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ABSTRACT The output signal of traditional cantilever accelerometers usually overlapping and tailing
during the high-velocity penetration process. And the sensitivity of traditional cantilever accelerometers
cannot satisfy the application of multi-layer target penetration, that process contains large length-to-diameter
ratios and high velocities. This paper proposes a novel high-impact Micro-Electro-Mechanical-System
(MEMS) ceramic sandwich accelerometer (HMCSA) for the measurement of penetration-overload signals.
Firstly, the HMCSA structure was designed and its structure-sensitive model was established. Then, the
filling material in HMCSA was selected and the structure was simulated in ANSYS/LS-DYNA software.
After that, the structure MEMS processing was introduced and the monitoring system was designed. Finally,
the multi-layer target penetration process was simulated and HMCSA was tested in lab environment. The
experiment verified that the design and manufacture of HMCSA was correct, and HMCSA can detect 30
000g acceleration.

INDEX TERMS Penetration layer counting, cantilever accelerometer, signal overlapping, ceramic-plate-
capacitor sensor.

I. INTRODUCTION
Micro-Electro-Mechanical-System (MEMS) inertial sensors
improve obviously in this decade [1]–[4]. High-g accelerom-
eters were employed in smart fuzes to obtain the dynamic
signals of penetration during the layer-counting application.
Usually, a small projectile with lower velocity has a better
vibration attenuation, and it gains clearer layer-penetration
characteristics. However, if a projectile with larger length-
to-diameter ratio and higher velocity (≥600 m/s), and the
stress wave will lead the high-frequency acceleration oscil-
lation inside the projectile. The amplitude of high-frequency
oscillation signal increases rapidly and immerses the overload
envelope signal of the multi-layer target penetration com-
pletely. And this phenomenon causes the overlap of overload
signals from individual layers, which makes penetration layer
counting technology unavailable [5].
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One of the most effective methods to solve the above-
mentioned problem is to improve the compensation circuit
and algorithm for error and noise signals [6]–[12]. Donoho
proposed de-noising method through using wavelet thresh-
olding, the method typically involves the decomposition
of the target signals using appropriately selected wavelets.
And then, the decomposed high-frequency signals are fil-
tered by using pre-established threshold functions. After
that, the signals were reconstructed to obtain de-noised sig-
nals [6]. This signal processing technique can be used to
remove a portion of the high-frequency noises in the sig-
nals and improve the signal-to-noise ratio. However, in prac-
tice, the filtering process based on the insufficient frequency
analysis of penetration signals, which causes the ineffec-
tive filtering of high-frequency signals from the penetra-
tion resistance. The ensemble empirical mode decomposi-
tion (EEMD) algorithm was applied in the extraction of the
layer-penetration characteristics of penetration-acceleration
signals in work [8]. However, this method is hard to be
realized by the restriction of hardware. Work [9] proposed
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a layer-counting algorithm by combining signals from an
accelerometer and MEMS switch. The algorithm determines
the layer-penetration characteristics of projectile penetration
by separately combining the convolutional weighted sig-
nals of the accelerometer and MEMS switch using different
window functions in the time domain. However, the algo-
rithm was only verified by conducting a software simula-
tion of the penetration of five-layer targets at a projectile
velocity of 700 m/s. In work [10]–[11], the applicability of
the algorithm for higher projectile velocities were certifi-
cated by using physical experiments. In general, the existing
researches on the solution of the acceleration signal overlap
problems are mainly focused on the improvement of the
algorithms. And the algorithms usually extract of the overload
envelope of the complex signals of multi-layer penetration
using high-frequency filtering, modal decomposition, and
overload threshold recognition. However, the algorithms are
complex and off-line, and the parameters (such as the cut-
off frequency, number of modal decompositions, and over-
load threshold for targets of different characteristics) are not
self-adaptive. Fundamentally, the signal overlap problem is
difficult to solve, and more reliable measurement data are
required [13]–[18].

