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Abstract

There have been relatively few studies on mechanical properties of nanomaterials under high
strain rates, mainly due to the lack of suitable nanomechanical testing devices. Here we
present a new on-chip microelectromechanical system (MEMS) for high strain-rate
nanomechanical testing (with strain rate up to 200 s'). The MEMS device consists of a
fast-response electrostatic comb drive actuator, two capacitive displacement sensors and a
load cell. The dynamic responses of the device in air and in vacuum are systematically
modeled under both alternating and ramping forces. Two methods, capacitive readout and
high-speed imaging, are used to measure the dynamic displacements, which agree well with
the modeling results. While the attainable strain rate of the device is about 200 s, it is
interesting to find that the capacitive readout used in this work can only measure strain rate
up to 22 s due to its limit in bandwidth. To demonstrate the general capability of the new
device, gold nanowires are tested at strain rates of 10 and 10 s™! inside a scanning electron

microscope. Increasing strain rate is found to yield higher yield strength and larger ductility.
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1. Introduction

With rapid advances in nanotechnology in the past decades, a plethora of nanomaterials
with outstanding material properties have been developed and a number of
nanomaterial-enabled applications have emerged. One-dimensional (1D) nanomaterials are
among the most important building blocks for these nano-enabled applications. For example,
metal nanowires have been widely used in flexible, stretchable and wearable electronics
applications such as touch panels, solar cells, wearable sensors, soft actuators and deformable
antennas[1-3]. The operation and reliability of these device applications call for a thorough
understanding of mechanical behaviors of the nanowires.

Mechanical behaviors of nanowires have been extensively investigated through atomistic
simulations. More experimental investigations have been emerged recently as a result of
advances in novel experimental methods[4-6]. Many interesting mechanical behaviors of
nanowires have been reported, including ultrahigh strength[7-9], size-dependent
elasticity[10-12], and dislocation nucleation from free surfaces[13,14]. A number of
interesting rate- (or time-) dependent phenomena have been reported, such as stress
relaxation and creep[15,16], recoverable plasticity[15,17], Bauschinger effect[15,17],
brittle-to-ductile transition[18,19], and anelasticity[20]. However, most of the
nanomechanical testing was conducted quasi-statically; dynamic testing especially high
strain-rate testing of nanowires remains an area largely unexplored. It is in great need to
conduct high strain-rate testing since nanowires especially metal nanowires can behave
differently at high strain rates[21,14,19], which is of relevance to applications where these 1D

nanomaterials are subject to high-rate loadings.



It is challenging to conduct high strain-rate nanomechanical testing since the apparatus
must have an actuator with fast actuation speed and sensors with short response time.
Microelectromechanical system (MEMS) has been widely used for nanomechanical
testing[22-25] and might provide a solution to the high strain-rate testing. Naraghi et
al.[26,27] reported testing polymer nanofibers with strain rate up to 200 s using a
MEMS-based load sensor and an external piezoelectric actuator. The external actuator
provided the fast actuation, while force and displacement were measured from high-speed
optical images using digital image correlation (DIC). However, this off-chip actuation
method adds complexity for in-situ scanning or transmission electron microscope
(SEM/TEM) testing and might be challenging in handling smaller samples such as nanowires
(with diameters generally less than 100 nm).

As for the on-chip method, the strain rate attained so far has been quite limited, typically
less than 10! s![14,21]. Ramachandramoorthy et al.[19] reported high strain rate tensile
testing of silver nanowires (up to 2 s!) using an on-chip MEMS thermal actuator. While the
capacitive load sensor responded quickly, the thermal actuator limited the actuation speed due
to the relatively slow heat transfer process. Nevertheless 2 s™! is the largest strain rate that has
been reported for tensile testing of nanowires. For metallic nanowires surface dislocation
nucleation is the dominant deformation mechanism, which has been recently shown to exhibit
pronounced temperature and strain rate dependence[13,14]. It is of important relevance to
experimentally investigate how higher strain rate can impact dislocation nucleation and
interactions, hence mechanical behavior of nanowires. A potential solution is to employ other

types of MEMS actuators that can respond faster.



In this paper, we systematically investigated the dynamic response of a MEMS-based
nanomechanical testing device with an electrostatic actuator and a capacitive sensor in air and
inside SEM (near vacuum environment). The goal is to explore the maximum actuation speed
and maximum strain rate attainable. The structure and operating principle of the device is first
described. Analytical dynamic model is built to thoroughly investigate the device’s response
to AC actuation force and ramping force. Dynamic responses of the device are measured in
air and in vacuum and compared well with the modeling results. The maximum strain rate
that the device can attain is then discussed based on the modeling and experiment results. It is
found that this device is able to achieve strain rate up to 200 s!; however, the capacitive
readout can only measure strain rate up to 22 s due to its limit in bandwidth. Finally, two
gold nanowires are tested at strain rates of 10 s! and 10 s in SEM to demonstrate the
general capability of the device for high strain-rate nanomechanical testing.

