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Abstract
This paper presents a passive shock recorder to record shock events for tens of Gs with wireless
reading and wireless resetting capabilities through the integration of LC circuits and two MEMS
devices. With a micro mechanical-latch shock switch electrically connected to the sensing LC
circuit, the shock event that leads to different latching states can be recorded and wirelessly read
through the LC resonant frequency. With a micro electro-thermal actuator electrically connected
to a wirelessly powered actuating LC circuit, the energy can be wirelessly sent to the micro
actuator to provide the necessary unlatched force. By integrating the mechanical-latch shock
switch and actuator with LC circuits, the latching state can be reset through the wireless
actuation. Therefore, the shock recorder can be used repeatedly. Here, the mechanical-latch
shock switch is designed to have a two-level shock recording capability. The fabrication of the
shock switch and actuator are achieved by a Ni-based surface micromachining process. When
the acceleration reaches 28.06 G, the latching state changes from the original state to the first
latching state. The resonant frequency of sensing for the LC circuit is found to switch from
10.14MHz to 9.16MHz, correspondingly. By further applying acceleration up to 37.10 G, the
latching state changes from the first latching state to the second state, and the resonant frequency
shifts to 7.83MHz. Then, with a current of 2.07 AAC wirelessly induced in the actuating LC
circuit, the micro electro-thermal actuator is shown to provide sufficient displacement to reset the
shock switch from a latched state back to the original unlatched state, and the resonant frequency
is switched back to 10.14MHz. The fabricated shock recorder is repeatedly tested five times.
The wireless reading, resetting and shock recording capabilities are successfully verified.

Keywords: LC transducers, shock switch, electro-thermal actuator

1. Introduction

Inductor-capacitor (LC) transducers have attracted a lot of
attention due to their wireless and passive capabilities.
Without a battery or other power supply electrically con-
nected to the devices, LC transducers, which are different
from active wireless transducers that need an on-board power
supply [1–3], are more suitable for placing at sealing cham-
bers to avoid battery replacement or maintenance.

LC sensors have been developed for the sensing of var-
ious environmental variations, such as pressure [4–11], strain
[12–16], humidity [4, 6, 17–19], temperature [4, 17, 20],

pH [21, 22], bacteria [23] or specific gases [24]. The oper-
ating process of typical LC sensors is shown in figure 1(a).
With a network analyzer applying an oscillating signal to the
transmitter, the oscillating magnetic flux can be generated in
nearby space. By inductively coupling the transmitter and the
inductor of the receiving LC circuit, forward electromotive
forces are induced wirelessly in the receiving inductor, based
on Faraday’s law. Therefore, the LC circuit can receive
energy through the inductor and store it in the capacitor. With
this energy, the magnetic flux can also be generated by the LC
circuit itself; then, the backward electromotive forces can be
induced on the transmitter wirelessly, affecting the charge
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flow in the transmitter. Since both the forward and backward
electromotive forces reach a maximum at resonant frequency f
of the LC circuit, listed as equation (1) [4], the frequency
response of the transmitter changes abruptly at f; therefore,

the resonant frequency can be determined.

π
=f

LC

1

2
(1)

When the inductance L or the capacitance C of the LC
circuit is affected by physical or chemical conditions, the
resonant frequency f of the LC circuit will be changed. Then,
the LC circuit can act as an LC sensor. Since the LC circuit
can receive energy wirelessly, especially at resonant fre-
quency f, the LC circuit can also work as an actuator by
further utilizing the received energy, as shown in figure 1(b).
With the received energy, high voltage or Joule heating are
commonly transduced for different kinds of actuations, such
as wirelessly powered micro robots [25, 26] and implantable
drug delivery devices [27–29].

Recently, Kuo et al proposed an inertial switch with
wireless readability [30], which can be applied for recording
if the acceleration of a parcel exceeds a specified acceleration
threshold during transportation. With this wireless readability,
the recorded information can be obtained wirelessly, which is
relatively efficient when there are many parcels to be read.
However, if the wireless shock switch needs to be placed in a
sealed environment where the switch is hard to replace, such
as an embedded concrete structure for structure health

Figure 1. Schematic illustrations of LC transducers: (a) LC sensor;
(b) LC actuator.