Traditionally, penetration signals are obtained using high-g
MEMS accelerometers, which mostly have cantilever struc-
tures. This type of accelerometer offers the advantages of
a high sensitivity and well-established manufacturing tech-
nologies. However, they cannot immediately stabilize at the
balance position after the initiation of vibrations. Thus, for
applications in fuzes with respect to multi-layer penetration,
the accelerometer is not stabilize for the previous penetrated
layer when the next layer is penetrated. This results in the
overlap of overload signals for individual layers, in addition
to the ineffective sensing of the penetrated layers.

This study focus on the solution of the signal overlap
problem, and a novel high-impact MEMS ceramic sand-
wich accelerometer (HMCSA) is proposed to obtain the
reliable penetration signal data. Compared with the nor-
mal cantilever accelerometers, HMCSA employs capacitive
detection method and has higher vibration frequency. So,
it can obtain high-frequency penetration signals effectively
and the low-frequency interfering signals can be restricted
by filter. Moreover, the larger stiffness helps HMCSA to
return to the balance position more rapidly, which is better for
multi-layer target penetration detection. Thereby, HMCSA
solves the signal overlap problem and effectively prevents the
signal tailing phenomenon [19].

II. HMCSA STRUCTURE DESIGN
A. HMCSA STRUCTURE WORKING PRINCIPLE
Usually, the input acceleration range of a round capacitive
sensor structure is higher than a square capacitive structure
with the same size. Thus, the pressure-sensitive plate and
dielectric layer were designed as round. The common work-
ing principles of capacitive sensors include the variable polar

distance, variable area, and variable dielectric constant. Con-
sidering the high impact of projectile penetration, the capac-
itive sensor was designed as a variable-polar-distance type
using a high-strength, impact-resistance, and high-hardness
dielectric material, as shown in Figure 4. Here, tg is the initial
thickness of the dielectric layer, and tm is the thickness of
the upper polar plate (pressure-sensitive). When an external
force acts on the upper polar plate, the entire capacitor-
sensing element is deformed, which results in a change in
its capacitance. Thus, the impact of the projectile results in
a change in the polar distance, which leads to a change in the
capacitance of the capacitive sensor.

The upper polar plate is the critical component of the
capacitive structure, its dynamics characteristic is analyzed
based on elastic thin plate material mechanics principle. The
deformation of the upper plate under the external load can
be classified into two types: large-deflection deformation and
small-deflection deformation. Table 1 presents the applica-
tion scopes of two deformation types.

TABLE 1. Theoretical application scopes of large- and small-deflection
deformation.

The small-deflection deformation of the upper polar plate
varies linearly with impact penetration. The maximum defor-
mation of the polar plate occurs in the middle part, and it
is designated as Wmax, as shown in Figure 1. The edges of
the upper polar plate are fixed. Thus, Wmax can be obtained
by solving the following equation for round membranes with
fixed edges:

Wmax = 0.01146
Pπ2a4

/
16
(
1− σ 2

)
Et3m

(1)

where, P is the pressure; a is the diameter of the upper polar
plate; E is the modulus of elasticity of the upper polar plate;
and σ is the Poisson ratio.

FIGURE 1. Schematic illustration of the capacitive sensor designed using
a dielectric material.
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For the large-deflection deformation, the tensile deforma-
tion of the upper polar plate cannot be neglected, and the
deformation varies non-linearly with respect to the impact
penetration. The initial capacitance of the capacitive sen-
sor subjected to no external force, C0, can be expressed as
follows:

C0 =
ε0εrπa2/4

tg
+
ε0εrπ

/
4
(
a2r − a

2
)

tg
(2)

where, ε0 is the relative dielectric constant; εr is the relative
dielectric constant of the dielectric material, and ar is the
diameter of the lower polar plate (fixed polar plate). The first
term of the right side equation is the capacitance when the
upper and lower polar plates have the equal area. When the
upper and lower polar plates have the same shape and area, the
second part on right side equation is the capacitance resulting
from the edge effect of the upper and lower polar plates.

