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ABSTRACT This paper introduces the working principle of a MEMS safety and arming (S&A) device and
measures and tests a setback arming device. To solve the problem of large fabrication errors in the UV-LIGA
process, a MEMS S&A fuze device fabricated by low-speed wire electrical discharge machining (EDM)
is proposed. Microsprings are susceptible to flexural deformation and secondary deformation in the EDM
process, which is solved by setting the auxiliary support beam, using multiple cuts and destress annealing.
The linewidth, thickness and elastic coefficient of the microspring fabricated using the EDM process are
closer to the designed values than those fabricated using the UV-LIGA process under the same conditions.
When comparing the MEMS S&A devices fabricated by the two processes, it is found that the EDM process
has a the higher machining accuracy. In view of the plastic deformation of the upper end of the microspring,
the structure of the microspring is optimized to incorporate a gradient linewidth, and the optimized setback
arming device is tested. The results show that the device can ensure service process safety and launch
reliability. The maximum overload that can be withstood in service processing is 17000 g, and the minimum
overload for insurance release during launch is 1500 g.

INDEX TERMS Fuze, MEMS safety and arming device, UV-LIGA process, EDM process, microspring.

I. INTRODUCTION
In recent years, with the development of MEMS technol-
ogy, the application of this technology in a fuze has gained
attention [1]–[8]. Miniaturization and intelligentization of the
traditional mechanical fuze is difficult due to its large size
and heavy components. A MEMS fuze is designed with a
flat plate structure, which has the advantages of a small size,
low mass and high reliability. This structure is an impor-
tant direction for future fuze development [9]–[12]. As an
important structure of fuze MEMS safety and arming (S&A)
devices, the setback arming device is the key factor to ensure
service processing safety and launch reliability [13]–[15].
Many researchers have carried out a great deal of work in
modeling, simulation analysis and reliability analysis of the
fuze MEMS setback arming device. Dakui et al. [16] studied
the influence of the microspring elastic coefficient on the
release insurance time of a MEMS setback arming device
through theoretical calculations and simulation analysis. The
conclusion was that the microspring elastic coefficient has
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little effect on the time required for the setback slider to
move to the released position. Tu et al. [17] put forward a
method of structural reliability simulation based on the finite
element method and its realization process. A quantitative
reliability analysis of a fuze MEMS setback arming device
was carried out, and the problem of ‘‘automatic call’’ of the
finite element software tool in the reliability analysis was
solved. Seok et al. [18] proposed a ball-driven-type MEMS
setback arming device, introduced the design process of the
device and carried out a simulation analysis and experimen-
tal verification of the device. The results showed that the
ball-driven MEMS setback arming device had appropriate
safety and arming performance. There has been little research
on the fabrication process of MEMS S&A devices; most
researchers use the DRIE (deep reactive ion etching) pro-
cess, LIGA process or UV-LIGA process to fabricate these
devices [19]–[22]. These methods have many limitation, such
as process complexity, high processing costs, large fabri-
cation errors and long processing times [23]–[28]. These
problems constrain the device structure and the extension of
the function and the development of engineering applications
of MEMS S&A devices. In this paper, the fabrication process
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FIGURE 1. Fuze MEMS S&A device. 1-Microspring, 2-setback slider,
3-rotary pin, 4-shear pin, 5-arming slider, 6-frame, 7-head latch,
8-cassette latch.

and the microspring structure of a MEMS setback arming
device are optimized, and the device, which is fabricated by
the EDM process instead of the UV-LIGA process, is shown
to offer high precision, low cost and batch production. The
safety and reliability of theMEMS setback arming device can
be guaranteed by optimizing the structure of the microspring
into a gradient linewidth microspring. These optimization
methods are of great significance for the engineering appli-
cation of fuse MEMS S&A devices.