Figure 2. Illustrations of: (a) wirelessly readable and resettable shock recorder through the integration of LC circuits and MEMS devices in
the original latching state; (b) in the 1st latching state of the micro mechanical-latch shock switch; (c) in the 2nd latching state; (d) during
wireless actuation; (e) and back to the original state after the wireless actuation.
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monitoring, then the switch needs to be resettable to function
again.

Here, a reusable passive shock recorder is proposed by
integrating LC circuits, a shock switch and a micro actuator.
When the micro mechanical-latch shock switch connects to a
sensing LC circuit experiences threshold acceleration, the
latching state and the corresponding LC resonant frequency
are changed. By connecting a micro actuator to an LC circuit,
energy can be wirelessly sent to the micro actuator to reset the
shock switch. In other words, the shock switch and the micro
actuator do not need to be physically connected with any
battery or power source. The shock event reading and reset-
ting can be performed wirelessly through LC circuits. To the
best of our knowledge, this is the first reusable passive shock
recorder that combines both wireless sensing and wireless
actuating functions through LC circuits.

2. Concept design

To record a shock event with a device with wireless reading
and wireless resetting capabilities, a novel design, which
integrates LC circuits and MEMS devices and includes a
micro mechanical-latch shock switch and a micro electro-
thermal actuator, is proposed, as shown in figure 2(a). The
micro mechanical-latch shock switch is formed by a sus-
pended beam, a suspended proof mass and fixed electrodes.
While experiencing an external force in the +y direction, the
suspended beam will deform and even touch the fixed elec-
trode due to the inertia of the proof mass. When the external
force reaches the threshold level, which is related to the
overlapping length lo, the free end of the suspended beam will
flip over and latch to the fixed electrode. Then, the experi-
enced shock level is recorded by the latching state, as shown
in figures 2(b) and (c). When there are multiple fixed elec-
trodes that form different overlapping lengths, different levels
of shock can be recorded. Here, two different overlapping
lengths (lo,1 and lo,2) and three latching states (original, 1st
and 2nd latching states) are designed. Since the fixed elec-
trodes and the anchor of the beam are wired to the sensing LC
circuit, the micro mechanical-latch shock switch, which is
formed by conductive material, is also an electrical switch in
the sensing LC circuit. When different capacitors, C0, C1, C2,
are connected to the anchor and to fixed electrode-1 and to
fixed electrode-2, respectively, the resonant frequency of the
sensing LC circuit can be affected by the electrical switch. For
example, if the device experiences a sufficient external force
and switches from the original state to the 1st latching state,
the equivalent capacitance changes from C0 to C0 +C1. Then,
the resonant frequency shifts from (2π(LsC0)

0.5)−1 to (2π
(Ls(C0 +C1)

0.5)−1. Therefore, the latching state can be
obtained wirelessly by monitoring the resonant frequency
through a network analyzer connected with a transmitter. That
is, the recorded shock level can be read wirelessly. Fixed
stopper-1 and stopper-2 are designed to limit the maximum
displacement of the proof mass. To reset the latching state, a
micro electro-thermal bent-beam actuator [31] is designed at
the other end of beam. With an actuating LC circuit

electrically connected to the micro actuator, the wireless
actuation can be performed to pull the beam horizontally.
Therefore, when the actuating displacement is larger than the
overlapping length, the latching state can be reset, as shown
in figures 2(d) and (e), which means that the shock recorder
can be reused.