When the impact penetration inputs, the relationship
between the variable capacitance and the maximum deflec-
tion of the upper polar plate can be expressed as follows:

C (P) =
C0
√
γ
tanh−1

(√
γ
)
≈ C0

(
1+

γ

3
+
γ 2

5

)
(3)

where

γ =
Wmax

tg
(4)

When
∣∣Wmax

/
tg
∣∣� 1,C and P satisfy the following linear

relationship:

C (P) = C0

(
1+

γ

3

)
=

C0

3tg
Wmax + C0

=
0.00214πC0a4

(
1− σ 2

)/
4

tgEh3
P+ C0 (5)

The above equation expresses that the upper polar plate
capacitance caused by small-deflection deformation is
approximately linearly with the input impact penetration,
as shown in Figure 2.

FIGURE 2. Characteristics curve of C(p) – P relationship.

Based on the above linear relationship between the
HMCSA structure capacitance and input impact penetration,

the HMCSA structure sensitivity S can be expressed as:

S =
1C
1P

(6)

where, 1P is the variation of input impact penetration; 1C
is the variation of HMCSA structure capacitance. The above
equation indicates that higher 1C value for a steady 1P
results in a higher HMCSA structure sensitivity. Combining
Equations (2) and (5), 1C can be expressed as:

1C = C (P1)− C (P2)

≈ C0

[(
γ1

3
+
γ 2
1

5

)
−

(
γ2

3
+
γ 2
2

5

)]
(7)

The above equation expresses that the sensor sensitivity
is determined by two parameters, namely, C0 and γ ; which
are related to the HMCSA structure parameters. To improve
the sensitivity of the sensor, the polar plates and dielectric
material should be optimized. In addition, the effective area
of the polar plates should be large enough, and the thickness
of the dielectric layer should be as small as possible to make
the HMCSA structure as small as possible.

B. SELECTION OF DIELECTRIC MATERIAL FOR THE
CAPACITIVE SENSOR
The measurement accuracy of HMCSA structure can be
improved under high-overload conditions by the following
two steps:

First, the above equations express that thinner electric
layer achieves higher structure sensitivity. But thinner layer
decrease the structure strength, which results in the poor
survival ability of the HMCSA structure under high-overload
conditions.

Second, the dielectric material requires low Q value
(quality factor), wide frequency response, and high strength
characteristic. Usually, smaller deformation of the dielectric
layer results in a wider measurement range, more rapid atten-
uation of structural vibration, and less possibility of signal
overlapping.

The common dielectric materials used for wide-
measurement-range capacitors include complex oxide
ceramics, tempered glass, and mono-crystalline silicon.
Table 2 presents a comparison of the parameters of the
three different materials. The table reveals that ceramics
have significantly higher moduli of elasticity than the other
two materials, which means that the ceramic dielectric layer

TABLE 2. Comparison of the parameters of three dielectric materials.
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exhibits smaller deformation than other two materials. More-
over, ceramics material has higher hardness than the other
two materials. A high-hardness dielectric material is required
to ensure the linear output of the capacitive sensor, and a
material with a high hardness typically has a high strength.
Moreover, ceramics material almost does not have plastic
deformation when subjected to quasi-static one-dimensional
tensile stress, while the other two materials fracture and
fail during the elastic deformation stage. This indicates that
ceramics have very small extensibility. Ceramics material
fails in the elastic deformation stage when subjected to quasi-
static one-dimensional compression. Moreover, the ultimate
compressive strength of ceramics material is significantly
greater than their ultimate tensile strength. Thus, ceramics
demonstrate non-symmetric mechanical performances under
tensile and compressive conditions [30]. Since the HMCSA
structure is for compressive-deformation applications, ceram-
ics material is suitable for the dielectric layer.

Ceramics material is brittle that demonstrate a good
physical-mechanical performance and completely different
response characteristics under high-impact dynamic loads.
Most of the ceramic dielectric layers of capacitive sensors
for the measurement of high-impact dynamic loads use com-
plex oxide ceramics such as aluminum nitride, zirconia, and
alumina. Samples of the sensor were made with dielectric
layers of different thicknesses using three different ceramics
(aluminum nitride, zirconia, and alumina). The samples (with
the polar plate of the same thickness) were then subjected to
an impact test under the same conditions. Figure 3 presents
the frequency response curves obtained from the impact test
of the samples.

FIGURE 3. Results of high-impact test of sensor samples made with
dielectric layers of different thicknesses using different materials.

