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Abstract: This paper introduces the working principle of a MEMS safety and arming (S&A) device
for a fuze that is installed perpendicular to the axis of the projectile. Additionally, the application of
low-speed wire electrical discharge machining (EDM) in the fabrication of the device is proposed.
Microsprings are susceptible to flexural deformation and secondary deformation in the EDM process,
a problem that is solved by designing the auxiliary support beam, using multiple cuts, destress
annealing and optimizing the processing parameters. The difficult problem of setback slider deforma-
tion in the principle prototype test is properly solved by establishing V-shaped grooves at both ends
of the setback slider. The connection mode between the microspring and the frame is changed to a
clearance fit connection. The improved setback arming device can guarantee service process safety
and launch reliability. The maximum overload that can be withstood in service processing is 20,000 g,
and the minimum overload for safety release during launch is 12,000 g. The results show that the
EDM process can greatly reduce the machining cost while improving the machining precision and
machining speed, which can compensate for the defects of the current manufacturing technology.

Keywords: MEMS S&A device; fuze; microspring; EDM process; setback slider

1. Introduction

In recent years, with the development of intelligent ammunition technology, modern
fuzes have been endowed with more functions, such as flight control, explosion point
control, trajectory correction, target recognition, and positioning, in addition to state
control and initiation control. However, the volume limitations of traditional fuzes restrict
the expansion of these functions, and this fuze-development problem has been effectively
solved by the emergence of MEMS fuzes [1-5]. A setback arming device is the core device in
a MEMS fuze and is used to ensure service process safety and launch reliability [6-10]. Most
setback arming devices are oriented parallel to the projectile axis when installed, meaning
that the explosive train is not in the same straight line [11-13]. Therefore, the direction of
detonation energy transmission needs to be changed, resulting in energy loss. In serious
cases, the detonator may not be able to detonate the warhead charge, resulting in a “dud”
phenomenon [14,15]. To create MEMS fuzes with higher performance and more space to
achieve additional functions, research on MEMS setback arming devices that are placed
perpendicular to the projectile axis (hereinafter referred to as “vertical-frame-based setback
arming devices”) has gradually become popular in recent years [16-20]. Figure 1 shows a
vertical-frame-based setback arming device that was proposed by Koehler et al. [21], which
consists of a setback cantilever beam, an arming elastic beam, an arming slider, a head
latch, and a cassette latch. Generally, the arming slider is locked in the safe position by the
setback cantilever beam and the arming elastic beam. When a projectile is launched, the
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setback cantilever beam moves downward under the action of the setback force and breaks

away from the arming slider, thus removing the restriction on the arming slider.
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Figure 1. Structure designed by Koehler.

Figure 2 is a cantilever lock setback arming device proposed by Li [22], which is
installed perpendicular to the axis of the projectile. The response characteristics of the
device under the two acceleration environments of service processing and normal launch
are analyzed theoretically and verified by simulation. The results show that the cantilever
lock setback arming device can effectively distinguish service processing from launch.
Tong [23] improved the design on this basis and proposed a microinertial pin setback
arming device, as shown in Figure 3. The scheme with a tilted microinertia pin was
adopted to effectively reduce the axial dimension of the device, and the feasibility of the
device was verified by theoretical calculations and simulation analysis.
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Figure 2. Structure designed by Li.
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Figure 3. Structure designed by Tong.

The structures designed by Koehler [21], Li [22] and Tong [23] all use environmen-
tal forces to release the safety. The research mainly focuses on theoretical calculations
and simulation analysis, lacking effective test verification, and does not involve research
on the manufacturing process. For the fabrication of MEMS setback arming devices,
nonsilicon-based micromachining technology (generally a lithography electroforming mi-
cro molding (LIGA) process or an ultraviolet-LIGA (UV-LIGA) process) and silicon-based
micromachining technology (generally a deep reactive-ion etching (DRIE) process or a
silicon-on-insulator (SOI) process) are commonly used. The cost of these processes is
high, and no cheap mass production method has been found [24,25]. To solve the above
problems, a vertical-frame-based setback arming device that also uses environmental force
to release the safety is proposed in this paper, and low-speed wire electrical discharge
machining (EDM) is successfully applied to the fabrication of the device. The principle
prototype has the advantages of high precision and low cost. A mechanical impact test and
centrifugal overload test were carried out on the principle prototype, and its structure was
subsequently improved according to the problems identified in the tests. The improved
principle prototype can accurately identify the service processing and launch stages. The
results provide technical support for promoting the application and popularization of
MEMS fuzes in the field of intelligent ammunition.

2. Working Principle of the Setback Arming Device

Figure 4 shows a MEMS safety and arming (S&A) device applied to a certain type of
105 mm grenade, and its size is 12 mm x 10 mm X 0.8 mm. When the device is installed,
it is oriented perpendicular to the axis of the projectile, and it mainly includes a setback
arming device and arming device. The setback arming device is composed of a setback
slider, a microspring, and a frame, and the arming device is composed of a driving wheel, a
pin pusher, an arming slider, a head latch, and a cassette latch. The setback arming device is
mainly studied in this paper. The application background of the requirements is as follows:
the peak value of the most dangerous drop overload in the service processing stage is
18,000 g, the duration is 0.1 ms, the peak value of the launch overload is 12,000 g, and
the duration is 9 ms. This kind of setback arming device has the advantage of a simple
structure and can be used to replace the setback slider and the zigzag slot in the traditional
device with a pair of inclined setback sliders and arming sliders. In the initial state, the
setback slider and the arming slider are tightly assembled together and connected to the
frame with microsprings. The ANSYS/LS-DYNA finite element software simulation shows
that when the slope angle of the setback slider and the arming slider is set to 87°, the service
processing and launch stages can be distinguished by controlling the movement time of
the setback slider, as shown in Figure 5. The service processing action time is very short,
and the inertial force induced on the setback slider is not high enough to overcome the
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friction between the inclined surfaces. When the inertial force disappears, the setback slider
returns to its original position under the action of the microspring restoring force. The
launch action time is relatively long. The setback slider moves away from the arming slider
under the action of a continuous setback force. In the process of movement, the setback
slider is squeezed by the arming slider, undergoes a deflection deformation, and returns to
its original shape after passing through the inclined plane. At this time, the setback slider
cannot return to the initial position due to the obstruction of the arming slider, and the
process of safety release is shown in Figure 6.
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Figure 4. Vertical-frame-based setback arming device. 1—Driving wheel, 2—Arming slider, 3—Cassette
latch, 4—Head latch, 5—Frame, 6—Microspring and 7—Setback slider.
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Figure 5. The inclined plane of the setback slider.
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Figure 6. Schematic diagram of the safety release.
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3. Processing the Setback Arming Device
3.1. Process Selection