3. Detailed design

3.1. Mechanical-latch shock switch

To design the micro mechanical-latch shock switch with the
desired threshold accelerations, simulations were performed
to decide the detailed dimensions. The beam length and width
are denoted by lc and wc, respectively, as shown in figure 2(a).
The proof mass length is lm= 1500 μm, and the width is
wm= 620 μm made by nickel (Ni, Young’s modulus
154.0 GPa, density 8880 kg m−3) [32]; the threshold accel-
erations of a mechanical-latch shock switch with different
overlapping lengths lo, beam lengths lc and beam widths wc

are simulated by an analytical model with a fixed-roller
boundary condition [33]. The thicknesses of the beam and
proof mass are designed to be the same, 20 μm, since they are
designed to be fabricated through electroplating at the same
time. Simulated results are shown in figure 3. It is found that a
larger overlapping length lo, as well as a stiffer spring with a
shorter beam length lc or a wider beam width wc, will lead to a
larger threshold acceleration. To reduce the variation on the
threshold acceleration due to dimensional inaccuracy from
fabrication, a longer and narrower beam is more effective, as
shown in figure 3. However, it may also lead to a suspended
beam with low stiffness, which can cause stiction in fabri-
cation. Therefore, the beam with length lc = 1750 μm and
width wc = 6 μm is selected for the following simulations and
experiments. To record the shock event in tens of Gs, two
overlapping lengths, lo,1 and lo,2, are designed to be 6.0 μm

Figure 3. Simulated threshold accelerations of the mechanical-latch
shock switch at various overlapping lengths with different beam
lengths lc and widths wc.
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and 11.0 μm and to have threshold accelerations of 25 G and
35 G, respectively.

3.2. Electro-thermal bent-beam actuator

The maximum displacement of the electro-thermal actuator
needs to be larger than the overlapping lengths to successfully
reset the switch. To design the detailed dimensions of the
micro actuator, a simulation is performed by the finite element
method through the software ANSYS. In simulations, the
highest temperature of the actuator is limited to 400 °C to
avoid degeneration of Ni [34]. The performances of the micro
actuators with a different bent-beam length lb are simulated
with the bent angle θb = 1°, the bent-beam width wb = 10 μm,
20 μm thickness, the coefficient of thermal expansion
12.7 × 10−6 K−1, Poisson’s ratio 0.31, thermal conductivity
90.5Wm−1 K−1, specific heat 443 J Kg−1 K−1 and resistivity
13.5 × 10−8Ωm. Figure 4(a) shows the simulated maximum
displacements at different bent-beam lengths, which happen
at the apex of the bent-beam. Figure 4(b) shows one example
simulated by ANSYS for bent-beam length = 800 μm. With a
longer bent-beam length, a larger displacement can be
achieved. To reset the latching state, the micro actuator needs
to displace a greater length than the overlapping length of the
second latch, lo, 2 = 11.0 μm. Therefore, the micro actuator
with the 600 μm bent-beam length should be enough to reset
the latching state. Here, the bent-beam with a length of
800 μm is selected to further ensure sufficient displacement.
On the other hand, the micro actuator also works as a root
support of the beam. To provide sufficient stiffness and output
force in the horizontal (x) direction, 10 sets of bent-beams are
designed to provide a high spring constant in the x direction
(kx= 676.13 Nm−1). When the mechanical-latch shock switch
experiences an unexpected acceleration of up to 200 G in the
+x direction, the displacement of the actuator in the horizontal

Figure 4. Simulated results: (a) maximum displacements of the micro electro-thermal bent-beam actuator with different bent-beam length lb;
(b) simulated deformation of the micro electro-thermal bent-beam actuator with a bent-beam length of lb = 800 μm.

Figure 5. Fabrication process of the MEMS devices: (a) pattering the
sacrificial layer (photoresist, PR) on the silicon wafer after oxidation;
(b) sputtering the seed layer (Ti/Cu) and spin-coating the molding
layer (PR); (c) electroplating the structure layer (Ni); (d) sputtering
the conductive layer (Pt) and removing the molding layer; (e)
removing the seed layer and the sacrificial layer to release the
structure.
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direction is only 0.88 μm, which will not affect the latching
state.