Figure 3 reveals that, for all three ceramics materials, with
an increase in the thickness of the dielectric layer, the Q value
decreases, and the phenomenon of signal tailing improves.
A comparison of the three different ceramics revealed that
the 1-mm thick dielectric layer made with zirconia exhib-
ited the smoothest attenuation among the dynamic response
curves, wherein no oscillation attenuation was observed.

Thus, zirconia is the most suitable option for applications
where a lowQvalue is desirable. Zirconiawas finally selected
as the dielectric material for the sensor.

C. HMCSA STRUCTURE OPTIMIZATION
In order to improve the sensitivity of HMCSA structure, the
double-layered plate capacitor is designed with a chamber
made using a dielectric material with a low Q value and
wide response, two dielectric plates, and a conductive plate.
This design contributes to themaximization of the penetration
measurement sensitivity and the variation range of capaci-
tance. The structure does not use elastic reinforcement for the
chamber. This is to minimize the Q value of the structure and
shorten the impact response time. The edges of the printed
circuit board (PCB) were protected with fillers to buffer the
impact, as shown in Figure 4. The damping coefficient of
the sensor was adjusted by adjusting the thickness of the
dielectric layer.

FIGURE 4. Schematic illustration of the capacitive sensor designed using
a dielectric material.

D. DYNAMICS SIMULATION OF THE CAPACITIVE SENSOR
The ANSYS finite element analysis software was employed
to verify the HMCSA structure dynamic characteristic.
A high-G shock simulationwas conducted using the by apply-
ing different impact loads (40,000 g, 100,000 g, 150,000 g,
and 200,000 g) to HMCSA structure. Table 3 presents
the maximum deformation and maximum equivalent stress
obtained using a steady-state analysis.

TABLE 3. Comparison of the parameters of three dielectric materials.

The ceramic dielectric layer fractures earlier than the metal
(lead-silver alloy) polar plate when the capacitor is subjected
to a high-overload impact that exceeds its structural strength.
This is because zirconia is more brittle than the alloy. There-
fore, a steady-state analysis of the structural strength of the
sensor was conducted under the condition that the maximum
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equivalent stress of the structure does not exceed the ultimate
strength of zirconia (i.e., the structure does not fail). Previous
research revealed that the ultimate strength of zirconia is 950
MPa. Thus, the structural strength of the capacitive sensor can
satisfy this requirement.

To further demonstrate the excellent dynamic response
characteristics of the capacitive sensor, a comparative anal-
ysis of its modal and instantaneous responses was conducted
using the ANSYS software. Table 4 presents the material
parameters of the capacitive sensor.

TABLE 4. Comparison of the parameters of three dielectric materials.

A gridded geometric model was established for the capac-
itor, as shown in Figure 5.

FIGURE 5. Schematic illustration of the finite element model for the
capacitor.

The maximum acceleration of the penetrating projectile
determined by the dynamic simulation, as presented previ-
ously, was 25,000 g. To ensure the structural integrity of
the sensor, especially in the case wherein the high overload
exceeds its measurement range, it is typically designed to bear
a maximum impact acceleration (amax) that is equal to the
maximum impact acceleration that can bemeasured within its
measurement range amax , multiplied by a safety coefficient δ:

amax = δ · amax (8)

In this study, δ was set as 1.6. Thus, the finite element simu-
lation of the two structures was conducted at an impact accel-
eration of 40,000 g. The simulation results were obtained to
compare the response characteristics of the two structures.

The modal simulation was mainly conducted to obtain a
clear description of the vibration characteristics of the sensor.
The modal analysis was conducted using the modal analysis
function available on the ANSYS software platform, with
the extended mode set as 4. Figure 6 presents the results
(four orders of mode) of the modal simulations of the double-
layered plate capacitor.

TABLE 5. Vibration frequencies of the capacitor at different orders of
mode.

Table 5 presents the first vibration frequencies of the capac-
itor at different orders of mode.