2. Device Description

The MEMS devices were fabricated at MEMSCAP (Durham, NC) using the Silicon-on-
Insulator Multi-User MEMS Process. Figure 1 shows a SEM image, schematic and lumped
mechanical model of the MEMS device. The device consists of a comb-drive actuator, two
displacement sensors (A and B) and a folded beam load cell (sensor). The central shuttle of
the device is supported by four beams. A specimen is to be placed across the gap between
Sensor B and the fixed anchor. Elongation of the specimen is simply determined by the
displacement of Sensor B. If the damping force in Sensor B is negligible (e.g., under
quasi-static loading), then force in the specimen is equal to elongation of the load cell

(displacement difference between Sensors A and B) multiplied by the stiffness of the load cell
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because forces in the specimen and the load cell are equal (two springs connected in series).
The dynamic force measurement will be discussed later. Stress and strain of the specimen can
be calculated given the specimen’s gauge length and cross-sectional area.

The configuration used here, similar to that of Tsuchiya et al.[28], is different from most
MEMS-based nanomechanical testing devices where a specimen is placed between the
actuator and the load cell. The current configuration eliminates the specimen rigid body
motion due to the load cell displacement, which makes tracking the specimen deformation
easier during in-situ testing. In addition, with this configuration, strain rate of the specimen

can simply be defined by

_ 10dg
T 1, ot

(1)
where dp is the displacement of Sensor B, athB is the velocity of Sensor B, and [ is the
gauge length of the specimen.

The actuator used in this work is an electrostatic comb-drive actuator. Compared to other
types of actuators such as electrothermal actuator[29,30], comb-drive actuator can provide a
constant force under a constant actuation voltage regardless of the travel distance and with no
heating effect. The actuation force is proportional to the actuation voltage square as given
by[31]

Fy = Nje (g) V2 )
where N, is the number of pairs of comb fingers, € is the permittivity, h is the thickness
of the MEMS structure, g is the lateral gap between comb fingers, and V is the actuation
voltage.

Both sensors (A and B) are the differential capacitive sensors, which can provide a quasi-
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linear relationship[32,33] between displacement d and capacitance difference AC, viz.,

AC = NgeA (gll_d - g;d) ~ 21ng£ 3)
where Ns is the number of pairs of parallel plates, A is the overlapping area of two adjacent
plates, and g, is the initial gap between the fixed plate and the closer movable plate.
3. Modeling

Based on the lumped mechanical model shown in Figure 1lc, equations of motion of the
device can be written as
mAdA + CAdA + kspdy + kic(dg —dp) = Fy (4)
deB + CBdB + ksdg — kic(dqg —dp) =0 (5)
where my is the total mass of the moving portion of Sensor A and the actuator, mg is the
mass of the moving portion of Sensor B, d4 and djp are the displacements of m, and mp,
respectively, kgp, k;c and kg are the stiffness of the supporting beams, load cell and
specimen, respectively, and ¢, and cy are the damping coefficients with respect to m, and
mg, respectively.
3.1 Dynamic response under AC actuation force: vacuum and air

For a linear system, dynamic response under AC actuation force (or frequency response)
of the system can be characterized by its transfer function. In order to find out transfer
function of this MEMS device, a state-space model was constructed based on the
aforementioned equations of motion, viz.,
X =AX + Bu (6)

y=CX (7
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output since it is directly related to the specimen elongation, hence output y = dg and
output matrix C =[1 0 0 0]. The system transfer function is then written as

G(s)=C(sI—A)'B

kyc
T mumps*t + (cump + cymy)s? + (cacs + ksgmp + ksmy + kyc(my + mp))s? + cplkye + ksp)s + callpe + ks)s + ksksg + kycks + kyckgs

(8)
where s = jw with w as the angular frequency, and [ is the identity matrix. In Eq. 8, my,
= 1.68x10® kg and mp = 5.99x10° kg, ksg = 107 N/m, and k. = 850 N/m. Supporting
beam stiffness and load cell stiffness were estimated by finite element analysis based on the
measured dimensions using SEM. kg is zero when there is no specimen mounted.

