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Abstract: The goal of this work is to develop and investigate the properties of a new type of multifunctional composite 

which is based on multi-walled carbon nanotubes (MWCNT). The composite was prepared from a MWCNT “bucky pa-

per” film which was sandwiched between two adhesive layers. Both two point probe and four point probe methods were 

used to test its mechanical strain sensing properties. The Young’ modulus and shear modulus of MWCNT film composite 

were acquired by the nanoindentation test and direct shear test. A free vibration test was also performed to investigate its 

structural damping properties. Our research indicated that this new type of carbon nanotube based composite is potentially 

capable of functioning as a strain sensor and damping device simultaneously for structural vibration control. 
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INTRODUCTION 

Earthquakes are unpredictable natural disasters that can 
cause devastating losses and damages, especially to human 
lives and civil structures. Post-earthquake structural damage 
identification and safety and reliability evaluation are critical 
for preventing any further damage. Traditional practice 
mainly relies on visual inspections, which depend heavily on 
the inspectors’ experience. This method is far from sufficient 
[1], because visual inspection can only detect local and visi-
ble damage and cracks. Small cracks resulting from the 
earthquake may exist underneath the structural surface and 
beyond the realm of visual inspections. It would be benefi-
cial and crucial to detect and fix the unseen and potential 
problem during its very early stages.  

New methodologies based on vibration measurement and 
analysis can offer better solutions to this problem. Structural 
health monitoring employing structural dynamic characteris-
tics such as natural frequencies, modal shapes and modal 
damping ratios as index for detection of damage have been 
proposed and investigated intensively during the last two 
decades [2, 3]. It also has been reported that changes in 
higher modal parameters (usually in the higher frequency 
range) are more sensitive to small cracks [4, 5]. The most 
commonly used sensors for vibration measurement are ac-
celerometers and strain gauges. However, their frequency 
ranges of relevance are usually rather low (up to 100 Hz) [6]. 
Therefore, a new type of s en so r which can provide higher 
sensitivity in the high frequency range would be better for 
early crack detection. Our previous research on multiwalled 
carbon nanotube (MWCNT) film composite sensor indicated 
that it is better than the foil strain gage for strain sensing in 
the higher frequency range [7]. In this paper, we continue our 
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previous work and verify those results by the four point 
probe test method.  

Structural seismic vibration control is another important 
topic in earthquake engineering. Vibration control devices 
and strategies can be classified into three groups: passive, 
active and hybrid. Passive vibration control methods usually 
apply viscoelastic polymer patches to the structure surface 
for absorbing and dissipating the seismic energy. On the 
other hand, the active or/and hybrid methods generally em-
ploy sensors and actuators for controlling the input to the 
dynamics system to suppress its vibration [8]. In this work, 
we also investigate the damping properties of the MWCNT 
film composite. It is found that beside its sensing capability, 
the MWCNT can provide good structural damping at the 
same time; i.e., this new MWCNT film composite is capable 
of integrating the transducer or sensor and the damping patch 
into one element for structure strain sensing and pas-
sive/active vibration control. 

BRIEF LITERATURE REVIEW 

Since their discovery in 1991 [9], carbon nanotubes 
(CNTs) have been intensively investigated. Their extraordi-
nary electrical and mechanical properties make them perfect 
candidates for many potential applications. It has been re-
ported that CNT mechanical deformation and its electrical 
resistance change are related to each other [10, 11], which 
implies the possibility of using CNTs as nano-scale strain 
sensors. A more recent study [12] indicated that macro-scale 
single-walled carbon nanotube (SWCNT) films can act as 
strain sensors. We reported that this strain sensing property 
can also be found in the pure MWCNT films [7]. CNT com-
posite films, which are usually manufactured by mixing a 
small amount (0.5~10 %wt) of MWCNT or SWCNT with 
some sort of polymer, were investigated by a few research 
groups. All of these CNT composites were reported to have 
the promising characteristic of a mechanical strain sensor 
[13-15]. In all of these tests involving applied strain versus 
carbon nanotube film resistance change, there is an issue of 
measurement method, namely, the two point probe method 
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[13-15] or the four point probe method [12]. Both methods 
were used for measurement of the CNT film resistance. It 
has been reported that the resistance of an individual 
MWCNT measured by two point probe method and four 
point probe method are different [11]. This result also ques-
tions the reliability of the CNT film composite resistance 
that was measured by these two methods. No comparison 
experiments have been carried out to clarify this issue, yet, 
and, hence, it is one of the goals of the present work. 