II. WORKING PRINCIPLE OF THE FUZE MEMS
S&A DEVICE
Fig. 1 shows an assembled fuze MEMS S&A device consist-
ing of a microspring, a setback slider, a rotary pin, a shear
pin, an arming slider, a frame, a head latch and a cassette
latch. The device ismade ofNi using aUV-LIGAprocess, and
its size is 13.3 mm× 7 mm× 0.65 mm. It is primarily used in
medium- and large-diameter grenades and is placed parallel
to the grenade shaft. The frame is tightly connected with the
setback slider at the initial moment by a microspring. During
a normal launch, the projectile is propelled by gunpowder
gas in the chamber, which produces a high acceleration and
causes the setback arming device to be subjected to a setback
force. Under the action of the setback force, the setback
slider overcomes the resistance of the microspring and the
downward friction force between the slider and the frame
until the head latch is locked in the cassette latch, and the
first insurance is released.When the projectile passes through
the rifle, it develops a large rotational speed, which causes
the S&A device to experience a centrifugal force. When the
centrifugal force reaches a certain value, the rotary pin rotates
a specific angle counterclockwise under the action of the
centrifugal force, which releases the first limit of the arming
slider. When the projectile flies beyond the safe distance of
the muzzle, the electric pin pusher starts to operate under the
control of the delay circuit, shears the shear pin and releases
the second limit of the arming slider. The arming slider then
continues to move to the right under the continuous action of

FIGURE 2. EMS micrograph of the microsprings. (a) Linewidth;
(b) thickness.

the centrifugal force until it is locked by the cassette latch, and
the second insurance is released. At this moment, the MEMS
S&A device insurance is fully released, the explosive train is
aligned, and the fuze is in the pending state.

III. TESTING OF THE SETBACK ARMING DEVICE
A. MEASUREMENT RESULTS
The microspring is an important component to ensure the
safety of the fuze MEMS S&A device in normal time and
its reliable function after launching. Fig. 2 shows an EMS
photograph of the linewidth and thickness of the microspring
in the setback arming device. Due to the fabrication error
of the UV-LIGA process, the spring is uneven in linewidth
and thickness. The designed value of the aspect ratio of the
microsprings is 5:1. Fifty microsprings are used to measure
the linewidth and thickness of each section. When taking
the average of the measured values as the measured result
of the spring, as shown in Fig. 3, the measured values of
the linewidth and thickness are all found to be smaller than
the designed values. This outcome is due to the corrosion
error in the process of fabricating the microsprings by the
UV-LIGA process [29]–[32]. By constructing a curve from
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FIGURE 3. Measurement results. (a) Linewidth; (b) thickness.

the relative error value between the measured value and the
designed value, as shown in Fig. 4, the change amplitude of
the relative error curve of the linewidth measurement value is
found to be larger than that of the thickness, indicating that
the error in the linewidth direction is larger. This is because
for a microspring with a large aspect ratio, it takes longer
to remove SU-8 glue in the thickness direction than in the
linewidth direction when using the inorganic acid etching
method, resulting in excessive linewidth etching.

Fig. 5 shows a high-precision microspring elastic coeffi-
cient testing system [33]. Fifty microsprings are tested by
using the system, and the test results of the elastic coefficient
are shown in Fig. 6. The results in Fig. 3 and Fig. 6 show
that the measured values of the linewidth and the thickness of
the microspring are smaller than the designed values, but the
measured values of the elastic coefficient fluctuate around the
designed values, indicating that the elastic coefficient of the
microspring depends not only on the linewidth and thickness

FIGURE 4. Relative error curve.

FIGURE 5. Photograph of the microspring testing system.

FIGURE 6. Elastic coefficient test results.

but also on the length of the straight beam, the spacing of
the straight beam and the bending radius. This outcome is
consistent with the conclusions in [34].
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FIGURE 7. Impact test bench.

B. MECHANICAL IMPACT TEST RESULTS
To investigate the safety of the most dangerous cases in
service processing, mechanical impact tests were carried out
on the setback arming device. The technical indexes of the
mechanical impact test include the impact waveform, impact
acceleration and pulse duration [35]. A half sinusoidal pulse

with a duration of 200 µs and a peak value at 100 µs was
used to simulate the setback acceleration environment during
service processing. Fig. 7 shows the impact test bench used
in the test. Ten MEMS S&A devices were used for the test.
Before the test, a special fixture was used to fix the device
vertically on the test bench. During the test, the height of
the impact block was adjusted to obtain impact accelerations
of different magnitudes. The position of the setback slider
was observed using a high-speed camera, and the test results
are shown in Table 1. Plastic deformation occurred in all
the microsprings of the setback arming device in the impact
test. When the peak acceleration decreased from 20000 g
to 15000 g, the head latch was locked by the cassette latch
and could not return to the initial position. When the peak
acceleration decreased from 14000 g to 11000 g, the head
latch could not enter the cassette latch, and the plastic defor-
mation of the microspring caused the setback slider to fail
to return to the initial position under the action of the spring
restoring force; at that time, the insurance was released. The
mechanical impact test results show that the setback arming
device cannot guarantee the safety of service processing.