In vacuum, the damping coefficients ¢, and cp are treated to be approximately zeros,
neglecting the intrinsic damping. With all the system parameters known, transfer function of
the device in vacuum can be calculated using Eq. 8. Figure 2 plots bode magnitude plot of the
device, which characterizes the relationship between the angular frequency w of the input
force F, and the magnitude of the output displacement dp with respect to displacement at
w = 0. Since the system has two degrees of freedom, two peaks can be found corresponding
to two undamped frequencies at resonance, w; = 72,193 rad/s and w, = 440,997 rad/s.

Note that without damping, the magnitude approaches infinite at the natural frequencies.



In air, the damping effect needs to be considered. The damping coefficients ¢, and cp
must be known in order to characterize the dynamic response of the device under AC
actuation force. The two natural frequencies in air, w; and w,, are expected to be smaller
than their counterparts in vacuum if the device is underdamped in air. The damping
coefficients of the device in air will be determined through experiments as described in
Section 4.2 and theoretical calculation in Section 6.2.

3.2 Dynamic response under ramping actuation force: vacuum and air

To attain a constant strain rate in the specimen, i.e., constant velocity of Sensor B, a
ramping force F, = £t is chosen as the input to the device, where the loading rate ¢ is a
constant.

In vacuum, the damping coefficients are zeros, hence the device model is simplified to a
two-coupled-mass-spring system [34]. The system transient output dg(t) has the following
form
dg(t) = ;T; — a,& sin(2nfyt) + ayé sin(2mfot) 9)
where a; and a, are constants that can be calculated with the known system parameters
(e.g., my, mg, ksg, ki) (both independent of ¢), and f; and f, are the two natural
frequencies of the system in vacuum as identified in Section 3.1 (w = 2xf). é is defined
as the nominal loading velocity. The output form of this two-coupled-mass-spring system is
similar to that of a single-mass-spring system (see Appendix), but has to be solved
numerically. The analytical solution of the single-mass-spring system can shed some light on

the two-coupled-mass-spring system (i.e. the present device). The same goes for the

single-mass-spring-damper system (see below). As shown in Eq. 9, dp(t) is the
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superposition of a linear displacement :Tts and two sinusoidal displacements, which is
schematically shown in Figure 3a. The linear displacement is the ideal displacement of
Sensor B to achieve a constant strain rate in the specimen. The two sinusoidal displacements
can be considered as deviation from the ideal linear displacement. Magnitude of the deviation
is proportional to &. When ¢ is small, the deviation is negligible, which is the case for
quasi-static loading. However, this does not hold when ¢ is large.

In air, considering the damping effect, the device model becomes a two-coupled-mass-
spring-damper system. The system transient output dg(t) has the following form
dg(t) = :T; —a3é —a,ée Btsin(2ufst + ag) + a;ée " %8tsin(2ufyt + ag) (10)
where a; to aq are constants (as and ag are positive) that can be calculated with the
known system parameters (e.g., my, mg, ksg, kic, ca, Cg) (all independent of s), and f;
and f, are the two natural frequencies of the system in air. The form is again similar to that
of a single-mass-spring-damper system (see Appendix). Displacement dp contains a linear
term ;T; (the ideal displacement), a constant offset term a;¢, and two attenuated sinusoidal
terms. Here the sum of the last three terms is the deviation with a magnitude also proportional
to &. Figure 3b shows schematically the displacement dg(t) in this case.
4. Experiments

Dynamic responses of the device were measured experimentally under AC actuation and
ramping actuation. Two methods were employed to measure displacement — optical imaging
and capacitance readout. The responses in air, under both AC actuation and ramping

actuation, were measured by the optical imaging, while the response in vacuum under

ramping actuation was measured by the capacitive readout. The purpose of the response
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under AC actuation is to validate the theory in Section 3.1 and obtain damping coefficients.

To image the displacement under dynamic testing, a high-speed camera (Phantom v4.3
with maximum frame rate 95,000 fps) was integrated to a Nikon LV150N optical microscope
(at 1000x magnification), as shown in Figure 4. A light source (SOLA SE II 365) was used to
provide strong white light needed for the high-speed imaging.

