63 GPa using multi-walled carbon nanotubes 
(MWCNTs) [8].  More importantly, MWCNTs have 
excel-lent piezoresistive property as well [9].  When exposed 
to tensile or compressive strain, the geometry and spacing of 
carbon nanotubes within the polymer matrices vary, which 
leads to a change in its resistance.  Also, a good deal of 
research effort has been committed to select hosting matrix 
for the nanocomposites.  Various polymers including 
poly(methyl methacrylate) (PMMA), polycarbonate (PC), 
poly(L-lactide) (PLLA), etc. have been reported to 
incorporate with MWCNTs to construct strain sensors, which 
could withstand relatively large tensile strains [9-14].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Fig. 1. A long-term goal of the implantable strain sensor with wireless 
sensing capability. 
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In this work, we present a novel design of nanocomposite 
strain gauge, by utilizing elastomer poly(dimethylsiloxane) 
(PDMS) as the hosting matrix and MWCNTs as 
piezoresistive fillers.  Compared with polymers mentioned 
above, PDMS owns unparalleled mechanical elasticity and is 
able to hold over 100% of tensile strain without any 
mechanical failure [15].  Its ability to withstand large 
deformation presents a clear advantage in downsizing the 
scale of strain sensors.  Moreover, PDMS is known for its 
chemical inertness and exceptional biocompatibility, and is 
widely used in biomedical applications for implants, skin care, 
medical adhesives, etc. [16].  We also describe a simple and 
efficient approach of embedding PDMS-MWCNTs 
composite patterns into unmodified bulk PDMS by using 
microcontact printing and cast molding techniques.  As a 
long-term goal of this work, the strain sensor could 
potentially be implanted into human body as illustrated in 
Figure 1, and integrated with a wireless communication unit 
[11-12, 14-15].  As power could be transmitted via the remote 
reader site, data generated by the strain gauge could also be 
processed on an external station, which allow continuous 
monitoring of biomechanical strains during our daily 
activities.  

II. DEVICE FABRICATION 
In the past few years, several approaches have been 

explored to address the issue of patterning PDMS-based 
nanocomposite materials [11, 17-20].  While promising 
feasibilities were demonstrated, the fabrication processes 
were labor-intensive and inefficient.  In this study, we greatly 
improve the process by simply using a stamp to transfer 
PDMS composites from one surface to another.  In this novel 
approach, the stamp, once made, could be repeatedly used to 
transfer nanocomposites, enhancing the efficiency and 
reliability of pattern generation. Also, an additional cast 
molding step follows to embed imprinted patterns into bulk 
PDMS.      
 To begin with, MWCNTs were mixed with PDMS to form 
conformal nanocomposites.  This was facilitated by a strong 
organic solvent toluene as it dissolved PDMS base polymer 
easily and allowed monodispersion of MWCNTs [21].  
Firstly, PDMS (Sylgard 184 from Dow Corning) base 
polymer was added into toluene (1:4 volume ratio).  Dry 
MWCNTs (from Cheaptubes Inc, outer diameter: 20-40 nm) 
were separately dispersed in another toluene solution (1:20 
weight ratio) and magnetically stirred for 2 hours before the 
two solutions were mixed together in an open container.  
While further magnetic stirring helped the mixing of PDMS 
and MWCNTs, volatile toluene slowly evaporated on the hot 
plate (50oC) under a chemical hood.  After toluene reached 
full evaporation overnight, PDMS curing agent (1:10 weight 
ratio to base polymer) was added into the mixture. Now, the 
conformal PDMS-MWCNTs composites were ready to work 
as stamping “ink.”  Figure 2 shows a scanning electron 
microcopy image of the cross section of a fractured 

nanocomposite sample showing distributed carbon nanotubes 
in the PDMS matrix.  
 For the purpose of prototyping, a simple stamp (glass) with 
pattern of a single straight line was used to create the strain 
sensor.  First, the glass stamp was held onto the vertical beam 
of a wafer prober.  Meanwhile, the prepared PDMS- 
MWCNTs composites were spin-coated into a thin layer (~ 
60 μm) on a silicon wafer which was then placed underneath 
the stamp.  Next, the stamp was carefully dipped into the ink 
and lifted up shortly in a few seconds.  Then, all 
nanocomposite patterns were transferred by stamping the 
mold onto a slide glass substrate which had been previously 
treated with chlorotrimethylsilane (from Alfa Aesar)—a 
chemical release agent to facilitate the debonding of PDMS 
from glass.  In a subsequent step, the imprinted conductive 
composites were partially cured in an oven at 60oC for 30 
minutes to solidify pattern.  Additional bulk PDMS mixed 
with base polymer and curing agent was then poured atop to 
submerge the imprinted pattern.  In the final step, whole 
PDMS block was degassed in a vacuum pump and fully cured 
at 60oC for 4 hours before being debonded from the glass 
substrate.  Eventually, an all-elastomer strain gauge was 
fabricated. Figure 3 demonstrates the superior mechanical 
flexibility of the manufactured strain gauge.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. SEM image of PDMS-MWCNTs nanocomposite cross section.  
Carbon nanotubes share a weight percentage of 5%, and they are quite 
uniformly distributed throughout the elastomer matrix, showing no sign of 
aggregation. 
  
 
.  
 