Polymers are typical structural damping materials. A 
common and effective way to enhance polymer damping 
capacity is to add carbon fibers with large aspect ratio. Car-
bon nanotubes are the smallest carbon fibers with much 
larger aspect ratio and therefore are expected to have better 
damping enhancement capability. Simulations indicated that 
the addition of a small amount (<10 %wt) of well dispersed 
CNTs into polymer matrices can boost the damping ratio of 
the composites dramatically [16]. For example, 5 %wt of 
MWCNT in epoxy can result in 700% damping ratio in-
crease [17]. Meanwhile, experiments have shown that com-
posites consisting of large amounts of aggregated, highly 
compacted and tangled CNTs (>50 %wt) also exhibited good 
damping properties. Two cases were reported; the first case 
was a high density pure MWCNT film prepared by the 
chemical vapor deposition method. Investigation showed 
that the existence of such a MWCNT film increased the 
baseline structure damping ratio by 200% [18]. The second 
case was a laminated composite manufactured by sandwich-
ing single-walled carbon nanofiber paper/sheet between ep-
oxy layers [19]. A 200-700% damping ratio increase was 
reported at higher frequencies. We now report a third case of 
a laminated composite that was prepared by MWCNT bucky 
paper sandwiched between two layers of adhesives having 
good damping characteristics.  

Although both the strain sensing property and the damp-
ing enhancement property have been reported for CNT based 
composites, these investigations were reported in an unre-
lated manner. Previous investigation of the simultaneous 
strain sensing and damping property characteristics for CNT 
based composites have never been carried out because the 
composites were never considered to be multifunctional ma-
terials. In this work we report, for the first time, a multifunc-
tional MWCNT film composite, which is potentially able to 
serve as strain sensor and damping treatment simultaneously. 

EXPERIMENTAL SETUP 

Freestanding MWCNT films (“bulky paper”) were pur-
chased from Nano-Lab Inc. (Newton, MA) and used “as is”. 
First, the MWCNT film was cut into sensor strips of differ-
ent sizes, and then electrodes were deposited by the thermal 
deposition method on both ends of the film strips. The sen-
sors were bonded to the test specimen and sealed with extra 
adhesive layers on its top. The process for preparing the 
MWCNT film sensors is shown schematically in Fig. (1). 
Detailed description on preparation of the MWCNT film 
sensor and the sensing test results can be found in [7], which 
presented a comprehensive investigation of the strain sensing 
property by the two point probe method. For the purpose of 
completeness and convenience, the static sensing test results 
by two point method are summarized and presented in Fig. 
(2). We concluded that the resistance of the MWCNT film 
changed almost linearly with the applied strain, and the sen-
sitivity factors were comparable to those of the foil strain 
gages. 

Static tensile sensing test results by two point method are 

summarized and presented in Fig. (2). During the sensing 

test, the MWCNT films were connected to a Wheatstone 

bridge. Therefore, their resistance changes were converted to 

the Wheatstone bridge output voltage change. The applied 

strain was measured by the foil strain gage. MWCNT sensor 

and strain gage were bonded to the center of the tensile 

specimen but on opposite sides. A total of ten samples 

(sp1~sp10) were prepared and tested and their performances 

were compared with that of the foil strain gage. We can see 

from Fig. (2) that the resistance of the MWCNT film 

changed almost linearly with the applied strain, and the sen-

sitivity factors (which are the slopes of each fitted lines) 

were comparable to that of the foil strain gage sensor (the 
black fitted line). 