Recorded images were then processed using an image correlation method to obtain
displacement. The method used here is based on the shift theorem of discrete Fourier
transformation (DFT)[35]. First, a series of optical images were taken recording the motion
of Sensor B or position of Sensor B at different moments (Figure 5a). Subsequently the
images were cropped to the same region of interest — some parallel beams connected to the
shuttle which is a periodic pattern as marked by red rectangle in Figure 5a. For each cropped
image, the gray value of pixels in each column was averaged to produce a 1D periodic pixel
intensity profile (Figure 5b), which was then analyzed using DFT (Figure 5c). Since
displacement in spatial domain (Figure 5b) corresponds to phase shift in frequency domain
(Figure 5c), the phase of the fundamental frequency which is the spatial frequency of the
periodic pattern was recorded for each image and phase shift between images was then
converted back to the spatial domain to calculate the displacement. A fixed periodic structure
can also be chosen as the region of interest (green rectangle in Figure 5a) to serve as
reference, whose displacement can be subtracted from the displacement of the moving
structure to remove common motion induced noises such as vibration.

When compared with other displacement measurement techniques based on image

processing, such as the commonly used DIC, this single frequency-based DFT method has
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the advantage that it is less affected by image noise since only phase of the fundamental
frequency is used to retrieve displacement. It has been demonstrated that even blurring and
defocusing of optical images have little effect on the precision and accuracy of measurement
results using this method[36,37] because blurring and defocusing act as low-pass filters hence
only the higher order harmonics are degraded, leaving the fundamental frequency mostly
untouched. This feature makes this method particularly suitable for dynamic displacement
measurement since device is moving during exposure time of an image, leading to certain
degree of blurring. One limitation of this displacement measurement method originates from
the nature of high-speed camera that high frame rate must be compensated by reduced field
of view. The small field of view at high frame rate has two consequences, one is that it can’t
include both sensors at the same time hence force in a specimen remains unknown which
limits this optical method to be used in high strain rate testing where both stress and strain
need to be obtained, the other is it rises the uncertainty in measured displacement as for the
single frequency-based DFT method the less the repeated patterns are captured and used in
the analysis the worse the measurement accuracy will be[35]. Another limitation of this
method is that it is not suitable to measure displacement inside electron microscopes.

The other method is using a capacitive readout circuit to measure displacement since
there is a linear relationship between displacement and capacitance difference in the sensors
(Eq. 3). A commercially available capacitive readout AT1006 (ACT-LSI, Japan)[28] was used
to convert the differential capacitance linearly into an output voltage. Figure 6a shows the
function blocks of AT1006 and its connection to the MEMS chip, more specifically, channels

X and Y are connected to Sensors A and B, respectively. Figure 6b shows an image of the
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MEMS chip integrated with the readout. Before the readout can be used to measure
displacement, calibration of the relationship between displacement and AT1006 output
voltages change was conducted. The calibration result is linear as shown in Figure 7, in good
agreement with Eq. 3. A NI DAQ (USB-6211 with the maximum sample rate of 250 kHz)
was used to record the voltage reading from AT1006. Compared with the optical method, this
method has two major advantages: 1) it can be used both in air and in vacuum, and 2) it can
measure displacements of both sensors A and B at the same time with which force in a
specimen can be calculated hence it can be used to in mechanical testing of nanowires.
Unfortunately the bandwidth of this readout is relatively low (~1,100 Hz), to be reported
later, which prevents this method from measuring high-frequency signals.
5. Results
5.1 Dynamic response under AC actuation force

To study dynamic response of the device under AC actuation force, AC actuation voltage
with Vpp=30 V and different frequencies was applied to the actuator. Function generator
Agilent 33250A was used to provide the voltage. Amplitude of the output displacement dp
was measured as a function of the actuation force frequency. Note that there is a factor of 2
between the actuation voltage frequency and the resulting actuation force (or displacement)
frequency because of the square relationship as shown in Eq. 2.

Since only the electronic method can be used to measure displacement in vacuum but its
relatively low bandwidth makes it unable to detect the resonance peaks as predicted in
Section 3.1, measurements were focused on the dynamic response under AC actuation force

in air using the optical method. For the optical method, in order to improve the measurement
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accuracy, a larger field of view and more periodic beams are preferred, as discussed in
Section 4.1. Hence to accurately measure displacement at high frequency, a low frame rate
associated with large field of view was used. This way “aliasing” would occur hence the
measured frequency is not the actual displacement oscillation frequency, but amplitude of the
oscillation can still be retrieved correctly if the frame rate and exposure time are set properly.
For example, a low frame rate of 100 fps with short exposure time can be used for
displacement oscillation of 2,002 Hz (the actuation voltage frequency is purposely set as
1,001 Hz). In this case, an image is taken every 20.02 displacement oscillation cycles, these
images record different phases of the oscillation waveform, from which the oscillation
amplitude can be retrieved. Figure 8a shows the optically measured displacement of sensor B
in this situation. As can be seen, although the measured frequency is not correct, the
displacement amplitude was clearly recorded. The displacement amplitudes at different
frequencies were then normalized by the amplitude at 1Hz. Figure 8b shows the measured
relationship between the normalized displacement amplitude and the actuation frequency.
Only the lower natural frequency in air was measured, which is 10.6 kHz, a little smaller than
the counterpart in vacuum, 11.5 kHz, as calculated by the model in Section 3.1.