 
 
 
 
 
 
Fig. 3. PDMS Nanocomposite strain sensor embedded inside unmodified 
bulk PDMS through microcontact printing and casting techniques.  
Nanocomposites contain 9% of weight fraction of MWCNTs.  The dimension 
of whole PDMS block is 43 mm-long, 10 mm-wide and 0.75 mm-thick, and 
embedded sensor is 43 mm-long, 0.9 mm-wide and around 50 μm in its 
thickness.     
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III. RESULTS AND DISCUSSION 
The principle of PDMS nanocomposite strain gauge 

operation is straight forward.  Under tensile strain, the 
geometry and spacing of carbon nanotubes are altered 
causing a change in the resistance reading.  In our 
experiments, as depicted in Figure 4, the PDMS block with 
embedded strain gauge was manually stretched and relaxed 
for multiple cycles while the change in its resistance was 
recorded with a digital multimeter.  To ensure consistency of 
testing results and prevent possible buckling of device, tensile 
strain stayed at zero or positive throughout experiments.  

 
 
 
 
 
 
 
 
 
 

 
 
Fig. 4. Images showing manual stretching/relaxing of PDMS-MWCNTs 
nanocomposite strain sensor.  

 
Under different levels of tensile strain, the sensor revealed 

significant change in its resistance.   Maximum tensile strain 
of over 40% was applied to the device during tests resulting in 
a sensor resistance shift between 1.54 MΩ and 3.31 MΩ, as 
shown in Figure 5, which was a relative change of over 110%.  
As mentioned before, the ability of the PDMS composite 
strain sensor to endure large mechanical deformations 
repeatedly served as an advantage over strain gauges made of 
other materials.  In addition, the strain gauge showed 
consistency in its resistance change over multiple cycles of 
measurements, which was a desirable attribute for sensing 
applications. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.  Measured sensor resistance change to applied tensile strain.  The 
demonstrated device was repeatedly stretched and relaxed. Resistance values 
were recorded when strains stabilized for 1~2 minutes after each change.  

Conventionally, the gauge factor is an important parameter 
in estimating the quality of strain sensors.  It is defined as the 
ratio of resistance change over the ratio of dimension change,  
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where G is the gauge factor,  L0 and R0 are original length and 
resistance of strain sensor, ΔL and ΔR are length change and 
resistance change, and ε is the tensile strain.  For the sensor in 
our experiment, the gauge factor (G) was calculated to be 
around 2.7, which was comparable to previously reported 
works using MWCNTs-based nano-composite sensors [7-8].  

An interesting phenomenon of the embedded strain sensor 
was the hysteresis effect of resistance change in regard to 
tensile strain.  As indicated in Figure 6, one cycle of 
stretching and relaxing was extracted to reveal the 
relationship between resistance change and tensile strain.  
Starting from original length, when strain sensor was initially 
stretched, the resistance reading actually showed a slight 
decrease.  While further studies are underway, one possible 
explanation was that since the nanocomposites were 
composed of carbon nanotube networks entangled amongst 
PDMS molecular chains, individual nanotubes could not 
settle down immediately after a change of strain, causing a 
time delay in its electric response [22].  Thus, when strain was 
just starting to increase from zero, inside the polymer matrix 
the spacing of carbon nanotubes was actually still decreasing 
from the previous cycle of strain dropping, resulting in a 
temporary decrease in its resistance reading.  After strain rose 
above a few percent, the spacing of carbon nanotubes 
resumed increasing, so did the resistance reading.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.  Relative resistance change to tensile strain during one cycle of 
stretching and relaxing of strain gauge.  Hysteresis effect was observed 
consistently during  experiments.  

 
On the other hand, although the resistance change with 

increasing strains was fairly linear for the most part, it was not 
the case when strain was reversed.  Resistance tended to drop 
more quickly right after strain decreased from the maximum 
level, then after a certain cross point, it started to decline at a 
lower rate.  While this “strange” pattern of hysteresis effect is 
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still being studied, according to a two-force node-node 
interaction model of polymer mechanism proposed by 
Hanson [23], the PDMS chain molecules were under taut 
condition with an increasing strain. When strain was reversed, 
the sudden change in external force momentum caused the 
polymeric chain force to decrease almost instantly, which led 
to an abrupt drop in the intrinsic stress. Tubule carbon 
nanotubes were similar to PDMS chain molecules structurally, 
therefore if its resistance was associated with the intrinsic 
stress of composites, a similar abrupt change in resistance 
could also occur.  Overall, at the current stage further 
thorough investigation of elastomer composite mechanisms is 
still required for a better understanding of the resistance to 
strain response.   

IV. CONCLUSIONS 
Utilizing PDMS and MWCNTs as polymer matrix and 

nano-scale fillers, a novel design of nanocomposite strain 
sensor was introduced.  Microcontact printing and cast 
molding were employed to realize simple and efficient 
embedment of strain gauge pattern inside PDMS block.  
During testing of prototype sensor, both significant and 
consistent resistance change was recorded in response to 
change of tensile strains.  Owning superior mechanical 
flexibility and piezoresistivity, the biocompatible 
nanocomposites strain gauge could be integrated in a 
miniature system and implanted inside human body for 
monitoring of biomechanical strains.  Provided that further 
understanding of the intrinsic mechanisms of the elastomeric 
composites related to its hysteresis effect could be obtained, 
this strain sensing technique yields promising potentials in 
many biomedical applications.  
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