4. Fabrication process and assembly

The fabrication process of the MEMS components is
illustrated in figure 5. First, silicon dioxide thin film
(1 μm) is grown on a silicon wafer as an electrical isola-
tion layer through wet oxidation. Then, the photoresist FH-
6400 (Fujifilm Olin) is coated and patterned to act as the
sacrificial layer, as shown in figure 5(a). Then, 20 nm thick
titanium (Ti) and 120 nm thick copper (Cu) are sputtered
as the adhesion layer and as the seed layer for later
electroplating, respectively. To form the structural layer,
27 μm thick photoresist AZP-4620 is coated and patterned
as the mold for Ni electroplating, as shown in figure 5(b).
With the electroplating current density at 0.8 mA cm−2,
20 μm thick Ni is then electroplated to form the structure
layer, as shown in figure 5(c). After removing the mold
with acetone, 200 nm of platinum (Pt) thin film is further
sputtered as the conductive layer for protection from oxi-
dation, as shown in figure 5(d). After etching the sacrificial
layer with acetone, part of the Pt and Ti/Cu thin film is
removed through lift-off, and then the structural layer is

released, as shown in figure 5(e). After wire bonding to an
8-pin dual in-line package (DIP), which is performed by
Chipin Electronics Co., Ltd [35], micro devices are suc-
cessfully fabricated, as shown in figures 6(a) and (b),
where the 1st and 2nd overlapping lengths are found to be
6.63 μm and 11.64 μm, respectively, as shown in
figure 6(c).

To further integrate the fabricated MEMS devices with
the sensing and actuating LC circuits, a low-cost prototype
design for the assembly is proposed, as illustrated in
figure 7(a). First, the DIP (MEMS devices are inside) is
inserted into the corresponding socket on a printed circuit
board (PCB), which has sensing and actuating capacitors
welded on. A polymethylmethacrylate (PMMA) board is
fixed to the PCB by plastic screws, and the receiving inductor
for sensing is formed by winding enameled insulated wire
(diameter 0.23 mm), followed by another receiving inductor
for actuation. Since the actuating LC circuit needs to receive
more power for the actuation of the micro actuator, the outer
inductor, which has a larger diameter and better coupling, acts
as the actuating inductor. After connecting the inductors and
capacitors through welding, the device assembly is com-
pleted, as shown in figures 7(b) and (c). The length, width and
height of the assembled device are 45 mm, 45 mm and
11 mm, respectively.

Figure 6. Photos of fabricated MEMS devices taken by scanning electron microscope Hitachi S-3000N: (a) bird’s view; (b) top view; (c)
closer view of the latching structure; (d) closer view of the bent-beam actuator.
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5. Test results and discussions

The shock recording, wireless reading and wireless actuating
functions are first tested separately. Then, the integrated
shock recorder is reset and tested again to verify the reusable
function. The discrepancy between the simulation and the
measurement results on the threshold acceleration and the
sensing LC resonant frequency are also discussed.

5.1. Testing setup

Figure 8 shows the overall testing setup of the proposed shock
recorder. The assembled device is mounted on the stage of the
shaker LDS V406. With a function generator (FG-1) Agilent
33210A controlling the signal waveform, the signal is
amplified through power amplifier LDS PA100E and sent to
the shaker to apply acceleration to the assembled device. The
applied acceleration is monitored through the commercial
accelerometer PCB Model 352C66 with signal conditioner
PCB Model 480C02. The resonant frequency of the sensing
LC circuit is wirelessly measured through the network ana-
lyzer HP 8751A that is connected with a transmitter (induc-
tance 17.11 μH and resistance 0.31Ω), which is made in the
same manner as sensing/actuating inductors. With another
function generator (FG-2) Agilent 33522A controlling the
signal waveform, the in-house power amplifier can output a
signal with a higher current. In the in-house power amplifier,

the signal from FG-2 is amplified by an operational amplifier
(Texas Instruments OPA454) first and then sent to transistors
(STMicroelectronics 2N3055 and MJ2955) to control the
current output [36]. With dc supplier (King Instrument
Electronics DPS-1603D) providing ±15 VDC to the opera-
tional amplifier and transistors, a 2.25 AAC− 1.15 AAC current
with a frequency of 10 kHz–37 kHz can be sent to the
transmitter. Corresponding waveforms, impedances and cur-
rents are measured by Agilent oscilloscope DSO 1004A,
impedance analyzer 4294A, and multimeter 34401A,
respectively. The latching state of the micro mechanical-latch
shock switch is monitored through a stereo microscope above
the device.