This measured relationship was then fitted using magnitude of normalized transfer
function |%;Tf))|, where the denominator accounts for the normalization at 1 Hz. By fitting
the curve in Figure 8, damping coefficients in air c,= 3.09%10*kg/s and cz= 2.83x10* kg/s
were obtained. The damping coefficients can be used to calculate the second natural
frequency f, and the device displacement in air under ramping actuation force in the next

section. To summarize, f; to f, are 11.5,70.2, 10.6, and 70.0 kHz, respectively.
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5.2 Dynamic response under ramping actuation force: vacuum and air

In this section, the dynamic responses under ramping actuation force in both vacuum and
air were first predicted. Then a ramping actuation force with gradually increasing loading
velocity was applied to the device in both vacuum and air while Sensor B displacement was
measured.

To provide a linear ramping actuation force, an actuation voltage profile V(t) = At°°
was applied to the comb-drive actuator, where A is a function of the loading rate ¢ via Eq.
2. The larger A, the smaller the time it takes to reach the desired actuation voltage (here the
time is called the loading time). As an example, Figure 9 shows the actuation voltage profile
up to 15 V with the loading time of 1 s. In this case A = 15V/s%> in the actuation voltage
profile, the loading rate & = 24.2 uN/s, and the loading velocity is 226 nm/s. Figures 10 and
11 show the displacement as a function of the loading time in both vacuum and air, as
calculated by Egs. 9 and 10, respectively. A series of testing was conducted, during which the
actuation voltage was increased from 0 to 15 V while the loading time was gradually
decreased to increase the loading velocity.

The vacuum experiments were conducted inside a SEM (FEI Quanta 3D FEG) chamber.
Of course the vacuum was not absolute. The displacement dp was measured using the
capacitive readout and compared with the modeling result according to Eq. 9. Figure 10
shows the comparison when the loading velocity was 226 nm/s, 45.2 um/s, and 226 um/s
(corresponding loading time of 1 s, 5 ms, and 1 ms). When the loading velocity was 226 nm/s
(Figure 10a), the measured and modeled displacements agreed very well, both increasing

linearly with time. When the loading velocity was increased to 45.2 um/s (Figure 10b), the
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electronically measured displacement started to show a small lag compared to the modelled
displacement (about 2% smaller) due to the limitation in bandwidth. The sensor B velocity
45.2 um/s in this case was thus considered to be the upper bound that can be measured using
the capacitive readout AT1006. When the loading velocity was increased to 226 pm/s (Figure
10c), the electronic measurement was further lagged, again due to the limitation in
bandwidth. The sinusoidal deviation appears to have only one frequency rather than two as
predicted by Eq. 9. This is because the amplitude of the larger natural frequency is tiny
compared that of the lower natural frequency. For example, when the loading velocity is 226
um/s, the calculated amplitude is 3.2 nm for the lower natural frequency, while 0.01 nm for
the larger natural frequency. Of note is that even the lower natural frequency predicted is
11,490 Hz, much larger than the capacitive readout bandwidth.

The dynamic response under the ramping actuation force was also studied in air. The
optical method was used to measure the displacement dg. Figure 1la to ¢ shows the
experimentally measured and analytically predicted displacement dgp with the loading
velocity of 226 nm/s, 226 um/s, and 2.26 mm/s. The corresponding loading time was 1 s, 1
ms, and 0.1 ms. The high-speed camera frame rate used was 50, 16,000, and 95,000 fps with
the corresponding images under these frame rates shown in Figure 11e to f, respectively. As
mentioned earlier, the field of view was reduced to compensate the increasing frame rate. The
measured displacement agreed well with analytical model. As shown in Figure 11b, optically
measured displacement increased with time with no obvious lag when the loading velocity
was 226 um/s, which also proved that the significant lag in Figure 10c is due to the

bandwidth limitation of the electronic measurement. When the loading speed increased to
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2.26 mm/s, measured displacement can still reasonably match the model prediction.
However, the displacement exhibited large nonlinearity, as discussed in Section 3.2, which
could be challenging for high-rate testing with a constant strain rate.