Four investigations were carried out for analysis of the 

multifunctionality of the MWCNT film composite. They 

were: i) two point probe and four point probe comparison 

test for clarifying and verifying the previous conclusion on 

strain sensing property; ii) nanoindentation test; iii) direct 

shear test for evaluating mechanical property; and, iv) free 

vibration test for analyzing the composite’s damping en-

hancement property. The sample preparation, experimental 

setup and test procedure will be discussed in detail in this 

 

 

 

 

 

 

 

Fig. (1). Preparation process of MWCNT strain sensor. 
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section. The MWCNT film used in all of these four experi-

ments were exactly the same MWCNT materials as used in 

[7]. They were purchased and received at the same time and 

went through the same preparation process.  

STRAIN SENSING TEST 

The purpose of this re-analysis of the strain sensing test 
is to clarify the measurement reliability issue. Three 
MWCNT film samples were prepared, namely N1, N2 and 
N3. Each sample was: 50.8 mm x 12.7 mm x 0.1 mm. Eight 
round aluminum electrodes (diameter=~1.78mm) were de-
posited on the film surface symmetrically and aligned along 
the center line by the vacuum thermal deposition method to 
make solid and stable contact between the film and the 
probes. Wires were then attached by silver ink to ABCD or 
1234 terminals/electrodes (refer to Fig. (3)) to serve as the 

probes for the four point probe test. In order to compare be-
tween the two and four point probe test, two termi-
nals/electrode strips for the two point probe test were also 
prepared in the same manner. The probe space S was 12.70 
mm. Therefore, t/S satisfied the condition for using equation 
(1) to calculate resistivity and resistance change by the four 
point probe method [20]: 

Rsheet = /t =1.9747* V/I         (1) 

Rmeas = 2 Rcontact + Rsample       (2) 

where in equation (1), the measurement is the four point 
probe method; Rsheet is MWCNT film sheet resistance 
change that is going to be calculated and is considered to be 
the real value of the MWCNT film resistance change;  is 
the resistivity change measured; and V/I is the voltage out-

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Previous two point test results: black line is the performance of foil strain gage; all others are test results of different 
MWCNT film sensors. The MWCNT film sensors showed linearity and sensitivity comparable to that of the foil strain gage. 

 

 

 

 

 

 

 

 

 

Fig. (3). Configuration of MWCNT specimen for the two point and the four point probe resistance test. 
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put reading from the voltmeter. In equation (2), the meas-
urement is for the two point probe method; Rmeas is the 
measured total resistance change, which includes both con-
tact resistance change and the film resistance change itself. 
This value was calculated from the voltmeter output reading. 

Rcontact is the contact resistance change and Rsample is 
the MWCNT film intrinsic resistance change, respectively, 
both unknown values. We will, however, take the Rsheet 
from equation (1) as the real value for calculating Rsample 
and input the calculated Rsample into equation (2); the 
contact resistance Rcontact can then be calculated. Equa-
tion (1) and (2) were used for both strain sensing test and 
zero load resistance measurement.  

The strain sensing tensile test was performed on the same 
MTS machine and followed exactly the same procedure as 
described in [7]. Tensile tests were run twice for each sam-
ple. The first measurement used the two point probe method 
with Wheatstone bridge and the second measurement used 
the four point probe method with direct voltage readings.  

