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ABSTRACT:

In this paper, a method of strain actuation of single-walled carbon nanotube (SWNT) films using droplets is examined, and the physical
origin of an open-circuit voltage (Voc)—observed across the film during this process—is explored. We demonstrate that droplet actuation
is driven by the formation of a capillary bridge between the suspended SWNT films and the substrates, which deforms the films by wetting
forces during evaporation. The induced strain is further evaluated and analyzed using dynamic Raman and two-dimensional correlation
spectra. Supported by theoretical calculations, our experiments reveal the time and strain dependency of the capillary bridge’s midpoint
directional movement. This relationship is applied to display the correlation between the induced strain and the measured Voc.

KEYWORDS: Single-wall carbon nanotube film, capillary bridge, strain, two-dimensional Raman correlation spectroscopy,

open-circuit voltage, fluctuating Coulombic field

Single-walled carbon nanotubes (SWNTs) have attracted
extensive interest in engineering fields due to their superb
conductivity, stability, and mechanical flexibility. Traditionally,
SWNTSs have been used as a component of strain gauges in
tensile test performances. Their outstanding tensile strength and
high sensitivity,'* make them an excellent candidate for strain
sensors. A four-point probe method has been widely adopted to
measure their resistance change during such tests.”>~® However,
various growth conditions and post-treatment methods have led
to a significant discrepancy in the mechanical performance of
SWNTSs. The atomic force microscope (AFM)”'° is an alter-
native tool for the evaluation of their tensile performance.
However, this method is limited to small scale samples, such as
individual SWNTs and thin carbon nanotube bundles. In this
paper, we report on a new approach to strain actuation in which
we employ droplets to deform the free-standing SWNT films.
This strain actuation is achieved through wetting forces at the
interface of the droplet and the SWNT. The magnitude of the
induced strain is estimated by a simplified beam theory, and
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strain in the range of 0.1—0.6% is controlled by adjusting the
spacing between the SWNT and the substrate. Furthermore, an
open-circuit voltage (Voc) was measured across the SWNT,
during the deformation process. A capillary-bridge-based model
suggests a correlation between the voltage and the strain
within the physical scenario of the fluctuating Coulombic field.
Our results demonstrate that this simple procedure provides a
quick, nondestructive, replicable method to evaluate the tensile
performance of SWNT films''~'® of different sizes and thick-
nesses. Moreover, by correlation of the voltage and strain in
SWNT films, this system can be used as a potential high-
performance voltage-based strain sensor.

The SWNT films used in this work are prepared using floating
catalytic chemical vapor deposition. Large-scale SWNT films
are deposited on the quartz tube walls after approximately 6 h of
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Figure 1. Deformation of a SWNT film induced by an ethanol droplet.
(a) Six consecutively captured photos of the SWNT film during its
deformation. (b, c) Illustration of a capillary bridge between the SWNT
film and the substrate, and the corresponding simplified beam model
for strain estimation. (d) Illustration of controlling the separation dis-
tance H. (e) Stains in SWNT films as a function of H.

growth. These films are cut into rectangles, placed on two
electrodes, and are fixed by a copper conducting tape to ensure
proper contact (see Figures $1—S3, Supporting Information).

To illustrate the mechanism of actuation, a complete deforma-
tion cycle of the SWNT films is shown in Figure 1a, frames 1—6.
A drop of ethanol (~30 uL) is placed on the free-standing
SWNT film (Figure 1a-1 and Figure 1a-2). This droplet drags the
film down, forming a capillary bridge.'"* The slow, natural
evaporation of the ethanol results in the shrinkage of the liquid
to its midpoint (Figure 1a-3). Once the ethanol has almost
evaporated, the film reaches a maximum strain (Figure la-4).
Subsequent to the evaporation of the remaining ethanol on the
substrate (Figure 1a-S), the film is released and restored to its
free-standing state (Figure 1a-6).

Figure 1b illustrates the formation of capillary bridge after
placing droplet on the SWNT film. The strain in SWNT film is
estimated by a simplified beam theory (Figure 1c)