5.2. Shock recording and wireless reading test

Figure 9 shows the shock recording test results. Before
applying any acceleration, the mechanical-latch shock switch
remains at the original latching state, as shown in figures 9(a)
and (b). When the sensing inductance is Ls = 16.2 μH, and the
capacitances are C0 = 10.1 pF, C1 = 5.0 pF and C2 = 15.3 pF,
the resonant frequency of the sensing LC circuit is found to be
10.16MHz, as shown in figure 9(c), which is measured at the
wireless distance of 4 cm. By gradually increasing the
acceleration, when the acceleration reaches 28.15 G, the
shock switch is found to change to the 1st latching state, as
shown in figure 9(d). The resonant frequency of the sensing

Figure 7. Assembly: (a) illustration of the assembly design; (b) the assembled device; (c) backside of the assembled device.
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LC circuit is also found to shift to 9.18MHz, as shown in
figure 9(e). When the applied acceleration reaches

38.57 G, the shock switch changes to the 2nd latching
state, as shown in figure 9(f). The resonant frequency of the
sensing LC circuit is found to decrease to 7.84MHz, as
shown in figure 9(g). The applied accelerations and corre-
sponding resonant frequencies of the sensing LC circuit are
summarized in figure 10, which verify the capabilities of
shock recording and wireless reading of the assembled
device.

5.3. Wireless actuation test

To verify the wireless actuation function, a micro electro-
thermal actuator without a mechanical-latch shock switch is
first fabricated and tested. The inductance of the actuating
inductor is calculated [37], and then the resonant frequency of
the actuating LC circuits can be simulated by equation (1).
Five different actuating LC circuits, which are connected to
the micro actuator with different capacitances and resonant
frequencies, are tested, as listed in table 1. By sending
2.25 AAC− 1.15 AAC with a frequency of 10 kHz–37 kHz to

the transmitter, a wirelessly induced current in the micro
actuator can be monitored by a serially connected multimeter.
The measured results at the wireless distance of 4 cm are
shown in figure 11. The corresponding resonant frequencies,
in which the maximum currents are induced for LC-1 to LC-
5, are found to be 14.0 kHz, 15.0 kHz, 17.0 kHz, 20.0 kHz
and 31.0 kHz, respectively. In general, the LC circuit with the
lower capacitance and higher resonant frequency should be
able to receive and produce higher power at its resonant
frequency due to a higher quality factor [38]; however, the
current from the in-house power amplifier to the transmitter
may also decrease with the increasing operating frequency.
Here, the highest induced current is found to be LC-4 at
fin = 20 kHz, as shown in figure 11. Since a high induced
current is helpful in wireless actuation, LC-4 is chosen for the
following wireless actuating tests. The actuations of the bent-
beam actuator with LC-4 under different input frequencies fin
are tested and shown in figure 12. The largest displacement is
at about 13.6 μm at fin = 20 kHz, which is larger than the 2nd
overlapping length of 11.60 μm. To further enhance the
power transmission from the transmitter to the actuating LC

Figure 8. Testing setup: (a) illustration of the testing system; (b) photo of the testing setup; (c) close view of the testing setup.
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circuits, different compensation topologies [39] can be con-
sidered in the future.