6. Discussion

6.1 Loading velocity and strain rate

In this section, the maximum loading velocity and strain rate attainable by the present
device are discussed. For this microscopic tensile testing device, it can be seen from Egs. 9
and 10 that under a ramping actuation force, the strain rate will not be a constant either in
vacuum or in air because displacement of Sensor B is not absolutely linear. Generally
speaking, high strain-rate testing does not necessarily require an absolute constant strain rate,
which is indeed very difficult to achieve if possible at all. For example, commercial
macroscopic high-rate testing systems can use servohydraulic actuators to reach strain rate up
to 500 s!, beyond which dynamic testing techniques such as Hopkinson bar technique are
used. Open-loop control is used since the actuator moves at such a high velocity that
real-time close-loop control is not as effective, which leads to displacement that cannot be
absolutely linear[43-45]. Therefore it is reasonable to carry out high-rate testing with
approximately constant strain rate.

For a given loading velocity, the strain rate would depend on the specimen length. Hence
for the generality of the conclusions, loading velocity will be discussed followed with strain
rate. To perform a constant-strain-rate test, two requirements should be met: (1) displacement
measurement is sufficiently fast such that measured displacement is accurate, and (2)

displacement must be linear with time with negligible deviation. The first requirement has
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been addressed in the preceding section, which resulted in the maximum loading velocities of
45.2 um/s and 2.26 mm/s using the capacitive readout and optical measurement, respectively,
with the corresponding maximum strain rates of 22.6 s™! and 1130 s*! (assuming the specimen
length of 2 um).

Now let us assess the second requirement. To do so, a normalized term “deviation ratio”
is defined as the maximum displacement deviation during the loading divided by the travel
range. Since the first requirement has been satisfied, the maximum displacement deviation
here will be discussed based on theoretical result. The deviation ratio apparently depends on
the travel range (i.e., maximum displacement). For the present device, two travel ranges, 60
and 200 nm, are selected for the purpose of discussion (corresponding to 3% and 10% strain
for a typical nanowire sample with gauge length of 2 um). For the capacitive readout with the
loading velocity of 45.2 um/s (Figure 10b), the deviation ratio is less than 1% for both travel
ranges. For the optical measurement with the loading velocity of 2.26 mm/s (Figure 11c), the
deviation ratio is 50% and 15%, respectively. On the other hand, for a given allowable
deviation ratio, the maximum displacement deviation can be determined, from which the
maximum loading rate &,,,, and hence the maximum loading velocity and strain rate are
obtained. For example, in air, with 10% allowable deviation ratio, the maximum loading
velocity is 416 um/s and 1.39 mm/s for the travel range of 60 and 200 nm, respectively, with
the corresponding maximum strain rates of 208 s and 693 s™!.

Note that the deviation ratio here is defined based on the deviation from the linear
displacement in theory (i.e. :T; in Eq. 9), which is an overestimate if compared with a fitting

line that would also give a constant strain rate. Another way to evaluate how linear the
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displacement curve is, a straight linear is used to fit the curve and the coefficient of
determination (R?) is obtained. The R? values for linear fitting of two displacement ranges
(60 and 200 nm) in both vacuum and air are all over 97%, indicating reasonably good linear
fitting. In summary, it is appropriate to conclude that the attainable strain rate is 22.6 s™' and
on the order of 200 s! using the capacitive readout and optical measurement, respectively.

Of note is that the electrostatic actuator can deliver fast actuation and hence high strain
rate regardless of the environment (air or vacuum). As mentioned, the bandwidth of a thermal
actuator is determined by the heat transfer characteristic of the heater (i.e., heating rate and
heat dissipation rate). The bandwidth depends on the environment (air or vacuum) as the heat
dissipation is related to the environment. More specifically, in air the bandwidth is higher
because of the effective heat dissipation to the substrate through air (if there is a substrate
immediately below the device [38]). By contrast, in vacuum the heat only dissipates through
the anchors at the two ends [39].

In addition, the loading velocity and strain rate discussed so far are for the case of no
specimen mounted on the device. When a specimen is mounted, the loading velocity and
strain rate will decrease. The larger the stiffness of the specimen relative to the stiffness of the
device, the more the decrease will be.