e=2/(H(@) - 1) + Lewr/D /Lt —1 (1

where ¢ is the maximum strain in SWNT film, H is the separation
distance between the film and substrate, i, (0—0.3 mm) is the
separation distance between the substrate and the lowest point of
the SWNT after formation of a capillary bridge, Lcyr (20 mm) is
the original length of the film, and a is the slant angle of the
SWNT with respect to the substrate. To manage the magni-
tude of the strain on the film, the separation distance between the
SWNT film and the substrate is controlled from 0.3 to 1.2 mm
(Figure 1d). The consequent tensile force for these different
strains is estimated using F = EAoe . Here, E is the Young’s
modulus with a value of roughly 5 GPa'! for SWNT films, A, is
the original cross-sectional area of the film (~2 mm x 1 um), and
€ is the strain on the film. The dependence of strain, & on
the separation distance, H, is shown in Figure le. The largest
strain produced in our experiments is about 0.6% (corresponding
to a separation distance of 1.2 mm, slant angle o of ~6.0°, and a
tensile force of ~56mN (see Figure S4 and Table 1, Supporting
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Figure 2. Raman spectroscope results for the suspended SWNT film
during its deformation. (a) Raman spectra dependence on the strain of
SWNT film. The color bar stands for the strain level during the
deformation of film. (b) Change of G band peak positions during the
deformation. The G band shows a downshift under strain. Both red
arrows indicate maximum strain level, corresponding to the situation
shown in Figure 1a-4. (c, d) Synchronous 2D Raman correlation spectra
with wavenumber ranging from 1550 to 1610 cm™ ' (G mode), and from
125 to 215 cm™ ' (RBM), respectively. Yellow arrows show the most
susceptible peak locations to the change of strain.

Information). The smallest strain generated was less than 0.1%
(corresponding to a separation distance of 0.3 mm, a slant angle
a of ~0.9°, and a tensile force of ~2mN).

Raman spectroscopy is a powerful tool to analyze the genera-
tion and evolution of strain during the deformation of the SWNT
films. This is done in a semiquantitative manner by associat-
ing the strain to the changes in the Raman band positions of
carbon nanotubes.”*”'7 The Raman spectra are collected
during the deformation cycle of the film, using a Raman micro-
scope (Renishaw inVia), with a laser wavelength of S14 nm.
Figure 2a illustrates these spectra in a waterfall graph, indicat-
ing the intensity and peak position of the G mode (with upper
and lower frequency components G* and G, respectively).
For the first 11 spectra, there was little change in the intensity
and band positions. As a result of the liquid shrinkage and its
consequently induced strain on the film, a rapid increase in
G peak intensity and a down-shift in the G band position can be
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Figure 3. Generation of open-circuit voltages across SWNT films
during their deformation. Voltage vs time plot shows behaviors of
induced voltage with time. Corresponding typical capillary bridges are
shown on top of the plot. The data shown in triangles, circles, and
squares correspond to a separate distance H of 1.2, 0.6, and 0.3 mm,
respectively.

found. The downshift of the G bands originates from the
elongation of the carbon—carbon bonds by strain, which weak-
ens the bonds and therefore lowers their vibrational frequency.'®
The intensity of G band reached a maximum value at the 13th
spectrum, as indicated by the red arrow in Figure 2a. Later, the
intensity decreased to the original value when there was no
ethanol remaining on the substrate. Figure 2b illustrates the
relationship between the strain and the G™ band position. This
downshift in the band position and its relationship with strain are
in agreement with previously reported studies.'®'”*° Maximum
strain attained in these experiments is represented by a downshift
of ~2 cm ' (denoted by an arrow).

For further analysis of the deformation process, contour maps
of two-dimensional synchronous correlation spectra®" (intensity
versus time) are shown in panels ¢ and d of Figure 2. The
variations in the intensity of the correlation spectra are observed
in both G and radial breathing modes (RBM). Two diagonal
peaks (autopeaks), located at 1590 and 1566 cm ™' correspond-
ing to the G" and G~ modes, respectively, are marked in panels
and d of Figure 2. The G" mode has significantly stronger
autopeak intensity relative to the G~ mode, suggesting that the
G" mode is more susceptible to change as strain is imposed on
the SWNT films. Due to the indistinguishable collective effects of
SWNTs of varying diameters, the RBM contour map in panel d is
not as clear as the G mode. The variations observed in the
spectral intensity range from 165 to 188 cm ™. The Raman peak
located at ~170 cm™ ' appears to be much more sensitive to
strain. The following empirical relationship between the RBM
frequency, erpyy and the diameter of SWNT, d,, has previously
been derived: expy = A/d, + B2 Using this relationship and
the typical values of A = 234 cm™ ', B=10 cm ™, the diameter of
SWNTs in these experiments is estimated to be in the range of
1.3—1.8 nm. These values have a strong correlation to the AFM
measurements reported in our previous work.*?