5.4. Resetting and repeating shock tests

Based on the above test results on shock recording,
wireless reading and wireless actuation, the integrated
shock recorder was further tested to verify its wireless
resetting and reusable capabilities. With the transmitting

current 1.77 AAC, a current of 2.07 AAC is induced at the
actuating LC circuit to flow through the micro actuator at
fin = 20 kHz. The micro shock switch can be successfully
reset from the 2nd latching state back to the original
latching state, as shown in figure 13. The shock tests after
the reset are then performed for four additional cycles. The
corresponding wirelessly measured resonant frequencies are
summarized in figure 14, which shows, with considerable
stability, the repeatable two-level shock recording

Figure 9. Shock recording and wireless reading test results: (a) top view of the MEMS devices before applying acceleration; (b) closer view
of the latch structure; (c) wirelessly obtained frequency response of the device; (d) 1st latching state; (e) frequency response of the sensing LC
circuit with the MEMS component at the 1st latching state; (f) at the 2nd latching state; (g) frequency response of the sensing LC circuit with
the MEMS component at the 2nd latching state.
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capabilities. The threshold acceleration to the first latching
state remains in the range of 28.06 G to 29.18 G, and the
threshold acceleration to the second latching state remains
in the range of 37.10 G to 39.44 G. In the 6th & 7th shock
and resetting tests, the micro mechanical-latch shock
switch still works normally, but the resonant frequency of
the sensing LC circuit doesn’t shift with the change of
latching state. Although the suspended beam contacts fixed
electrodes under different latching states, the contact
resistances between the suspended beam and the fixed
electrodes after 5 cycles are found to change from the
initial 6Ω to higher than 100MΩ, which is the upper limit
of multimeter 34401A. The wear of conductive layer Pt is
believed to be the reason for the failure. An alternative
conductive layer with a better anti-wear characteristic, such
as TiC or TiN [40], can be utilized instead of Pt in the
future to further enhance the life time.

Table 2 summarizes the simulation and the measurement
results on the threshold accelerations and resonant frequencies
at different latching states; the simulations are based on the

measured dimensions from the SEM photos of the fabricated
devices. The measured threshold accelerations are the result
of 5 continuous shock recording-reset tests. The deviations of
the measured threshold accelerations at 1st and 2nd latching
states between the five tests are less than 1.2 G and 2.4 G,
respectively. The measured resonant frequencies in table 2 are
the average of 5 shock recording-reset tests. The errors
between the simulated and measured resonant frequency at
the original unlatched state are larger, which could be caused
by the closely wounded inductor with a large stray capaci-
tance [41]. However, the discrepancy between the simulated
and measured average resonant frequency becomes smaller at
the 1st and 2nd latching states.

Figure 10. Applied accelerations and corresponding resonant
frequencies of the sensing LC circuit.

Figure 11. Measured results of the wirelessly induced currents in a
micro electro-thermal actuator with different actuating LC circuits.

Figure 12.Wireless actuating test results of the micro electro-thermal
actuator with actuating circuit LC-4: (a) before wireless actuating;
(b) wireless actuating with input frequency fin = 12 kHz; (c) input
frequency fin = 16 kHz; (d) input frequency fin = 20 kHz; (e) input
frequency fin = 24 kHz; (f) stop wireless actuating.
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6. Conclusions

Here, a reusable passive shock recorder is designed, fabri-
cated and tested to record a shock event for tens of Gs with

wireless reading and wireless resetting capabilities through
the integration of LC circuits and MEMS devices. When the
micro mechanical-latch shock switch connected to the sensing
LC circuit experiences threshold accelerations, the latching
state and the corresponding LC resonant frequency are
changed. When a micro electro-thermal actuator is connected
to the actuating LC circuit, the energy can be wirelessly sent
to the micro actuator to unlatch the shock switch. The shock
switch and micro actuator do not need to be physically con-
nected with any battery or power source. The shock event
reading and resetting can be performed wirelessly through LC
circuits. Therefore, the shock recorder can be used repeatedly.
The fabricated shock recorder is repeatedly tested for five
cycles and shown to function successfully. To the best of our
knowledge, this is the first passive shock recorder that com-
bines both wireless sensing and wireless resetting capabilities,
which makes it reusable and suitable to place in an environ-
ment where the battery is hard to replace.
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