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ABSTRACT

This paper reports a laterally suspended microcantilever made entirely of a vertically aligned carbon nanotube (CNT) forest. The CNTs in a
1-mm-long cantilever, patterned using a post-growth microplasma technique, are preserved in their original alignment and structure, and
are self-suspended only due to their entwined arrangement and internal interactions. This pure CNT forest cantilever is electrostatically actu-
ated to characterize its resonance using a laser Doppler vibrometer, revealing a resonant frequency and quality factor of 7.95 kHz and 51.3,
respectively, at room temperature. The measurement result fitted to a free vibrating microcantilever model indicates that the CNT forest, an
anisotropic bulk material, has an in-plane Young’s modulus of 3.8MPa, which matches well with previously reported levels of the modulus.
A preliminary test of the cantilever as a resonant-mode sensing device shows real-time temperature tracking, suggesting the device’s potential
for not only temperature sensing but also other sensing applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012533

Cantilever structures are one of the most common mechanical
elements used for sensing and actuation in micro-electro-mechanical
systems (MEMS). Based on different transduction methods, micropat-
terned cantilevers have been used as label-free, sensitive, fast, and
highly parallel sensors1–3 offering a tremendous range of potential
applications1,4 including fluidic flow, temperature, gas, humidity, and
mass sensing. The sensing principle in a cantilever relies on detecting
changes in the mass5,6 or the surface/bulk stress developed in the can-
tilever structure.7 These factors can be measured, among many other
properties, through the static deflection or the change in the resonant
frequency of the cantilever.8 Cantilever resonators change their reso-
nant frequencies as a function of their material properties and geomet-
rical dimensions.8 This feature enables, besides their sensing
applications, characterization of the material properties by shaping the
material of interest into a cantilever form and probing its resonant
frequency. For example, resonant cantilever models have been used to
analyze the Young’s modulus and tensile strength of complex
materials.9–14

Carbon nanotubes (CNTs) have drawn great attention due to
their unique material properties in electrical, mechanical, and other
domains.15–17 CNTs are known for their high tensile strength,

flexibility, and conductivity. All these properties have made the CNT a
promising candidate in numerous application areas.16,17 CNTs can be
synthesized in different forms. One of the most interesting of these
with unique physical properties, such as mechanical anisotropy, is an
array of vertically aligned CNTs, known as a CNT forest.18–20

Leveraging those properties, CNT forests have been studied for diverse
electronics and mechanical applications including MEMS. For
instance, interconnects on a microchip,21 switches/relays,13,22 field-
emission, thermionic, and photoemission electron sources,18,23,24 tun-
able25,26 and super-27,28 capacitors, and many other applications have
been enabled using this unique nanomaterial.

Designing CNT forest-based structures and devices requires
knowledge of the mechanical properties, such as the Young’s modulus
of CNT forests in the first place. Due to the alignment of CNTs along
one axis, CNT forests exhibit great anisotropy in various properties.
Many of the mechanical characterization studies have relied on using
a nanoindentation technique to compress a forest in the out-of-plane
direction (along the CNTs’ axis).29,30 Out-of-plane values of the
Young’s modulus ranging from 30 to 300MPa were measured
depending on the number of contact sites between the nanotubes
within a CNT forest.29 Other studies have shown similar results for
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the out-of-plane elastic modulus.31–33 On the other hand, there are
limited reports on the in-plane elastic modulus. Much lower values, in
the range of 1–10MPa, were found using other techniques such as a
measurement of the lateral bending in a parallel-plate capacitor config-
uration and a varactor.25,26 Microscale cantilevers based on CNT for-
ests have been reported as well, but by either modifying their
structure/composition13 or simply growing the forest on cantilever-
shaped substrates, creating a complex/composite structure.34,35

Currently, there are no reports on cantilevers made entirely of CNT
forests that are laterally held. The primary reason is that conventional,
lithography-based approaches do not allow three-dimensional (3D)
carving of the material.