Furthermore, concurrent to the deformation of the SWNT, a
Voc across the sample is measured by a Keithley 4200-SCS
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Figure 4. Induced voltage versus different current bias. (a—f) Induced
voltage under current bias of 5, —5, 10, —10, 20, and —20 uA,
respectively . It can be found that the voltage will decrease and then
return to its original value during the deformation of the SWNT film in
all six situations. (g) For different current bias, the maximum induced
voltage is around 500—600 uV.

semiconductor characterization system. To illustrate this phe-
nomenon, an experiment represented by the plot showing the
evolution of this voltage over time is performed (Figure 3). Here,
the separation distance, H, is controlled at values of 1.2, 0.6, and
0.3 mm, shown in navy, blue, and red, respectively. For simplicity,
this plot can be divided into three time segments. A droplet is
placed on the film in the first segment, and the Voc changed from
0 to approximately —200 ¢V, forming a capillary bridge. A sharp
increase in the Voc is observed in the second segment, in which
the capillary bridge shrinks toward the center of the film. In the
third segment, SWNT films are restored to their free-standing
state and the value of Voc is close to zero. During this deforma-
tion, several I—V curves are obtained that marked a 19% change
in the SWNT film resistance between the free-standing (~199 Q)
and the maximum strain (~236 €2) states (see Figure SS,
Supporting Information). Different droplets, such as methanol
and acetone, can also drag the SWNT film down and generate
similar mechanical and electrical responses. The measurements
can be well repeated (see Figure S6, Supporting Information).
To evaluate the origin of the Voc, the response of the device
under different current biases is examined. In these experiments,
ethanol droplets are used and a constant separation distance
of 12 mm is set for each experiment. Six different current
biases, in the range of —20 to 20 (A, are applied to the devices
(Figure 4a—f). The red arrows indicate the time at which the
maximum strain and its corresponding voltage in the SWNT film
have been reached. The voltage increases back to its initial value
when the ethanol is completely evaporated from the substrate. As
presented in Figure 4g, the device generates a voltage of roughly
500—600 w1V at its maximum strain level for the varying current
biases. If the Voc relates to the value of resistance, there would
be a significant variation in the voltage. This result confirms that
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Figure 5. Correlation between the voltage and the induced strain. (a) Consecutively captured photos 1—4 showing the relative movement of midpoints
of capillary bridges. Triangles and solid line in red mark both ends and the midpoints of them. White arrows indicate that the midpoints of capillary
bridges move to the left during evaporation. (b, c) A displacement of L of the midpoint of capillary bridges. (d) Illustration of the capillary bridge model.
(&) Plot of the velocity (midpoint of capillary bridges) versus time based on the model in d, showing distinctive behaviors in time regions I and II. Solid
lines in red, blue, purple, and gray correspond to strains of 0.50%, 0.24%, 0.07%, and 0.01%. (f) Plot of induced voltage versus velocity (midpoint of
capillary bridges). The data are obtained from 25 to 70 °C as marked by the gray areas. Dash line in red is fitted based on fluctuating Coulombic field.

Inset shows the evaporation time of droplets at different temperatures.

the changes in voltage are caused by an electromotive force
(EMF, the Voc) and are potentially correlated to the strain in the
SWNT films. To rule out the thermoelectric effect on the Voc,
the temperature difference of the electrodes at the two ends of
the SWNT films is measured, which reflects on a minute value
and excludes the possibility of the Voc generated from the
thermoelectric effect (see Figure S7, Supporting Information).
It is important to figure out how the Voc correlates with the
induced strain. We noticed that there was relative movement of
capillary bridge along the SWNT films during the evaporation.
The midpoint of the capillary bridge shifted a noticeable distance
during evaporation, as demonstrated in Figure Sa, from 1 to 4.
This shift originates from the relative misalignment of the two
electrodes and could be controlled by adjusting the height
difference between the two ends of the film (see Figure S8,
Supporting Information). The red triangles mark both ends of
the liquid and the red lines specify the midpoint of the film, while
arrows displayed how the capillary bridge moved following time.
Such movement is illustrated by panels b and ¢ of Figure S.
Figure Sd represents a model for this configuration including
SWNT films, substrate, and capillary bridge, which is used to
determine the time and strain dependency of the capillary
bridge’s midpoint velocity. To simplify this problem, it is reason-
able to assume that the displacement of the midpoint, L(t, &), is
proportional to the location of the capillary bridge, x(t, a).

Therefore, we have

dL Lo

u(t,a) = T X v(t,a) (2)
where u(t, &) or v(t, @) is the velocity and L(t, &) or x(t, @) is the
displacement of the midpoint, measured from the right-hand side
of the capillary bridge. Ly (~1 mm) is the total displacement of
the capillary bridge’s middle point, and X, (~10 mm) is the
initial displacement from the right-hand side of the capillary
bridge. The cross-sectional area enclosed between the substrate
and the lowest point of a SWNT film consists of two segments: a
rectangular area and two trapezoidal areas on top. With these
definitions, the following relationship is derived to determine the

changing volume of the capillary bridge
1
Vo—pt = |Salt, a) tan(a)W + x(t,)heW| x2  (3)

where V,, is the volume of the capillary bridges (~30 uL),
p represents the evaporation rate of the capillary bridge (V,/t
~ 0.2 uL/s), hy is the height of the rectangular segment (the
distance between the substrate and the lowest point of the film,
assuming to be 0.2 mm), & is the slant angle between the SWNT
film and the substrate (6.8°, 4.6°, 2.9, and 1.1°), W represents
the width of the film (2 mm), and «, is the initial distance from
the right-hand side of the capillary bridge. The velocity of the
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Figure 6. Plot of voltage versus strain. Dash line in blue is a linear fitting
within a strain range from 0.1% to 0.6%. Inset shows a SWNT film
loaded in a microtester and the plot of resistance versus strain.