6.2 Damping coefficients

For this device, the damping force comes from the comb-drive actuator and parallel
plates sensors. For the comb-drive actuator, a laterally driven structure, viscous drag of
ambient fluid is the dominant damping source; while for the parallel plates sensor, squeeze

film damping is the major source of energy dissipation[40]. Both damping mechanisms have
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been studied extensively and here we will briefly discuss them in the context of our device.
Damping coefficient for a comb-drive actuator can be expressed as[41]
Cog = p(RLL 4+ 2210 4 A5 4 1071 (11)
ds 8 g
where u is the viscosity of air, A,f; is the effective plate area including the areas of the
shuttle, fingers and beams, A; is the side area of the actuator, d; is the distance between the
actuator and substrate, & is the effective decay distance, and L is the characteristic
dimension of the moving structure that can be taken as half the width of the shuttle.
the squeeze film damping force on parallel plates can be either elastic force proportional
to displacement of the moving plate at a high frequency or viscous force proportional to
velocity of the moving plate at a low frequency[42]. The cutoff frequency or frequency at

which the two kinds of damping force are equal can be expressed as[42]

,=Tdk (12)
where p, is the atmosphere pressure and w is the width of the plate. For the device
reported here, this cutoff frequency is calculated to be 3.7 MHz. Since the device is operated
far below this frequency, the viscous damping force dominates while elastic damping force is
negligible. In this situation, the damping coefficient for parallel plates can be expressed
as[42]

Cpp = 12 (13)
where L is length of the plate.
Based on these theoretical models, the calculated damping coefficients in air are c,=

3.04x10* kg/s (comb-drive actuator and parallel-plate sensor A) and cg= 2.98x10* kg/s

(parallel-plate sensor B), close to the experimentally obtained values in Section 5.1.
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6.3 Force measurement

The capacitive readout AT1006 is used to obtain force and elongation of a specimen on
the present device because it is able to measure both sensors’ displacements in SEM at the
same time. As mentioned in Section 2, when the device is operated for quasi-static testing,
force on the specimen equals the force in the load cell, which can be calculated given
displacements of the two sensors. For high strain rate dynamic testing, force on the specimen
equals the force in the load cell minus the damping force and the inertia force of the proof
mass. Eq. 5 can be rewritten as
Fs = kgdg = kyc(dy — dg) — CBdB - deB (14)
where the first subtracted term is the damping force and the second the inertia force.

The damping force inside SEM environment with a pressure of 5x10° torr was hence
studied. In rarefied air, the squeeze film air damping coefficient can be calculated using
Veijola’s model[46] that replaces the viscosity in Eq. 13 with an “effective” one Wfr,

Heff = Trasaara™ (15)
where K, is Knudsen number that is defined as mean free path of air molecules divided by
gap distance of the parallel plate. The damping coefficient calculated in this case is on the
order of 10"12 Kg/s. The damping force is on the order of 101> N, even for the largest velocity
(45.2 pm/s) that can be measured by AT1006. Therefore the damping force inside SEM is
negligible and force of a specimen can still be calculated based on the load cell force.

In air, the damping coefficient is on the order of 10* Kg/s. With a strain rate of 208 s,
the damping force is about 40 nN, which can still be neglected for testing specimens like

nanowires.
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For the inertia force, we only consider it in the vacuum as the upper bound. The
acceleration is given by
dy = a6 (2nf) “sin2ufit) — a,& (21fy) sin(2nfyt) (16)

a, and a, were calculated to be 118.6 X 107° and 0.52 X 10~ m - s/N with the
known system parameters (e.g., my, mg, kg, k). Even for the maximum loading rate
& =44.0 mN /s (corresponding to the maximum loading velocity is 416 pm/s and strain rate
of 208/s), the maximum acceleration is 31.6 m/s?, and the maximum inertia force is 0.19 uN
(with the mass mg = 5.99x10? kg), which is well below 1% of the force to break a typical
nanowire. Moreover, the inertia force oscillates following a sinusoidal form, so it at most
adds to the noise level without causing a systematic error.
7. High-Strain-Rate Testing of Gold Nanowires

To demonstrate of its capability of high strain-rate nanomechanical tensile testing, the
device was used to test two single-crystalline gold nanowires at strain rates of 10 s and 10
s’!. The gold nanowires, <110> oriented, were synthesized by physical vapor deposition
exhibiting high crystalline quality[47]. The tests were conducted inside SEM and AT1006
was used to measure displacements of the two sensors (A and B), from which the stress and
strain were calculated. Nanowires were picked up from a Si substrate using a
nanomanipulator (Klocke Nanotechnik, Germany) and clamped on the device by e-beam
induced deposition of Pt[24,8]. The diameters of the two nanowires were 144 nm and 153
nm, respectively. Both the nanomanipulation and the tensile testing were performed inside a
SEM-FIB dual beam (FEI Quanta 3D FEG).

