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 Abstract – Many biomedical applications require high 
sensitivity for measuring strain induced in biomechanical 
structures. Although current metallic foil strain gauges are 
capable of measuring strain deformations, their low 
sensitivity and relatively large size render them unsuitable 
for implantable and wearable application. In this paper, we 
present a novel nanocomposites strain sensor using Poly(L-
lactide) (PLLA) as a host polymer matrix and multi-walled 
carbon nanotubes (MWNTs) as filler. The PLLA matrix 
improves load transfer across the nanotubes by means of 
better interfacial bonding between polymer and carbon 
nanotubes filler, thus endowing the nanocomposites material 
with excellent piezoresistive property. Experimental results 
using a fabricated nanocomposites strain sensor is presented 
demonstrating its linear response and high gauge factor. Due 
to biocompatibility and biodegradability of PLLA, the 
proposed sensor is attractive for many biomedical and 
wearable applications.  
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I.  INTRODUCTION 

       Measurement of strain is important for many 
biomechanical applications where it can be used for 
studying onset of osteoporosis, tumors in bone, and for 
monitoring wear and tear in prosthetic limbs/implants. 
Metallic foil gauges have been commercially used for 
strain sensing applications due to its low-cost and ease of 
fabrication. However, their performance is limited due its 
low-sensitivity and relatively large size. Also lack of 
biocompatibility of metallic foil gauge limit their 
application to long term implantable and wearable 
monitoring of biomechanical strain. Nanotechnology 
offers alternative solution for designing flexible strain 
sensors that sensitive and biocompatible. 
      Amongst nanoscale materials, Carbon Nanotubes 
(CNTs) [1-11] are attractive because of their superior 

electrochemical, electrical, mechanical, and thermal 
properties. CNTs are one of the strongest and stiffest 
materials known, and tensile strengths up to 63 GPa have 
been reported using multi-walled carbon nanotubes [12]. 
This is significant when compared to high-carbon steel 
which has a tensile strength of approximately 1.2 GPa. 
Similarly, very high elastic modulus on the order of 1 TPa 
have reported using CNTs. CNTs are also a material of 
choice for designing strain sensors due to excellent 
piezoresistive property. In [13,14], a CNTs thin-film 
(called buckypaper) was reported and has been used as a 
multifunctional smart material which can serve as a 
structural and sensing (for eg. piezoresistive) function. 
However, poor load transfer capability due to slippage 
among nanotubes limits its application as a strain sensor.  
Nanocomposites provide a method to improve load 
transfer capability by using CNTs as filler in a polymer 
matrix [13-19].  
      Several CNTs based nanocomposites strain sensors 
have been reported in literature with a high gauge factor 
compared to conventional metallic foil strain gauges. 
J.Loh et.al have demonstrated a SWNT/Polyelectrolyte 
(PE) strain sensor for the purpose of structural health 
monitoring with a gauge factor of 4.5. They have also 
reported gauge factor up to 25 by varying carbon 
nanotubes concentration [20]. Kang et.al reported a 
CNTs/Polymethyl methacrylate (PMMA) strain sensor 
using single-walled carbon nanotubes (SWNTs) and 
multi-walled carbon nanotubes (MWNTs) [14]. It was 
shown in this study that the gauge factor of the 
nanocomposite strain sensor decreases (from 7 to 1) with 
increase in CNTs concentration. Other CNTs/PMMA 
nanocomposites strain sensors have been reported with 
gauge factors up to 15 [21]. Zhang et.al have used 
polycarbonate as polymer matrix to make 
MWNTs/polycarbonate strain sensor and have reported 
gauge factors 3.5 times of that of typical strain gauge [22].  
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Figure 1. An experimental setup for remote measurement of strain inside 

the human body. 
 
      In this paper, we present a novel nanocomposites 
strain sensor using Poly(L-lactide) (PLLA) as a host 
polymer matrix and multi-walled carbon nanotubes 
(MWNTs) as filler. PLLA is attractive as a polymer 
matrix because of its biocompatible and biodegradable 
property. It is currently used in a number of biomedical 
applications, such as sutures, dialysis media, and drug 
delivery device. We describe a fabrication method for 
MWNTs/PLLA nanocomposites thin film and present 
measured piezoresistive property using the prototype. The 
long-term of this research is to design the implantable 
sensors that can be used for remote strain measurement 
inside the human body. This is illustrated in Figure 1, 
which shows an external radio-frequency reader that 
delivers power to and reads data from the implanted strain 
sensor. 
      The paper is organized as follows: section II describes 
the fabrication of MWNTs/PLLA nanocomposites and 
strain sensor. Section III presents experimental results 
using the prototype strain sensor and section IV concludes 
with final remarks and future work.  
 

