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armchair 3DGHs were considered. Longitudinal harmonic excitation was applied on the free end
of the cantilever honeycomb along the axial direction. Based on the curves of the vibration re-
sponses and the amplitude-frequency characteristic of the 3DGH, it was revealed that the
amplitude of vibration response and the resonant frequencies of the 3DGHs were influenced by
both the excitation frequency and the amplitude of the excitation force. Moreover, the vibration
characteristics of the 3DGHs exhibit spring softening nonlinearity, with greater nonlinearity
observed as the exciting force increases. The linear and nonlinear damping of the 3DGHs were
further evaluated using the loss factor in the sub-resonant regime under various excitation forces,
showing that the 3DGH as a resonator can be excited at higher frequencies of GHz with a small
loss factor than graphene and CNT. This study demonstrates the relationships of resonant fre-
quencies and damping with the frequency and amplitude of the excitation force in 3DGHs,
providing theoretical foundation for designing 3DGH nanomechanical resonators.

1. Introduction

Thanks to their unique and remarkable physical properties, graphene and its derivatives have been extensively investigated and
promised unprecedented possibilities for nanotechnology [1-12]. Recently, the advancement in the synthesis of three-dimensional
(3D) porous architectures of graphene-based materials, including carbon nanotube (CNT) [13], 3D graphene/nanoparticle aerogel
[14], and metal-decorated 3D graphene [15] has furthered their potential applications in energy storage [16-18], biological/medical
sensors [19] and semiconductor transistors [20]. Among others, 3D graphene honeycomb (3DGH), being one type of carbon allotrope,
has attracted special interest, which has successfully synthetized through depositing vacuum sublimated graphite, and possesses stable
lattice structure and exceptional mechanical and physical properties [21-24]. The extensive studies of thermal conductivity and
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mechanical characteristics of the 3DGH have demonstrated its high capacity for gas storage [21], superior ductility [25] and the best
specific strength in 3D carbon nanomaterials [26], and thus enabled the applications as structural composites [27], high thermal
conductivity nanodevice [26] and gas adsorption sensors [28].

In addition to the above applications, 3DGH also has great potential for various sensing technology applications, which not only
retain the excellent properties of the 2D graphene sheets including high resonant frequencies and remarkable mechanical charac-
teristics [29,30], but provide the geometrical and mechanical flexibility in bulk form, which further enables the diversified manip-
ulation and incorporation in the practical device design, targeting at desirable durability and stability. Therefore, it is expected that
3DGH can serve as a great candidate material for application in nanomechanical resonators and may improve and create new features
of nanomechanical sensor. To evaluate the possibility in utilizing 3DGH in nanomechanical resonators, it is of critical importance to
study the linear and nonlinear vibration characteristics of 3DGH. However, to date, no systematic studies had been reported on the
vibration and damping characteristics of nanomechanical resonators built from 3DGH, particularly on its nonlinear vibration
characteristics.

In this work, the characteristics of vibration and damping of 3DGH resonators under the longitudinal harmonic excitation have
been investigated by molecular dynamics (MD) simulations combined with continuum modeling. The contents are arranged as the
follows. First, two types of 3DGH structures, i.e., zigzag and armchair honeycombs, and their properties are presented. Then, the
structure, boundary condition and applied load of the two 3DGH cantilever resonators are specified, followed by a detailed description
of simulation methodology. In the last section, the vibration responses, resonant frequencies and nonlinear amplitude-frequency
characteristic curves of these two 3DGH resonators are symmetrically explored, and the damping of the 3DGH resonators are eval-
uated and analyzed.