Themodel analysis simulation results revealed that the nat-
ural frequency of the capacitor in the direction of the impact
acceleration in the first-order mode was 77.940 kHz. The cut-
off frequency of the spectral response due to the impact of
the penetrating projectile was lower than 20 kHz. The nature
frequency of HMCSA structureω0 should be 3-5 times higher
than the cut-off frequency of the target signal. This is to
ensure the accuracy of the dynamic measurement. Thus, the
double-layered plate capacitor can satisfy the requirement of
no measurement distortion.

The excellent response characteristics of the capacitive
sensor to step signals under high impact conditions were
further verified by conducting an instantaneous dynamics
simulation. Figure 8 presents the results of the instantaneous
simulation under the high-impact acceleration of 40,000 g,
as shown in Figure 6.

The instantaneous response curve of the sensor yielded a
response time of 20 µs. Thus, the capacitive sensor satisfies
the requirement of a short dynamic response time for penetra-
tion layer counting. The instantaneous response curve of the
sensor exhibited a gradual increase, the curve was smooth,
and the signal tailing phenomenon was not observed. Thus,
the sensor can effectively prevent the signal overlapping
phenomenon.

III. IMPACT PENETRATION MEASUREMENT PRINCIPLE
SIMULATION
The dynamics of the projectiles that penetrated multi-layer
targets were simulated in finite element simulation environ-
ment. And the simulation results are utilized to establish the
physical experiment platform for HMCSA.

The real projectiles have very complex internal structures;
thus, in the simulation, they were simplified as solid struc-
tures. Testing loads were then applied in the sensor structure
simulation according to the results of the projectile penetra-
tion simulation. The penetration model was designed based
on the following three assumptions with respect to the target
and projectile:

(1) The target and projectile are made of uniform, con-
tinuous, and isotropic materials, and the projectile is a rigid
model. The target is an infinite square plate, and the target
and projectile are not influenced by the boundary effect and
initial stress.

(2) The projectile is perpendicular to the surface of the
target, and the effect of gravity is negligible.
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FIGURE 6. Modal simulation of the structure of the double-layered plate capacitor.

FIGURE 7. High-impact acceleration signal.

(3) The entire penetration process is adiabatic. The effect
of air resistance and projectile vibration is negligible.

Figure 9 presents the geometric model of the penetration.
The penetration test is computed using the Lagrange method.
The diameter and length of projectile are 2.6 cm and 3.9 cm
respectively. The head of the projectile is hemispheric, with
a diameter of 2.6 cm. The penetration model is gridded
using Solid 164, which is a three-dimensional solid ele-
ment. The grids in the area of the direct projectile-target

FIGURE 8. Instantaneous response of the capacitive sensor.

interaction are refined. The boundary conditions are defined
as non-reflecting, to simulate the semi-infinite target. The
projectile-target contact is simulated as a surface-to-surface
contact using ∗CONTACT_ERODING_SURFACE_TO_
SURFACE algorithm [20]. This is a two-way contact
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FIGURE 9. Geometric model of projectile penetrating a multi-layer target.

algorithm recommended in LS-DYNA for analyzing metal
penetration and compression deformation.

The projectile is simulated as a rigid-elastic model. The
material model is defined as ∗MAT_JOHNSON_ COOK
for the description of its constitutive relationship [21]. The
Johnson Cook model is a classical metal material numerical
simulation model, and the simulation results are closer to the
physical test. Table 6 presents the detailed parameters of the
material.

TABLE 6. Material parameters of the projectile.

The four-layer concrete target plate adopts the ∗MAT_RHT
model, which can reflect the response of concrete under
high pressure and strong strain more clearly. The material
parameters of each concrete target except thematerial number
are the same, and the detailed parameters of the specific
materials are shown in Table 7 below.

TABLE 7. Material parameters of the target.

The unit of the simulation was cm-g-us. The initial velocity
of the projectile was set as 1,300 m/s, and the simulation time

is set as 180µs. The specific boundaries and initial conditions
are shown in Table 8:

TABLE 8. Numerical simulation initial condition.

After completing the pre-treatment and loading, the K
document derived from the previous step was processed using
theANSYS solver, with the outcome exported as a d3plot file.
The file was imported into the LS-PREPOST program for a
visual observation of the deformation, stress [22], and strain
during the penetration of the target by the projectile. The
time curves of the penetration velocity and acceleration of
the projectile were then directly exported from the program.
The parameters of the projectile such as the maximum pen-
etration acceleration, overload strength interval, and shortest
inter-layer flying time of the projectile were then obtained,
as shown in Figures 10 and 11.