In contrast, micro-electro-discharge machining (lEDM) has
been shown as an effective precision technique for free-form pattern-
ing of grown CNT forests while maintaining their vertical alignment
and density.36 This microplasma-based technique has been used to
etch a variety of electrically conductive materials with submicrometer
precision.37 The removal mechanism relies on controlled discharges
with thermomechanical impacts produced between a microscopic
electrode and a workpiece. These features have been applied to 3D pat-
terning of CNT forests36,38 to create electron emission,39 mechanical
switching,40 and scanning probe devices.41 All of the previously
reported works on lEDM of CNT forests were conducted on the top
surface of the forests, with one exception that showed shallow lEDM
of CNT forests’ sidewall in one orientation.42 Alternatively, deep local-
ized etching of CNT forests from the sidewall in multiple orientations
will enable the fabrication of unique 3D structures in the forest mate-
rial. In this paper, we report the fabrication of a laterally suspended
pure CNT forest cantilever device, using 3D lEDM, for a study of in-
plane elastic modulus of the material through characterizing the reso-
nance. This study further applies the CNT forest cantilever and the
measurement method to a preliminary investigation for temperature
sensing application of the structure.

A CNT forest was grown on a 6� 6-mm2 chip of a highly doped
Si substrate (resistivity 0.002–0.005 X cm) using hot-wall atmospheric
pressure chemical vapor deposition. The growth catalyst on the Si sub-
strate consisted of a 1-nm Fe layer with a 10-nm Al2O3 layer under-
neath. The growth process was as follows. In the degassing phase, Ar
was first introduced at 300 sccm for 10min at room temperature.
Then, the annealing phase was initiated, where the Ar flow rate was
decreased to 100 sccm and H2 was introduced at 400 sccm for 20min
while ramping up the temperature to 750 �C. Finally, the growth phase
started by introducing C2H4 at 100 sccm and setting the flow rates of
Ar and H2 to 300 sccm and 100 sccm, respectively. The time of the
growth phase was chosen to be 40min, which resulted in a growth
height of 1mm or taller for the CNT forests. This level of the height
was needed to enable the fabrication of the suspended cantilever in the
grown forest (to be explained in the next paragraph). A conductive
adhesive (Silver Paste Plus 05063-AB, SPI supplies, PA, USA) was
used for electrical connection to the CNT forest as required for the
lEDM process.43

A CNT forest with�1.5mm of height on a Si chip was mounted
on the lEDM system (EM203, SmalTec International, IL, USA)
so that the forest’s plane was parallel to the Z axis of the system
[Fig. 1(a)]. The CNTs were removed from a sidewall of the forest, by
feeding the 300-lm-diameter tool electrode along the Z axis while
scanning it in the X-Y plane, to etch the middle section of the CNTs

while leaving the bottom and top sections attached to the substrate
and suspended, respectively. The lEDM system with a relaxation-type
pulse generator was programmed such that in the case of a short cir-
cuit event (that prevents proper removal), the X-Y scanning was
stopped, and the electrode was retracted by 10lm to clear the short
circuit. Following the process conditions used in the previously
reported studies on lEDM of CNT forests,36 the process parameters
were optimized for the lowest possible discharge energy that could sus-
tain consecutive discharge pulses and minimize short circuit events.
The discharge circuitry settings shown in Fig. 1(a) were used for this
process, with the electrode’s rotation and Z-feeding rate of 2000 rpm
and 10lm/min, respectively, and an X-Y scanning rate of 5mm/min.

The CNT forest cantilever was directly fabricated at one of the
four surface edges of the forest through three specific steps [Fig. 1(b)].
The first two steps were for removing the two sides of the cantilever
and determining the width of the cantilever to be 1000lm, and the
third step was for defining the thickness of the cantilever and fully sus-
pending the structure. The depth of the electrode feed in all three steps,
which determined the length of the cantilever, was set to be 1000lm.
As-grown CNT forests, including the samples used in this study,
inherently have certain height non-uniformity as well as curvatures at
the surface edges.43,44 This condition consequently led to a non-
uniform thickness in the fabricated cantilever structure. We targeted
the cantilever thickness of a few hundred micrometers through the dis-
charge surface detection applied on the forest’s top surface with respect
to the third step. It should be noted that the top surface was not pla-
narized prior to the cantilever patterning (although that could have
been performed using a similar lEDMmethod)43 because such plana-
rization could result in a less reflective surface compared to the as-
grown surface (as the planarization process removed the top layer of
the CNT forest known as the crust layer formed by bent CNTs that
made the surface more reflective),38,45 which could then negatively
impact the optical measurement of the cantilever’s resonance to be
conducted later.