Fig. 8 shows an SEM image of the setback arming device
at the peak accelerations of 15000 g and 14000 g, in which
a large plastic deformation occurred at the upper end of
the microspring, while the rest of the springs were almost
unchanged. Similar results were also observed in relevant
tests conducted by Liu and Li [36], Liu et al. [37], and Li [38],
and they have not yet provided effective solutions. This is
because the stress distribution range of the microspring under
the high overload impact is 360∼650 MPa, the fabrication
error of the microspring makes the stress distribution of each
section of the spring uneven, and the upper end of the spring
is easy to produce a stress concentration. The material of
the microspring is nickel, and its yield strength is 539 MPa.

FIGURE 8. Mechanical impact test results. (a) Peak acceleration of 15000 g; (b) peak acceleration of 14000 g.
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TABLE 1. Mechanical impact test results.

TABLE 2. Centrifugal overload test results.

When the stress of the upper end of the spring is greater
than the yield limit of nickel, plastic deformation occurs [38].
In addition, although the weight of the microspring is small,
the influence of the inertial force caused by the weight of
the spring on the deformation of the microspring cannot be
ignored under high-overload impact. Currently, the upper end
of the microspring not only bears the weight of the setback
slider but also bears the weight of the entire spring, which
also causes plastic deformation.

C. CENTRIFUGAL OVERLOAD TEST RESULTS
The centrifugal testing machine shown in Fig. 9 was used to
simulate the firing test, and the centrifugal force generated
by the testing machine was used to simulate the setback force
during launch. To determine the critical centrifugal acceler-
ation at which the setback arming device was fully released,
a total of 10 tests were conducted. Prior to the test, the shear
pin was artificially interrupted, and the MEMS S&A device
was fixed in a specified position with respect to the testing
machine. After the centrifugal acceleration was increased to

FIGURE 9. Centrifugal testing machine.

the predetermined g value during the test, the MEMS S&A
device was taken out after 8 seconds to observe whether the
setback slider moved to the fully released position. The test
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FIGURE 10. Centrifugal overload test results. (a) Centrifugal acceleration of 1400 g; (b) centrifugal
acceleration of 1300 g.

FIGURE 11. Processing scheme for the microsprings.

results are shown in Table 2. When the centrifugal acceler-
ation decreased from 2000 g to 1400 g, the head latch was
locked by the cassette latch, and the microspring underwent
plastic deformation. At that time, although the setback arming
device could completely release the insurance, the plastic
deformation of the microspring may have caused the setback
slider to be unable to move in place at the specified time.
When the centrifugal acceleration was reduced to 1300 g,
the head latch entered the cassette latch and gripped one tooth,
and the microspring also underwent plastic deformation.
When the centrifugal acceleration decreased from 1200 g to
1100 g, the setback slider was in the initial position, and the
microspring was in the initial state. Because the high-speed
camera cannot be used on the centrifugal testingmachine, it is
not possible to judge whether the setback slider moved under
the condition of this acceleration. Fig. 10 shows an SEM

FIGURE 12. Microsprings obtained from the EDM process.

image of the setback arming device at centrifugal accelera-
tions of 1400 g and 1300 g; the upper end of the microsprings
is found to undergo a large plastic deformation. The results
of the centrifugal overload test show that the setback arming
device cannot guarantee the reliability of the launch.

IV. OPTIMIZATION OF THE SETBACK ARMING DEVICE
A. OPTIMIZATION OF THE PROCESSING TECHNOLOGY
According to the test results shown in Fig. 6, the fabri-
cation errors of the UV-LIGA process have a great influ-
ence on the microspring elastic coefficient, which further
affects the safety and reliability of the setback arming
device. Therefore, through technology research, this paper
explores a high-precision and low-cost fabrication process
of a MEMS S&A device: low-speed wire electrical dis-
charge machining (EDM). As a flexible noncontact machin-
ing technology with strong advantages involving material
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FIGURE 13. Measurement results. (a) Linewidth; (b) thickness.