Stress-strain curves for the two tested nanowires are shown in Figure 12a. Young’s
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moduli measured from both tests are around 75 GPa, which is close to the bulk value. The
gold nanowire tested at 10~ s'! exhibited a fracture strength of 2.1 GPa and a fracture strain
of 2.8 %, indicating a brittle fracture. By contrast, the one tested at 10 s*! showed a higher
yield strength of 3.7 GPa and a large ductility with the fracture strain of 13.5 %. Note a
sudden stress drop was also captured during high-speed loading of the nanowire. This
softening behavior is attributed to the nucleation and propagation of leading partial
dislocations from the nanowire surface, which has been reported in previous work on FCC
metal nanowires[15,48-49]. The stress-time and strain-time curves are also shown (Figure
12b and c). It can be seen that the strain rate was constant until the softening took place.
During the softening process, the specimen strain rate increased even though the applied
electrostatic load still increased at a constant rate, because the specimen stiffness decreased.
The strain rate of 10 s”! was before the softening.

Figure 13 shows the two nanowires before and after testing. By comparing the SEM
images, we found that the nanowire tested at high strain rate shows a clear decrease in
diameter across the gage length while the one tested at low strain rate did not show much
variation in diameter. It is well known that for metal nanowires plastic deformation starts
with surface dislocation nucleation. When two dislocations glide on nonparallel planes inside
the crystal, they can form sessile dislocations leading to strain hardening and delayed
necking. This feature is more prominent as the strain rate increases and the dislocation
density increases, which explains why a more uniform decrease in diameter occurs under
high strain rates; by contrast, necking occurs at lower strain rates. This observation is similar

to the results by Ramachandramoorthy[19] and Tao[50].
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8. Conclusions

In this paper, we systematically investigated the dynamic response a MEMS-based
nanomechanical testing device in air and in vacuum. The MEMS device consists of an
electrostatic actuator, a load cell and two capacitive displacement sensors. A dynamic model
of the device was built and displacement of sensor B under AC actuation force and ramping
actuation force in both air and vacuum were simulated. Both capacitive readout and
high-speed optical imaging were used to measure the displacements. The experimental results
showed good agreement with the modeling results. The maximum strain rate the device can
attain was found to be about 200 s!. However, the capacitive readout used can only measure
strain rate up to 22.6 s! (gauge length 2 pum) due to its limited bandwidth, which is
nevertheless an order of magnitude higher than the highest strain rate (2 s!) reported so far
using an electronic sensor. We demonstrated the device’s capability by testing
single-crystalline gold nanowires at two strain rates of 10> s'! and 10 s'!. It was found that
increasing strain rate leads to higher yield strength and larger ductility.
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Appendix

Dynamic response of a single-mass-spring system under ramping force
For a single-mass-spring system as schematically shown in Figure A1, if the input force
is a ramping force F(t) = pt, the equation of motion can be written as

mX + kx = pt (Al)

Solution to this equation is x(t) = %t - % \/%sm( ;t). This solution contains two terms;

k k

the first is a ramping term P — F(t), and the second is a sinusoidal term — % \/%sm ( — t>‘

The sinusoidal term has a frequency \/%, which is the natural frequency of the system. Its
amplitude is proportional to loading rate p and can be calculated if system parameters m

and k are known.

F k

7

Fig. A1. Schematic of a single-mass-spring system.

Dynamic response of a single-mass-spring-damper system under ramping force
For a single-mass-spring-damper system as schematically shown in Figure A2, if the

input force is a ramping force F(t) = pt, the equation of motion can be written as

mx + cx + kx = pt (A2)
If the system is an underdamped system, solution to this equation is x(t) = %—;—2—
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2pm . (Vamk—c? cVamk—c? . .
sin t+0), where 6 = arctan . The solution contains three
kvamk—c? < 2m ’ ( c2-2km )

. . F . . .
terms; the first is a ramping term %t = %, the second is a constant — ;—z, and the third is a

. . __ 2pm . [(Vamk—c? . .
sinusoidal term - msm( o t+ 9). The sinusoidal term has a frequency

Vamk—c?

po— which is the damped natural frequency of the system.

k

N 7

Fig. A2. Schematic of a single-mass-spring-damper system.
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Fig. 1. (a) SEM micrograph of the fabricated device. (b) Schematic of MEMS device

configuration. (c) Device lumped mechanical model.
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Fig. 4. Experiment setup to measure the displacement including a high-speed camera and an

optical microscope.
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Fig. 12. (a) Stress-strain curves of the two Au nanowires tested at different strain rates. (b, ¢)

Stress-time and strain-time curves for the Au nanowire tested at the strain rate of 10 s!.
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Fig. 13. SEM images of the two tested Au nanowires before and after testing. (a) 10/s. (b)

107/s. Scale bar: 300 nm.
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