II.  FABRICATION OF MWNTS/PLLA NANOCOMPOSITES 
AND STRAIN SENSOR 

      Even though individual CNTs based strain sensors 
have been fabricated, these devices are difficult to 
manufacture. For example, there is no reliable way to 
arrange these nanotubes on the electrodes or other 
substrates to form circuits. Atomic force microscopy 
(AFM) has been used to manipulate individual carbon 
nanotubes to specific location on the electrodes or other 
substrates [23], which is very time consuming, labor 
intensive, and also expensive. On the other hand, carbon 
nanotubes based nanocomposites are relatively easy to 
fabricate and process method of MWNTs/PLLA 
nanocomposites are described below. 

 

 
Figure 2. Transmission light micrograph image of MWNTs/PLLA 

nanocomposites (5% MWNTs) 
 

 
      In this study, multi-walled carbon nanotubes have 
been chosen instead of using single-walled carbon 
nanotubes due to reduced cost. PLLA was added to a 
suspension of MWNTs in a solvent (dichloromethane) 
and mixed together. Dichlochmethane (CH2Cl2) is chosen 
as solvent because it evaporates very fast and it is good 
for the fabrication process. While in the study of [24], 
chloroform is chosen to be a solvent for the carbon 
nanotubes and Poly(L-lactide) and the mixtures are put 
into the Teflon mold to dry for 1 week. For achieving 
homogenous dispersion of MWNTs into PLLA polymer 
matrix, sonication of mixture was done for 6 hours. After 
the dissolving and mixing process, the mixtures were cast 
in a Teflon mold to form a thin film. The film was then 
cured at room temperature for 24 hours until the solvent is 
fully evaporated, after which, the MWNTs/PLLA thin 
film, whose thickness was measured to be 0.13mm, was 
detached from Teflon mold. Figure 2 shows the 
transmission light micrograph image of 5% 
MWNTs/PLLA nanocomposites fabricated using the 
above procedure. From the image, we can see that 
MWNTs is homogenously distributed in some areas while 
they agglomerate with each other in other regions. The 
agglomeration of CNTs can be attributed to Van der 
Waals interaction amongst nanotubes.   
     However, optimized fabrication methods that can 
homogenously disperse CNTs within the polymer matrix 
will significantly improve the property of the 
nanocomposite and hence improve performance of the 
sensor. We are investigating different methods to achieve 
homogenous dispersion such as using shear force in the 
mixing process or applying magnetic field.  
       Figure 3 shows a sample of MWNTs/PLLA strain 
sensor made from this nanocomposites thin film. A 
rectangular shape (36 X 6.5 mm) piece is cut from the 
MWNTs/PLLA thin film. Electrical contact to the sensor 
was created using silver conductive epoxy, which is then 
encapsulated by a copper film. The strain sensor is stored 
at room temperature allowing the silver epoxy to dry for 
at least 6 hours before testing.  

                     

 

 
100µm
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Figure 3.   A sample of MWNTs/PPLA strain sensor 

 

III. EXPERIMENTAL RESULTS  

      A MWNTs/PLLA strain sensor was glued to the 
surface of middle part of a Plexiglas beam (shown below 
in figure 4) using a standard adhesive. Assuming no 
slippage between the strain sensor and Plexiglas beam, 
the strain induced in the sensor can be characterized by 
the strain on the surface of the beam. The four-point 
bending test is used to test the strain capacity of the 
MWNTs/PLLA strain sensor. The bending displacements 
and change of resistance of the strain sensor were 
measured in the experiment.  
 