High-aspect-ratio etching of the CNT forest from its side was
demonstrated through the discharge process. The fabricated cantilever
structure (Fig. 2) was measured to have lateral dimensions (length
�width) of 992� 960 lm2, with its thickness ranging between
273lm (fixed end) and 141lm (free end). The micromachined lateral
dimensions slightly differed from the programmed dimensions
(1� 1mm2) due to the presence of the discharge gap between the

FIG. 1. Schematics of (a) the experimental setup for sideways 3D lEDM of the
CNT forest (the CNTs are pointing out of the plane) and (b) a close-up of the pat-
terning region showing the three removal steps used for the formation of the cantile-
ver structure, whose thickness (Y) direction is parallel to the orientation of the
individual CNTs in the forest, as illustrated.
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electrode and the machined structure (potentially in combination with
the effect of the carbon debris being stuck on the electrode to increase
its effective diameter).36 The process stability depends directly on the
variation in the discharge gap. This variation along an entire side of
the microcantilever was found to be �10lm, which would have a
minimal effect on its dimensions. Figure 2 (close-up) shows that the
patterning process caused no apparent bending of CNTs in the vicinity
of the removal area while preserving their original alignment in the
structure. It should be emphasized that, contrary to other composite
CNT forest cantilevers grown on a thin support layer of silicon or pol-
ysilicon,34,35 the CNTs composing the cantilever fabricated here were
supported and suspended on their own, without any other layer, due
to the interactions of the nanotubes, likely with their physical entangle-
ment (within the cantilever body and the top crust layer)46 and possi-
bly the van der Waals attractive forces acting among them.47 This
unique, pure CNT forest cantilever structure in turn simplifies model-
ing of its dynamic behavior in order to extract the mechanical proper-
ties of the material, the CNT forest, unlike in the reported composite
cases.34,35

For mechanical resonant testing, a 200-lm-thick stainless-steel
sheet, which served as the counter electrode for electrostatic actuation
of the patterned forest cantilever, was fixed on alumina spacers above
the cantilever at a distance of �320lm (Fig. 3). The overlap between
the cantilever structure and the stainless-steel electrode was adjusted

manually to have a length of roughly 630lm. The exposed length of
the cantilever (�370lm) was necessary to facilitate the resonant fre-
quency measurement with a laser Doppler vibrometer (LDV: MSA-
500 Micro System Analyzer, Polytec, Waldbronn, Germany) that
focused the probing laser onto the exposed part. No reflective coating
on the cantilever was needed for this measurement.

Despite the measurement in air (which might pose squeeze-film/
viscous damping effects in the cantilever actuation), a clear resonance
was observed in the used setup. The quality (Q) factor and resonant
frequency of the cantilever were measured to be 51.3 and 7.95 kHz,
respectively, at room temperature (Fig. 4). (A higher harmonic peak
was also observed at 16 kHz in some measurements, although this
peak was relatively weak and non-repeatable.) The elastic modulus
was extracted by fitting the measured resonant frequency data to a free
vibrating microcantilever model.10,11 The natural frequency of the can-
tilever, xn, is given by

xn ¼ k2n

ffiffiffiffiffiffiffiffiffi
E I
mL4

r
; (1)

k1�1:875; k2�4:694; k3�7:855; andkn�
2n�1ð Þp

2
forn>3

� �
;