2. Simulation methodology

The 3DGH structure is composed of arranging and connecting several hexagonal honeycomb units, formed by folding a flat gra-
phene sheet. Two cantilever structures of 3DGH have been constructed and simulated, as shown in Fig. 1. One structure, called zigzag
honeycomb, was theoretically proposed by Park and Kuc, which is constructed by arranging sp [2]-bonded carbon atoms in the
honeycomb unit walls as well as using sp [3]-bonded carbon atoms to form junctions between adjacent honeycomb units, as shown in
Fig. 1 (a) [31]. This structure is thermodynamically and mechanically stable. The other structure is called armchair honeycomb, where
both the wall and junctions of the honeycomb are composed of sp [2]-bonded carbon atoms, as depicted in Fig. 1 (b). The armchair
honeycomb has been experimentally synthesized and possess remarkable stability [21,31]. Fig. 1 (c) illustrates the Cartesian coor-
dinate system of 3DGH established for our simulations with X-axis, Y-axis and Z-axis being the lattice directions, respectively. The side
length of honeycomb unit is equal in order to retain the properties of graphene and is represented using I One end of the 3DGH is
clamped as shown in dark red, and the other end is free. After thermally equilibration at target temperature, we apply a series of
longitudinal harmonic excitation forces F, along Z-axial direction to the free end of 3DGH and record the corresponding time-series of
axial displacements. F,, have the form of Fgsin(wgt), where Fq and wq are the amplitude and the angular frequency of the excitation
force at the atomic layer of the free end, respectively with og = 2xfq (f4 is the excitation frequency) [32]. The geometrical dimensions of
the 3DGHs are listed in Table 1. Fig. 1 (d) showcases a 3D supercell of 3DGH, where periodic and free boundary conditions were
imposed in the lateral (i.e., X and Y) and axial (i.e., Z) directions, respectively.

(@ ©

Fig. 1. Structures of 3DGH. The magnified images of atomic construction of a zigzag honeycomb and an armchair honeycomb at junctions are
shown in (a) and (b), respectively. As schematic diagram shown in (c), one end of cantilever honeycomb unit is fixed, and the longitudinal harmonic
excitation is applied at free end of the honeycomb unit along the honeycomb’s axis, where [ represents the side length of honeycomb unit, and F,
represents the harmonic excitation force. The periodic and free boundary conditions are used in X/Y and Z, respectively, as shown in (c). An integral
simulation model of 3DGH resonator is cuboid and a typical three-dimension structure of 3DGH is shown in (d).
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Classical MD simulations are performed using the LAMMPS package [33], employing the adaptive intermolecular reactive
empirical bond order (AIREBO) potential [34]. The AIREBO potential has been demonstrated to correctly predict mechanical and
physical properties of various C-based structures [31,35,36]. In all MD simulations, the honeycombs constructed are first minimized at
0 K through the conjugate gradient algorithm [37-39], and then relaxed within the isothermal-isobaric (NPT) ensemble at 300 K over a
duration of 1 ns to ensure zero stress conditions along all directions [40]. Subsequently, the canonical NVT ensemble has been applied
to simulate the vibration properties of honeycomb models subjected various axial harmonic excitation forces at the free end of the
structures. The timestep of 1 fs (fs) has been set for all simulations.

3. Results and discussion

The vibration responses of 3DGH is characterized by the axial displacements of the atomic layer at the free end of 3DGH. Fig. 2
shows the vibration responses of the 3DGHs with different excitation forces at an excitation frequency of 215 GHz. It is seen that when
F, = 0, The fluctuation response is all from thermomechanical noise. While with the increase of F,, the vibration response is composed
of both thermomechanical noise and harmonic response, and the harmonic response is gradually enhanced with the increase of the
excitation force. Moreover, the proportion of thermal noise in vibration response decreases as the excitation force increases, and the
nonlinear vibration response arises when the exciting force is further increased. For example, the peak amplitudes of vibration
response of these two 3DGHs are more than 50 times bigger than the thermomechanical noise when the amplitude of the excitation
force is 16.8 GPa. In addition, the amplitudes of vibration responses show the nonlinear characteristics of the zigzag honeycomb at the
excitation force of 8.4 GPa and of the armchair honeycomb at the excitation force of 16.8 GPa.