The curve shown in Figure 11(b) is very smooth, given
that the vibration within the projectile was neglected, and
the signal consists of only the rigid velocity of the pene-
trating projectile, which excludes the harmonics within the
projectile. It should be noted that this is an idealized sig-
nal curve for the sensor based on a simplification of the
actual complex penetration process. However, noise does not
have a significant impact on the amplitude of signals. It is
therefore reasonable to use the maximum acceleration of the
penetrating projectile shown in Figure 11(b) as the a priori
condition for the sensor structure simulation. Table 9 presents
the parameters of the motion of the penetrating projectile
motion.

IV. HMCSA MANUFACTURE
A. HMCSA Structure Processing
Some key processing technology during HMCSA struc-
ture processing employed MEMS technology [23], and Fig-
ure 12 presents the manufacturing process of the HMCSA
Structure, and the processing steps are:

Step 1: Machine two zirconia plates to dimensions in
accordance with the design specifications using mechanical
machining.

Step 2: Screen-print conductive Pd-Ag ink on the two
ceramic plates using thick-film technology. The resulting
products are used as the polar plates of the capacitor.

Step 3: Assemble the two ceramic plates into a two-layer
plate capacitor. Pre-sinter the capacitor under exposure to
an infrared lamp at room temperature for 30 min to prevent
the structure from bubbling. Sinter the capacitor in a tunnel
furnace at a high temperature of 850 ◦C. This is to enable
the recrystallization of the metal palate molecules, thereby
improving the structural strength of the capacitor. Thereafter,
vacuum-cool the capacitor at room temperature for 1.5 h.
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FIGURE 10. Stress clouds of the projectile penetrating the multi-layer target.

TABLE 9. Parameters of the penetrating projectile motion.

Step 4: Remove the two-layer plate capacitor, and link the
three polar plates with leads using metal. This completes the
manufacturing process for the capacitive sensor.

B. HMCSA MONITORING CIRCUIT SYSTEM
The measurement circuit system of HMCSA consists four
parts, as shown in Figure 13. In capacitance detection part,
tiny capacitance detection technology is employed to improve
the signal noise rate of HMCSA structure [24].

The major functional relationship between the four parts
is as follows. The conditioning circuit coverts the analog
capacitance output from the sensor to voltage analog signals

that can be received by the analog to digital converter (ADC)
signal acquisition circuit. The signal acquisition circuit con-
verts the voltage analog signals into digital values that can be
recognized by the processor. The field-programmable field
array (FPGA) control circuit carries out the real-time pro-
cessing of the penetration data. The flash memory circuit
stores the signals acquired by the signal acquisition circuit.
The stored signals can then be exported for post-mission
data treatment. The flash memory circuit can also store low-
pass filtering coefficient program codes pre-programmed by
the FPGA. The codes can be retrieved by the FPGA for the
in-mission processing of penetration signals.

Figure 14 and 15 present the operation principle of the PCB
for the measurement circuit system of the sensor.

V. SEMI-PHYSICAL TEST OF THE MULTI-LAYER TARGET
PENETRATION SENSOR
A. LABORATORY TEST
As previously detailed, the structural integrity of the double-
layered plate-capacitor sensor was verified by conducting a
theoretical analysis and finite element simulation analysis.
The PCB was designed, and samples of the sensor were
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FIGURE 11. Time curves of the velocity and acceleration of the projectile
penetrating the multi-layer target.

FIGURE 12. Manufacturing process of the HMCSA structure.

manufactured using the embedding technology. This section
describes the performance test of the sensor. In general,
the most direct test method involves the installation of the

FIGURE 13. Overall framework of the measurement circuit system.

FIGURE 14. Front-side of the PCB for the sensor measurement circuit
system.

FIGURE 15. Back-side of the PCB for the sensor measurement circuit
system.

sensor in a projectile, and then testing it within a target range.
However, the target range test has the disadvantages of a high
cost and long cycle time. Moreover, the integrity of the tested
projectile is uncertain. Thus, the test may have to be carried
out multiple times.