MECHANICAL PROPERTY TEST 

 The Young modulus is an important parameter of the 

MWCNT composite film. Information about its mechanical 

properties is beneficial in the design of the multifunctional 

components. The traditional tensile test can not be easily 

applied to small dimensional thin film samples for acquiring 

the Young modulus. The nanoindentation test and the direct 

shear test were employed to obtain the Young’s modulus for 

pure MWCNT film and the MWCNT film composite, re-

spectively. The nanoindentation test was carried out on a 

Hysitron TI 900 Triboindenter. A peak load of 70 N was 

employed during the test, and each indentation experiment 

consisted of three steps: loading for 10 seconds, holding the 

indenter at peak load value for 4 seconds, and then unloading 

completely in 10 seconds. The measurement sequence con-
sisted of 16 indents.  

The direct shear test sample (Fig. (4)) was sandwiched 

between two aluminum bars. The MWCNT film composite 

under test was 25.4 mm x 25.4 mm x 0.30 mm (1 x 1  x 

0.012 ). The direct shear test procedure followed the same 
tensile test methodology employed in [7].  

DAMPING PROPERTY TEST 

A simple aluminum beam (50.8mm x 6.99mm 
x 2 x 0.275 x 0.008 ) was employed as a base beam for the 
MWCNT damping property test. Due to the small dimen-
sions of the test samples, free vibration displacement meas-
urement was adopted for the damping test. Two test speci-
mens were prepared: one was a cantilever beam coated with 
pure adhesive layer and the other was the same cantilever 
beam yet coated with MWCNT film composite. The com-
posite consisted of one layer of MWCNT film sandwiched 
between two layers of adhesive (ethyl cyanoacrylate: 70%, 
Polymethyl methacrylate: 30%). Coatings for both speci-
mens were 0.30 mm ( 0.012 ). The cantilever beam was 
given the same, small, initial displacement and then released 
for free vibration. Free end displacements were measured by 
laser vibrometer (Polytec OFV 2500 controller and OFV 350 
sensor head), and a two channel digital oscilloscope (Tek-
tronics TDC 2024B) was used to display and store the vibra-
tion signal. 

RESULTS AND DISCUSSION 

Fig. (5) shows an example of the strain sensing results 
from sample N1 by the two point and the four point probe 
method. Sensitivity factors were calculated by equation 

 

 

 

 

 

 

 

Fig. (4). Specimen for direct shear test: MWCNT film was sand-

wiched between two aluminum plates. 

 

 

 

 

 

 

 

 

Fig. (5). Strain sensing test by (a) the two point probe and (b) the four point probe method. 
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R
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=

               (3) 

where R is the MWCNT film resistance change, R is the 
original resistance and  is the applied strain. Measured and 
calculated resistance change and resistivity change can also 
be calculated by equations (1) and (2), respectively.  

Data are summarized in Table 1. It can be seen from Fig. 
(5) that the test results from the four point probe method and 
the two point probe method shared some similarities. Results 
by the four point probe method confirmed the conclusions 
drawn from the two point probe method, i.e., the MWCNT 
film resistance/resistivity changes with applied strain, but the 
four point probe method indicates a higher sensitivity factor. 
The values in the four point probe group were typically 
about 15 times those of the two point probe group (Table 
(1)). Also, it can be seen that the four probe method did not 
show definite improvement in signal linearity (Fig. (5); actu-
ally, the measured signal linearity values are close to each 
other (see global error in Table 1). The linearity result was 
consistent with another investigator’s work [12] who also 
employed the four point probe method to measure the resis-
tance change of a SWCNT film. Since the four point probe 
method did not include the contact resistance change and 
showed much higher sensitivity factors, we would propose to 
use this method instead of the two point probe method. 