In addition, the thermomechanical noise amplitudes of these two 3DGHs are very close when the excitation force is equal to zero.
However, there is a difference in the amplitude of vibration response when the longitudinal harmonic excitation is applied. This
difference becomes larger as the amplitude of the excitation force increases. The amplitude of vibration response of the zigzag hon-
eycomb is larger than that of the armchair honeycomb under the same amplitude of the excitation force and excitation frequency (215
GHz), and. Furthermore, there is a relatively big difference in the amplitude of vibration response of these two 3DGHs when the
excitation force is 8.4 GPa, because the zigzag honeycomb produces resonance while the armchair honeycomb does not. This finding
suggests that the resonant frequency of these two 3DGHs are different at the excitation force of 8.4 GPa and the excitation frequency of
215 GHz.

The cross-sectional shapes of the two types of 3DGHs under the maximum excitation force are shown in Fig. 3. Viewing from the Z-
axis direction, the walls of the honeycomb show a buckle state with the increase of the excitation force. Furthermore, the deformation
of the zigzag honeycomb is larger than that of the armchair honeycomb at the same excitation force and excitation frequency, because
the Young’s modulus of the former is smaller than that of the latter. Above results are consistent with the deformation process of the
honeycomb under the axial static load [31].

The amplitude-frequency characteristic curve can be obtained by performing fast Fourier transform (FFT) of the recorded time-series of axial
vibration responses in frequency domain [41]. As shown in Fig. 4, the amplitude-frequency characteristic curves of the 3DGHs are
expressed. This curve expresses the relationship between the excitation frequency and the vibration amplitude. There are some
prominent peaks in the curve of both honeycombs, where the frequency corresponds to the resonant frequency. The amplitude of the
vibration reaches the maximum value when the resonance occurs. Meanwhile, in addition to the excitation frequency, the
amplitude-frequency characteristic curve is also affected by the amplitude of the excitation force. As the excitation force increases, the
vibration amplitude of the 3DGHs increases and the resonant frequency decreases.

In addition, the amplitude-frequency characteristic curve of both 3DGHs exhibits nonlinear characteristic. In this work, the
nonlinear amplitude-frequency characteristic curves of these two 3DGHs present the spring softening nonlinearity, as shown in Fig. 4.
The larger the exciting force, the greater the nonlinearity. This nonlinearity is extremely evident in the frequency range of the
resonance region. However, the effect of the nonlinearity on vibration can be ignored in the non-resonant region, because the vibration
amplitudes in the non-resonant region are far less than those in the resonance region. The resonant frequencies of the 3DGHs under
different longitudinal harmonic excitation forces are shown in Table 2.

However, the amplitude-frequency characteristic curves of the two types of honeycombs also exhibits distinctions. It is found that
under the same excitation force, the resonant frequency of the zigzag honeycomb is lower than that of the armchair honeycomb, but
the peak amplitude of the former’s vibration at the resonant frequency is larger than that of the latter. Moreover, as the excitation
frequency increases, the nonlinearity of the former occurs earlier than the latter. Therefore, the nonlinearity of the zigzag honeycomb
is stronger than that of the armchair honeycomb.

To quantify the damping of the 3DGH, we further calculated the loss factor by analyzing and calculating the vibration response and
amplitude-frequency characteristic curves of the honeycomb in the sub-resonant regime based on the method of Kunal and Aluru [42].
The excitation force produces work done. The rate of the energy dissipation can be evaluated according to the work done at each unit
time. The temperature and the internal energy of a microcanonical ensemble is promoted because of the role of this work done.

Table 1

Geometrical parameters and mechanical properties of 3DGHs.
Honeycomb Structure Length (L) Cross-Section Side Length of Honeycomb Unit (1) Axial Stiffness (k) Young’s Modulus (E)
Zigzag 20.9 nm 11.1 nm x 8.6 nm 1.25 nm 1082 N/m 238Gpa
Armchair 21.8 nm 12.6 nm x 9.7 nm 1.4 nm 1433 N/m 258Gpa
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Fig. 2. Vibration responses at the free end of (a) a zigzag honeycomb and (b) an armchair honeycomb. The vibration response curves are presented
in green, blue and red when the longitudinal harmonic excitation force with amplitudes of 5.0 GPa, 8.4 GPa and 16.8 GPa are used, respectively. The

excitation frequency is 215 GHz for all the simulations.