A hydraulic impact tester is commonly used to conduct
high-impact tests on sensors in the laboratory environment.
The hydraulic impact tester (SY10-100, Dongling, China)
used in this study is as shown in Figure 16. The tester offers
the following advantages:

1) Can produce high-impact acceleration
2) Easy operation
3) Can test the structural strength of sensor samples
To simply demonstrate the excellent impact response char-

acteristics of the capacitive sensor in comparison with those
of theMEMS accelerometers, these two types of sensors were

VOLUME 8, 2020 107395



M. Cui et al.: Design and Experiment of a Novel High-Impact MEMS Ceramic Sandwich Accelerometer

FIGURE 16. Hydraulic impact tester used in this study.

FIGURE 17. Double-layered plate-capacitor sensor.

FIGURE 18. Accelerometer used in this study.

tested separately for their dynamic output characteristics
at the same impact acceleration using the abovemen-
tioned hydraulic impact tester. Figures 17 and 18 present
images of the capacitive sensor and a MEMS accelerom-
eter. A 7270A-200K uniaxial accelerometer (7270A-200K,
Endevco, Germany) with a measurement range of 150,000 g
was selected for the test. The designed capacitive sensor
has a response sensitivity of 580mV/g through centrifugal
calibration technology.

In this test, the SY10-100 hydraulic impact test rig is used
for sensor calibration. The system includes four parts: the

FIGURE 19. Output signals of the capacitive sensor.

FIGURE 20. Output signals of the accelerometer.

front impact head, the hydraulic excitation system, the upper
machine impact control system and the acquisition system
of the sensor under test. The parameters such as the impact
acceleration and the impact time of the impact head are
controlled by the upper computer to simulate the force of the
internal acceleration sensor when the projectile penetrates the
concrete target.

And the effective measurement range is 0-200000g. For
target range tests, the targets typically have thicknesses
of 0.2–0.3 m and are built using C30 concrete. At an
initial penetration velocity of 800 m/s, the peak over-
load acceleration of the projectile is typically within the
range of 20, 000–30, 000 g. The penetration requires approx-
imately 300 µs. Moreover, the employed hydraulic impact
tester can produce a maximum acceleration pulse width
of 400 µs and a maximum impact acceleration of 50,000 g.
Thus, the tester can simulate the penetration of single-layer
targets.

The tester was hinged to a vibration machine.
Figures 19 and 20 present the dynamic responses of the
capacitive sensor and the MEMS accelerometer, respectively,
tested under an impact acceleration of 30,000 g. The relevant
boundaries and initial conditions are shown in the following
table 10:

B. TESTING RESULTS ANALYSIS
When the dynamic signal output by the designed sensor is
less than 5%, the output signal is considered to converge.
The testing results revealed that the output voltage signals
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TABLE 10. Test related boundary condition.

of the capacitive sensor exhibited no oscillation attenua-
tion, whereas the output voltage signals of the accelerometer
exhibited significant oscillation attenuation. A comparison of
the signals of the two sensors revealed that the captive sensor
demonstrated a weaker signal tailing effect.

VI. CONCLUSIONS
This paper presents a novel high-impact MEMS ceramic
sandwich accelerometer (HMCSA) for multi-layer target
penetration. A double-layered plate-capacitor HMCSA struc-
ture was designed using zirconia as the dielectric material.
Simulations of the modal and instantaneous responses of
the HMCSA was conducted using ANSYS software. Then,
the penetration of the multi-layer hard target was analyzed,
and themodel for a projectile penetrating a four-layered target
was established using LS-DYNA software. The manufac-
ture processing for HMCSA structure was introduced. The
HMCSA sensor was designed with a measurement circuit
system that consisted of a conditioning circuit, ADC sig-
nal acquisition circuit, FPGA control circuit, flash memory
circuit, and power source circuit. Moreover, the circuit sys-
tem outputs analog voltage signals, can process digital data,
and then store the processing results in the flash chip for
post-mission data treatment. The experiments were arranged
in the final part and the results proved that HMCSA worked
well.
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