TABLE 3. Fabrication errors of characteristic dimensions.

TABLE 4. Mechanical impact test results.

selection [39], [40], the EDM process has unique advantages
in micropart forming by wire electrode processing and non-
macro force processing [41]–[43]. By using the combined
electrode fixture applied in EDM, multiple electrodes can
work at the same time, which greatly improves the process-
ing efficiency, and the machined parts have good consis-
tency. The machine tool used for fabricating a MEMS S&A
device using the EDM process is a CA20 precision slow
wire EDMmachine tool produced by the Azixiamir company.

The machine tool can guarantee a dimensional precision
of ±2 µm, the surface roughness Ra can reach 0.03 µm,
and the shape precision can be controlled within 1 µm.
Copper-tungsten alloy (W75%) was used as the electrode
material, and the dielectric was deionized water with a resis-
tivity of 1 × 105�·cm. A high-purity nickel plate with a
thickness of 1 mm was used as the material. The measur-
ing device was an intelligent digital automatic stereoscopic
microscope.
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FIGURE 14. Surface morphology of the MEMS S&A device. (a) UV-LIGA process;
(b) EDM process.

A microspring is difficult to fabricate using the EDM pro-
cess. Due to the size effect and residual stress, themicrospring
is susceptible to flexural deformation and secondary defor-
mation during processing. The machining scheme of the
microspring is shown in Fig. 11. The four auxiliary sup-
porting beam is set around the microspring, and it is found
that when the width of the supporting beam is 0.04 mm,
the supporting beam is ablated during cutting, preventing it
from playing a supporting role. In contrast, when the width

of the supporting beam is 1 mm, it takes too long to remove
this beam, and the action time of the flushing pressure and the
discharge reaction force increases, causing the microspring to
undergo flexural deformation. Taking the above factors into
consideration, it was shown by multiple tests that setting the
width of the supporting beam to 0.06 mm has the least effect
on the microspring. The structure shown in Fig. 11 is cut
several times according to the order of A-B-C-D by using dif-
ferent machining allowances and machining parameters. This
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FIGURE 15. Feature dimensions of the setback arming device.

machining method can not only improve the surface quality
of the microspring but also redistribute the residual stress and
correct the deflection of the microspring. The microspring
with an auxiliary supporting beam was then heated to 600◦

in a two-chamber vacuum permeable furnace for destress
annealing treatment. After 2 hours, the device was placed
in air to be naturally cooled. After this step, the residual
stress of the microspring is smaller, and there is no secondary
deformation due to the high temperature during processing.
Finally, the auxiliary supporting beam is removed using the
EDM process. The microspring processed by EDM is shown
in Fig. 12. The microspring is not deformed, and the surface
quality is good. Fifty microsprings were used to measure
the linewidth and thickness of each section, and no uneven
phenomenawere found during themeasurement. As shown in
Fig. 13, compared with the microsprings fabricated using the
UV-LIGA process, the measured values of the linewidth and
the thickness of the microsprings fabricated with the EDM
process are closer to the designed values, and the fabrication
error is smaller.

Fig. 14 shows a MEMS S&A device fabricated using the
UV-LIGA process and the EDM process, using 10 of each
for surface topography observations and feature size mea-
surements. It can be observed from the surface topography
that the machining precision of EDM is higher for structures
such as tortuous grooves, Z-shaped teeth, head latches and
cassette latches. Fig. 15 shows a diagram of the characteristic
dimensions of the setback arming device insurance that can be
fully released. The mean value of the measured value is taken
as the characteristic measurement value. The measured value
is compared with the designed value. As shown in Table 3, the
EDM process has a feature size closer to the designed value
than the UV-LIGA process.

B. OPTIMIZATION OF THE MICROSPRING STRUCTURE
According to the test results shown in Table 1 and Table 2,
the upper end of the microspring of the setback arming

FIGURE 16. Gradient linewidth microspring.