(a) zigzag

0GPa 6.7GPa 12.1GPa
(b) armchair

0GPa 6.7GPa 12.1GPa

Fig. 3. Atomic configurations of the zigzag (a) and armchair (b) honeycombs viewed along the Z-axis direction under longitudinal harmonic
excitation force with amplitudes of 0 GPa, 6.7 GPa and 12.1 GPa, respectively.

0.7

—_
®

e

7

Amplitude (nm)

0.0

5.0GPa
6.7GPa
8.4GPa
12.1GPa
16.8GPa

1é0 18‘0 260 Zél)

Frequency f;(GHz)

2(’50 2&‘30

Amplitude (nm)

0.7
+ 5.0GPa
0.6 I - 6.7GPa
\ + B84GPa

0.0

12.1GPa
16.8GPa

180

200

Frequency f;(GHz)

260 280

Fig. 4. Nonlinear amplitude-frequency characteristic curves of (a) a zigzag honeycomb and (b) an armchair honeycomb. The nonlinear amplitude-
frequency curves are presented in black, green, purple, blue and red when the longitudinal harmonic excitation force with amplitudes of 5.0 GPa,
6.7 GPa, 8.4 GPa, 12.1 GPa and 16.8 GPa, respectively. The range of the excitation frequencies is from 155 GHz to 285 GHz for all the simulations.

Table 2

Resonant frequencies of the 3DGHs.
Honeycomb structure 5.0 GPa 6.7 GPa 8.4 GPa 12.1 GPa 16.8 GPa
Zigzag (GHz) 224 218 215 204 194
Armchair (GHz) 228 224 218 212 204
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Therefore, the dissipated energy in unit time Wy can be calculated in Equation (1) [41-43].

1

Wo=pr,

T,
/ Fyv, sin(wyt)dt 1)
0

where T, is the overall time of work done, and v, is the atomic velocity of Z-axis. The stored energy W can be calculated in Equation (2)
[41-43].

1
W, = EkZAf (2)

where k; is the stiffness of the Z-axis, and A, is the peak amplitude of the Z-axial vibration. A, can be obtained in Equation (3) [41-43].

A= ®)

where, R, is the data of the Z-axial vibration response at the center of free end’s atomic layer, and the total amount of the data points is
defined as ng when these data are performed by FFT.
Therefore, the loss factor 5 is computed in Equation (4) [41-43].

Wa

_ M 4
g 21 x W, ()]

The loss factors at the temperature of 300 K for the longitudinal harmonic vibration of the zigzag and armchair honeycombs are
shown in Table 3. In sub-resonant regime, i.e., when the excitation forces vary from 1.7 GPa to 5.0 GPa, the differences between loss
factors of zigzag and loss factors of armchair are relatively small. Nonlinear vibration affects the damping of the 3DGHs. The nonlinear
damping of the zigzag and armchair honeycombs, i.e., with the excitation forces ranging from 5.9 GPa to 8.4 GPa, the differences
between loss factors of zigzag and armchair become larger as the excitation force increases beyond the linear regime. The greater the
excitation force, the larger the difference. The difference is 19% for the zigzag and armchair honeycombs under the excitation force of
8.4 GPa. Furthermore, under the same excitation frequency and amplitude of excitation force, the damping of the zigzag honeycomb is
larger than that of armchair honeycomb.

A comparison of the loss factors of the 3DGHs with the previous results for the graphene and CNT presented in Refs. [44-46] has
shown that their loss factors are comparable ranging from 10”2 to 10~*. The temperatures are the same (300 K) in these studies. High
resonant frequency combined with low loss factor is a significant performance indicator for application of nanomechanical resonator.
At room temperature, the 3DGHs as resonator can be excited at higher frequencies of GHz with a small loss factor than graphene and
CNT. The loss factor of the 3DGHs are strongly changed by the excitation force, which is in good agreement with the conclusion of the
loss factor for graphene and CNT in previous studies [44-46].