Using the nanoindentation method, the typical MWCNT 
film’s Young’s modulus was found to be in the range of 0.1 
~ 9 GPa (Fig. (6)). This large variation was due to the porous 
(relative density 50%) microstructure of the MWCNT film 
[7]. The Young’s modulus of the MWCNT composite and 
the pure adhesive material were calculated from the direct 
shear test (Fig. (7)) and both were found to be around 7.04 
MPa. This value was comparable with another group’s re-
sults [18]. The result indicated that insertion of the MWCNT 
film into the adhesive did not change the elastic modulus of 
the composite. The Young’s modulus of the MWCNT film 
ranged from 0.1 ~ 9 GPa by the nanoindentation test, but the 
mechanical strength of the composite was calculated to be 
4.99 MPa for the pure adhesive and 3.19 MPa for the sand-
wich structure, respectively, based on interfacial shear 
strength. It can be seen clearly that the shear modulus and 
Young’s modulus of the composite were controlled by the 
adhesive material, while the mechanical shear strength was 
affected by the existence of MWCNT film. 

The damping test results by the method of free vibration 
decay are shown in Fig. (8). Damping ratios for the struc-
tures were calculated using an equivalent single degree of 
freedom (SDOF) model, namely [21]: 

1

1

1
ln( )

2
m

x

m x
+

=              (4) 

Table 1. Comparison between the Two Probe and Four Probe Test Results 

Zero Load Test Tensile Test 

Sample Method 

R(ohm)  (ohm-mm) R  
Sensitivity 

Factor 
Error % 

2 probe 76.89 2.1916 0.0806 0.0023 2.62 11.03 
N1 

4 probe - 1.1670 0.6208 0.0177 38.27 16.21 

2 probe 95.63 2.7323 0.0719 0.0021 1.88 14.01 
N2 

4 probe - 1.3376 0.4870 0.0139 26.06 13.78 

2 probe 85.34 2.4383 0.0703 0.0020 2.06 17.29 
N3 

4 probe - 1.0731 0.4507 0.0129 30.73 17.20 

 

 

 

 

 

 

 

 

Fig. (6). Nanoindentation test for the MWCNT film. 

 

 

 

 

 

 

 

 

Fig. (7). Direct shear test of the MWCNT composite. 



Multifunctional Carbon Nanotube Film Composite for Structure The Open Construction and Building Technology Journal, 2009, Volume 3    151 

where x1 is an arbitrary chosen maximum starting point, 
and xm+1 is the (m+1)

st
 displacement in the sequence thereaf-

ter. Here, m is the number of cycles between two measuring 
points. The test results are summarized in Table 2. With only 
12.57% extra mass added, the insertion of MWCNT film 
into the pure adhesive layers increased the structural damp-
ing ratio by 110.57% (from .003129 to .006589). These test 
results indicated that the MWCNT film composite exhibited 
a good damping effect.  

Using the same SDOF model, the damping characteristic 
of the MWCNT composite and the system can be calculated. 
The material viscous damping coefficient, c, system stiffness 
K, system mass M and the system natural frequency  can be 
related to the structure’s damping ratio as [21]: 

22

c c

MKM

= =             (5) 

The possible reason for the increased damping ratio is 
that the MWCNT composite had a much higher damping 
coefficient, c, since K and M both increased when extra mass 
was added to the beam with adhesive coating. This new car-
bon nanotube film composite material showed a 225% in-
crease in damping coefficient compared to the pure adhesive 
materials. Results in this study were compatible with the 
results of another research group [19].  

CONCLUSION 

The four point probe method was carried out to verify 

previous results obtained by the two point probe method. 

Results by the four point probe method confirmed the results 

of the two point probe method, namely, MWCNT film resis-

tance/resistivity changed almost linearly with applied strain. 

The Young modulus of MWCNT film was measured by 

nanoindentation testing. Direct shear test results indicated 

that the insertion of the MWCNT did not improve the 

Young’s modulus of the composite. The mechanical strength 

of the MWCNT composite was determined by the interface 

strength between the MWCNT and the adhesive. Free vibra-

tion tests indicated that with only 12.57% extra mass added, 

the MWCNT film can increase the structural damping ratio 

by 110.57%. Our results indicate that MWCNT film is po-

tentially capable of concurrently serving as a multifunctional 

material, i.e., strain sensor and damping treatment, for struc-
tural health monitoring and vibration control application. 
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