where E is the in-plane Young’s modulus, I is the moment of inertia,
m is the mass per unit length, L is the length of the cantilever, kn is the
dimensionless natural frequency, and n is an integer number that rep-
resents the cantilever mode shape number. To determine the mass of
the cantilever, we used a reported model suggesting that the mass
per unit length of a single multiwall CNT (MWCNT) is given by
2.39� 10�21 � D g/nm, where D is the diameter (in nm) of the
MWCNT.48 Based on SEM imaging, our CNT forests were estimated
to have an areal density in the range of 1� 1011–1� 1012 cm�2 and a
MWCNT diameter on the order of �10 nm. Considering the mass of
a single nanotube and assuming an average areal density value of
5� 1011 cm�2, we estimate 3.12� 10�4 g/cm for the mass density per
unit length for the cantilever. Fitting the measured resonance with the

FIG. 2. A scanning electron microscope (SEM) image of the microcantilever pat-
terned in a CNT forest. The inset is a close-up SEM of the free-end corner of the
structure showing that the alignment of the individual CNTs was preserved after the
patterning process.

FIG. 3. The testing setup for the fabricated CNT-forest cantilever: (a) a schematic
illustrating the setup used for electrostatic actuation and LDV measurement and (b)
an optical microscope image showing the alignment of the top gate with respect to
the CNT-forest cantilever.

FIG. 4. The measured resonance of the CNT forest cantilever at 7.95 kHz plotted
with the theoretical free vibrating microcantilever model.
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calculated mass density to Eq. (1), the CNT forest structure was found
to have an approximate in-plane Young’s modulus of 3.8MPa. This
value matches very well with the range of the modulus values
(1–10MPa) reported for CNT forests.26,34,35 This measurement and
analysis reveal that the in-plane Young’s modulus is one to two orders
of magnitude smaller than the out-of-plane modulus (ranging from 30
to 300MPa).29–31 The reason behind this characteristic is that the
entire forest cantilever structure is only held by the individual CNTs’
interactions, such as their physical entanglements along with the van
der Waals attraction forces acting among them, which could collec-
tively bind them together to laterally suspend them in the form of the
forest cantilever.

The study of the CNT forest resonator was extended in order to
explore its potential for sensing applications. The temperature
response of the resonance was characterized, in real time, by gradually
heating the device (on a hotplate, up to 120 �C) while recording the
local temperature of the cantilever using a thermographic camera
(VarioCAM, Jenoptik, Jena, Germany). As shown in Fig. 5 which plots
the measured results, the resonant frequency was found to decrease
monotonically with increasing temperature. The frequency depen-
dence on temperature appears to exhibit an approximate linear rela-
tionship with a coefficient of ��2.3Hz/�C. While this needs further
investigation on the exact phenomena involved in this dependence,
one potential factor is a decrease in the in-plane Young’s modulus or
stiffness of the cantilever structure as a whole with temperature. The
Young’s modulus of the MWCNTs, entangled to constitute this entire
structure, was reported to decrease with temperature (e.g., theoretically
up to 9% with temperature increase from 100K to 1200K),49,50 which
could have partly contributed to a reduction in the cantilever’s stiffness
and, thus, the measured decrease in the resonant frequency. The
obtained result is believed to represent a unique demonstration of the
use of a CNT forest for resonance-based sensing at this point. This
outcome, along with the common favorable features of the resonant
sensing principle such as high sensitivity, large dynamic range, high
linearity, and potentially low power,51 encourages further investigation

of the CNT-forest cantilever device for temperature and potentially
other sensing applications.

In conclusion, we have reported a self-suspended pure CNT for-
est cantilever that was patterned through post-growth subtractive
micromachining of pristine forest material. The entire cantilever was
only supported through the interactions among individual CNTs con-
stituting the cantilever’s bulk structure. The Q factor and resonance
frequency of the structure were experimentally characterized. Fitting
the measured results to a resonator model, the in-plane Young’s mod-
ulus of the CNT forest that formed the cantilever was found to be
3.8MPa, significantly smaller than the reported out-of-plane modulus
levels, as expected due to the particular anisotropic structure of the
cantilever. Resonant-based real-time tracking of temperature using the
cantilever device was demonstrated to suggest its potential for sensing
applications.
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