Moreover, the 3DGHs resonators have strong covalently bonded configuration and thus possess superior specific strength and ultra-
high stretch ability along all three directions, thus enhanced stability and durability could be achieved with a wide range of excitation
forces and ultra-high excitation frequencies (GHz) compared with traditional graphene and CNT resonators [26,47,48]. In addition,
flexible structural tailoring could be further performed to obtain 3DGHs resonators with various geometries and easy to be directly
used in practical 3D nanodevices, which is better than the doubly clamped graphene resonators of low-dimensional membrane geo-
metric structure.

4. Conclusions

In summary, we explored the vibration characteristics and damping of two types of 3DGHs, i.e., zigzag and armchair honeycombs,
under longitudinal harmonic excitation using continuum modeling and atomistic simulations.

4.1. Vibration characteristics

The axial stiffness and the Young’s modulus of these two 3DGHs are received by static tensile simulations. The vibration response
curves and properties of fluctuation, linear vibration and nonlinear vibration of these two honeycombs are presented under the
longitudinal harmonic excitation at the atomic layers of the 3DGHs’ free end. The amplitude of vibration response is gradually
enhanced with the excitation force increasing, and the nonlinear vibration appears when the exciting force is further increased. The
amplitude of vibration response of the zigzag honeycomb is larger than the one of armchair honeycomb on the condition of the same
exciting force. The projection views of 3DGH’s sectional deformation have been illustrated under various excitation forces. The
amplitude-frequency characteristic curves of the 3DGHs are shown, which are influenced by the excitation frequency as well as the
amplitude of the excitation force. As the excitation force increases, the resonant frequencies of the 3DGHs decreases. The amplitude-
frequency characteristic curve of the 3DGHs exhibits nonlinear characteristics when the exciting force is further increased. The larger
the exciting force, the greater the nonlinearity. Moreover, the nonlinearity of the 3DGHs presents the spring softening nonlinearity.
The nonlinear influence on vibration is obvious in the resonance region. However, the effect of the nonlinearity on vibration can be
ignored in the non-resonant region due to the small vibration amplitude. Besides, under the same excitation force, the resonant fre-
quency of the zigzag honeycomb is lower than that of the armchair honeycomb, but the peak amplitude of vibration of the former at the
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Table 3
Loss factors at 300 k for zigzag and armchair honeycombs.
Honeycomb structure Excitation frequency fy (GHz) Force F4q (GPa) Loss factors 5
Zigzag 10 1.7 1.14 x 1072
3.4 2.27 x 1072
5.0 2.90 x 1072
5.9 3.44 x 1072
8.4 3.84 x 1072
Armchair 10 1.7 1.09 x 1072
3.4 2.10 x 1072
5.0 2.61 x 1072
5.9 2.88 x 102
8.4 3.11 x 1073

resonant frequency is larger than that of the latter. Therefore, the nonlinearity of the zigzag honeycomb is stronger than that of the
armchair honeycomb.

4.2. Loss factors

The loss factors have been evaluated through calculating dissipated and stored energies during the variation of 3DGHs’ based on
the energy-dissipation mechanism, which determine the damping characteristics of 3DGH in the sub-resonant regime. Under various
amplitudes of excitation force, the loss factors of the zigzag and armchair honeycombs are received at the temperature of 300 K in 10
GHz for the longitudinal harmonic vibration. The errors between the loss factors of zigzag and loss factors of armchair are compared in
linear and nonlinear vibration. Under the same excitation frequency and amplitude of excitation force, the loss factor of the zigzag
honeycomb is larger than that of armchair honeycomb. Furthermore, the loss factors of the 3DGHs can be adjusted by varying the
excitation force, which is valuable in both practical application and theoretical study.
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