FIGURE 17. Elastic coefficient test results.

device is susceptible to large plastic deformation. Therefore,
the structure of the microspring needs to be optimized. Under
the same elastic coefficient of the microspring, the method
of increasing the linewidth of the upper end of the spring
is adopted; that is, the spring structure is designed to be a
wide and narrow gradient linewidth microspring. The gradi-
ent linewidth microspring has the characteristic of resisting
high overload impact, and the stress distribution of each
internal section of the spring is uniform [34]. The opti-
mized microspring structure can be determined according
to the formula of the S-type gradient linewidth microspring
elastic coefficient under the impact load proposed in [34].
Fig. 16 shows the gradient linewidth microspring fabri-
cated by the EDM process with a maximum linewidth
of 0.135 mm, a minimum linewidth of 0.065 mm and a
linewidth increment of 0.005 mm for each straight beam. The
Y-direction elastic coefficients of 50 such microsprings mea-
sured by the testing system shown in Fig. 6 are shown
in Fig. 17, and the error between the measured values and
the designed value is small, indicating that the EDM pro-
cess has little influence on the elastic coefficients of the
microsprings.
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FIGURE 18. Mechanical impact test results. (a) Peak acceleration of 18000 g; (b) peak acceleration
of 17000 g.

TABLE 5. Centrifugal overload test results.

V. TESTS OF THE OPTIMIZED SETBACK ARMING DEVICE
A. MECHANICAL IMPACT TEST RESULTS
The optimized setback arming device was subjected to a
mechanical impact test under the same test conditions as
those in Table 1, and the test results are shown in Table 4. The
gradient linewidth microspring made by the EDM process
was uniformly deformed in the mechanical impact test. When
the peak acceleration decreased from 20000 g to 19000 g,
the head latch was locked by the cassette latch and could
not return to the initial position. When the peak acceleration
was reduced to 18000 g, the head latch entered the cassette
latch and gripped one tooth and could not return to the
initial position. When the peak acceleration decreased from
17000 g to 11000 g, the head latch entered the cassette latch
and then exited smoothly and finally returned to the initial
position. Fig. 18 shows an SEM image of the setback arming
device at peak accelerations of 18000 g and 17000 g; no
plastic deformation can be identified at the upper end of the

microspring. The mechanical impact test results show that
the optimized setback arming device can ensure the safety
of service processing, and the maximum overload that can be
withstood in service processing is 17000 g.

B. CENTRIFUGAL OVERLOAD TEST RESULTS
A centrifugal overload test was carried out on the optimized
setback arming device to ensure that the test conditions were
the same as those in Table 2, and the test results are shown
in Table 5. When the centrifugal acceleration decreased from
2000 g to 1500 g, the setback slider moved to the fully
released position, and the deformation of the microspring
was uniform. When the centrifugal acceleration was reduced
to 1400 g, the head latch entered the cassette latch and gripped
one tooth, and the deformation of the microspring was also
uniform. When the centrifugal acceleration decreased from
1300 g to 1100 g, the setback slider was in the initial position,
and the microspring was in the initial state. Fig. 19 shows
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FIGURE 19. Centrifugal overload test results. (a) Centrifugal acceleration of 1500 g; (b) centrifugal
acceleration of 1400 g.

an SEM image of the setback arming device at centrifugal
accelerations of 1500 g and 1400 g; no plastic deformation
can be identified at the upper end of the microsprings. The
results of the centrifugal overload test show that the optimized
setback arming device can ensure the reliability of the launch,
and the minimum overload for releasing the insurance during
the launch is 1500 g.

VI. CONCLUSION
In this paper, aMEMS setback arming device fabricated using
a UV-LIGA process is measured and tested. According to
the results of measurements and tests, optimization is car-
ried out on the two aspects of the fabrication process and
the microspring structure, and a mechanical impact test and
centrifugal overload test are carried out on the optimized
structure. The main conclusions are as follows:

(1)The MEMS S&A device fabricated by the EDM pro-
cess can reduce the machining cost and greatly improve the
machining accuracy and yield relative to the characteristics
and limitations of the current UV-LIGA process.

(2) The problem of flexure deformation and secondary
deformation of the microspring in the EDM process can
be solved by setting an auxiliary supporting beam, using
multiple cuts and destress annealing. When the width of the
supporting beam is 0.06mm, the influence on themicrospring
is minimized.

(3) The gradient linewidth microspring structure can solve
the plastic deformation problem of the upper end of the
microspring after the high overload impact, and the optimized
setback arming device can reliably distinguish between the
service processing environment and the launch environment.
The maximum overload that can be withstood in service pro-
cessing is 17000 g, and the minimum overload for releasing
insurance during launch is 1500 g.
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