midpoint of the capillary bridge is calculated to be (see Figure S9,
Supporting Information)

L() 2p

%0(@) W\/hg2 + 4(x(@)” tan(a) + xo(at)ho) — % tan(a)t

(4)

ult,a) = —

Considering V = 2x0(a)ho W + xo(a)?* tan(at) W, we have

xo(a) =

o + [k + tan(a)ﬂ Jtan(a) (s)

The plot of time and strain dependence of the capillary bridge’s
midpoint velocity is shown in Figure Se. Larger strains result in
lower initial velocities, and as the liquid evaporates, the velocity
rapidly increases (areaI). These changes are more rapid in higher
strained samples (area II). The inset provides a close-up of the
designated area of the graph in Figure Se. Such behavior is in
good agreement with the plot shown in Figure 3 if associating the
velocity with induced voltage. It has been shown that free charge
carriers in the nanotubes are dragged by the fluctuating Columbic
field of flowing liquid.** The motion of the midpoint is a result of
a net unidirectional liquid flow. Therefore, we anticipate obser-
ving an induced voltage across the film with characteristics
reflecting the dynamics of the midpoint’s position. The generated
voltage can be estimated using the relationship™*

UmrUy(1—e ™) /et (6)

where u is the velocity of the midpoint of the capillary, derived
from eq 4, and Uy, 4, and b are fitting parameters. As shown in
Figure 5f, this relationship is evaluated by a series of experiments
at different temperatures. Voc values are acquired at room
temperature (25 °C) for H values 12, 9, 6, and 3 mm, and at
temperatures of 40, 60, and 70 °C for a single H value of 12 mm.
Velocities at room temperature were estimated from Figure Se
(152 s, denoted with a dashed line). Velocities at other tempera-
tures are estimated, assuming they are proportional to the total
evaporation time of the droplets (inset in Figure 5f). These results
correlated well with the previous report," with calculated fitting
parameters Uy = —1033 4V, a = 2 x 10*s/m,and b = 5 s/m.

The unique configuration of such a device allows for defini-
tion of a new gauge factor based on voltage instead of resistance:
Bar (V) = (0V/V,)/d¢e. The voltage-based gauge factor can be
up to ~242 for strains in the range of 0.1—0.6%, as shown in
Figure 6. It is comparable to the classic gauge factor (resistance-
based) obtained from very thin SWNT's (200—1000)***® and much
higher than macroscale SWNT films and commercial metallic foils
strain gauges (2—30). For further analysis, the classical gauge factor
(resistance-based) of our SWNT films is calculated (Inset of
Figure 6). The tensile tests are performed using a microtester
(Deben UK, Ltd.). The maximum force and displacement capacities
of the microtester are 200 N and 10 mm, with resolutions of 0.01 N
and 0.001 mm, respectively. The SWNT film was sealed in plastic
films, using copper tapes as electrodes; it is then cut and mounted
onto the tensile testing device. The uniaxial tensile tests are
conducted under displacement control, and the displacement rate
is set at ~0.5 mm/min, corresponding to a strain rate of ~7.2 X
10~*/s. During the tensile test, the electrical resistance of the samples
is measured using a two-point probe method with a Keithley
2400 source meter. The initial resistance of the free SWNT film is
~156 €. It increases during the tensile test and reaches ~240 €2,
under a tensile strain of ~15%. The gauge factor can be estimated as
~7.1, comparable to pristine macroscale SWNT>” and ZnO.**

In conclusion, we have demonstrated the use of droplets to
actuate strain in SWNT films with values ranging from ~0.6% to
less than 0.1%. The strain is caused by a wetting force from liquid
capillary bridge between suspended SWNT films and substrates.
The strain was further confirmed by dynamic Raman spectroscopy
and analyzed by the two-dimensional correlation spectra. We
reported on a simultaneous dynamic voltage across the SWNT
films that emerged during droplet evaporation. Our calculations
demonstrated the evolution of the liquid capillary bridge over time
and varied strain. Further, these calculations correlate the observed
strain to the open-circuit voltage in the physical context of
fluctuating Columbic fields. Additionally, as a consequence of the
design advantages of our system, a new gauge factor with respect to
the changes in voltage was defined, which could lead to a potential
high-performance strain sensor of SWNTs.
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