 
Figure 4. Four-point bending experiment setup 

 
        The strain in the Plexiglas beam (ε) was derived from 
beam theory where the stress in the beam is given by 
                                      

I
Mc=σ .                                    (1) 

M, I are the internal bending moment in the beam and the 
bending inertia of the beam; c=b/2 is the distance from the 
neutral axis to the surface of the beam where the strain 
sensor is bonded and b is the thickness of the Plexiglas 
beam. In the case of four-point bending test the load is 
applied on the beam, the internal moment M in the beam 
at the strain sensor is calculated as 
                                     a

D
EIuM = .                                   (2) 

where E is the elastic modulus of the beam, u is the 
displacement of two middle points on the beam, a is the 
distance from the support point to the point under load of 
the beam, and D  is represented by 
                                 

3
)

2
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3
2 aaLaD +−=                           (3) 

where L is the length of the beam. 
Using equations (1), (2), and (3) the strain on the surface 
of the beam is calculated as 
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Figure 5. Normalized resistance RN versus strain of MWNTs/PLLA 

strain sensor 
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Equation (4) will be used to convert the displacement of 
the point under load to the strain. The change in resistance 
of the strain sensor was measured with Keithley 2400 
SourceMeter and the values were converted to a 
normalized resistance (RN): 
                                    

Ro
R

Ro
RoRRN

∆=−=                            (5) 

where R0 is the initial resistance without strain on the 
strain sensors and R is the measured resistance when the 
beam is strained. 
       Figure 5 shows the experimental results for the 
bending test of MWNTs/PLLA strain sensor. Two 
different strain sensors, which have different initial 
resistances when no tension applied, have been tested. 
From the graph, we can see that the resistance changes of 
both two sensors are almost linear with the strain change. 
The slope of the curve represents the gauge factor (gauge 
factor: )/)/( εRoR∆ of each strain sensor. The gauge factor 
of the sensor whose initial resistance is 2.15 MΩ is 8.6. 
While the gauge factor of the sensor whose initial 
resistance is 13.2 KΩ can reach 30.1 and it is almost 15 
times that of metallic foil strain gauge. 
      From the experimental results, we can see that the 
gauge factor of strain sensor can be tuned by adjusting its 
initial resistance. This property gives us much freedom to 
design strain sensors for different requirements or 
applications. Also, the gauge factor of strain sensor will 
highly depend on the concentration of carbon nanotubes 
and processing methods according to other studies. 
Higher gauge factor of strain sensor is expected if 
homogenous dispersion of carbon nanotubes into the 
Poly(L-lactide) polymer matrix can be achieved.  
 
 

Strain sensor 

Plexiglas beam 
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IV. CONCLUSIONS AND DISCUSSIONS 

      In this paper, MWNTs/PLLA nanocomposites have 
been fabricated using a simple and low-cost method. 
Piezoresistive effect in this thin film serves as primary 
readout mechanism for the nanocomposites strain sensor.  
Four-point bending experiments have been performed on 
structural elements with MWNTs/PLLA strain sensor 
mounted and we have demonstrated that the resistance 
change of this strain sensor is almost linear with strain 
change. Results also show that the sensitivity of this strain 
sensor is much higher than traditional metallic strain 
gauges with gauge factors up to 30.1. This can attribute to 
improved load transfer across the nanotubes by means of 
better interfacial bonding between polymer matrix and 
carbon nanotubes fillers. Adding a polymer to pristine 
nanotubes improves interfacial adhesion between the 
phases and achieves a stronger bonding between the 
polymer and carbon nanotubes by forming a helical 
polymer conformation, as has been reported in previous 
studies [25].  
      This nanocomposites strain sensor is especially 
suitable for biomedical application and the study of 
biomechanics due to biocompatible properties of PLLA 
and flexibility of thin film strain sensor. Also, the 
conductivity and piezoresistive properties of strain sensor 
can be adjusted to meet different performance 
requirement such as high gauge factors. In the near future, 
various studies will be carried out to further enhance the 
properties of MWNTs/PLLA nanocomposites strain 
sensor. Electrical model will need to be derived to predict 
performance behavior of strain sensor. Different 
concentrations of multi-walled carbon nanotubes will be 
tested for the optimal gauge factors. Another important 
aspect for future investigation is to achieve homogenous 
dispersion of carbon nanotubes within the PLLA matrix, 
which will significantly improve the load transfer 
capability of the nanocomposites film. Possible solution 
includes surface modification of CNTs, or using shear 
force in the processing of making nanocomposites. 
Wireless implantable passive MWNTs/PLLA strain 
sensing system is under investigation.  
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