The difficulties in the fabrication of the setback arming device are mainly related to
two aspects. On one hand, the thickness of the microspring is 0.4 mm, while the thickness
of the frame is 0.8 mm, and the microspring and the frame with different thicknesses
need to be processed into a composite device. On the other hand, the contact surface
between the setback slider and the arming slider is not a plane but needs to be processed
into an inclined plane. The UV-LIGA process has the highest technical maturity among
current nonsilicon-based micromachining technologies, while the EDM process has unique
advantages in the fabrication of microparts [26-30]. Figure 7 shows a head latch of the
MEMS S&A device fabricated by the UV-LIGA process and the EDM process, using 10 of
each for process comparison, and the results are shown in Table 1. It can be seen from the
table that the EDM process has the advantages of high precision, high speed, and low cost.
Therefore, the EDM process is applied to manufacture the setback arming device through
the technical research in this paper, and the combined electrode fixture is used to enable
simultaneous processing of multiple electrodes. This method can be used to greatly reduce
the machining cost while improving the machining precision and machining speed.

300pum
—

Figure 7. A head latch. (a) UV-LIGA process; (b) EDM process.

Table 1. Process comparison.

Parameter UV-LIGA Process EDM Process
Perpendicularity error <5% <0.3%
Machining time <640 min <5 min
Machining error <10% <1%
Machining cost High Very low

3.2. Processing Scheme

Microspring machining is technically difficult in the fabrication of setback arming
devices by EDM,; this is the main reason why the EDM process cannot be used in setback
arming device manufacturing. Due to the size effect and residual stress, microsprings are
prone to flexural deformation and secondary deformation in the machining process. In
this paper, a high-purity hard nickel plate is selected as the processing material, and the
processing machine is a CA30 immersion precision CNC low-speed wire cutting machine
produced by Agie Charmilles Company (Biel, Switzerland). The processing scheme that in-
volves orienting the auxiliary support beam in the longitudinal direction of the microspring
is adopted, as shown in Figure 8a. After a trial cutting of the microspring, it is found
that when the width of the support beam is set to 0.06 mm, the processed microspring
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undergoes a large deflection deformation and deviates to one side of the support beam,
as shown in Figure 8b. On one hand, this phenomenon may be due to the long EDM
discharge time that is required when the support beam with this width is removed, leading
to a longer time during which the flushing pressure and discharge reaction force act on
the microspring and excessive residual stress after machining. On the other hand, this
phenomenon may be related to the position of the support beam. The support beam is
located on one side of the microspring end, providing an uneven support force that results
in a stress concentration when the support beam is removed.

(a) (b)

Figure 8. Processing scheme for the support beam width of 0.06 mm. (a) Before (b) After.

To reduce the flexural deformation in the machining process, a method of increasing
the pulse interval, reducing the peak current, and reducing the flushing pressure was
proposed in reference [31] to reduce the reaction force during EDM discharge. After trial
cutting, it is found that the deflection deformation of the microspring can be improved
to a certain extent by adjusting the processing parameters, but the effect is not evident.
Therefore, this paper adopts the method of optimizing the processing parameters through
energetic control and changing the processing scheme to reduce the deflection deformation.
The processing parameters used are shown in Table 2. Figure 9a shows the modified
processing scheme, in which the support beam is set at the center of the microspring
end, and the width is reduced to 0.04 mm. With this scheme, the action time of the EDM
process decreases when the support beam is removed, the deflection deformation of the
microspring after processing is very small and negligible, and the shape accuracy of the
microspring is good without inclination, as shown in Figure 9b.

Table 2. Optimized processing parameters.

Pulse Peak Flushing Discharge Reference Wire Wire
Parameter Interval Current Pressure Energy Voltage Speed Tension
SB IP LQ SA VG WS WT
Value ! 18 3 5 2 75 9 4

! The values in the table are numbers of machine tool gears, not actual values.
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(@) (b)
Figure 9. Processing scheme for the support beam width of 0.04 mm. (a) Before; (b) After.

Figure 10 shows the processing scheme of the frame. The auxiliary support beam with
a width of 0.04 mm divides the frame into two processing areas, A and B. Before processing,
bolt holes are machined around the frame with an EDM prepiercing machine, and different
machining allowances and parameters are selected to produce multiple cuts between A
and B according to the cutting path planned in the scheme. This method can not only be
used to improve the quality of the processing surface but also to redistribute the residual
stress and correct the deflection deformation of the microspring. In this paper, a total of five
cuttings were performed. After the first cutting, the surface quality of the frame was poor,
and many adhesives were attached. This is because the first cutting is rough machining,
the discharge energy is large, and the frame surface is seriously ablated. In addition, due to
the size effect, the flushing pressure during cutting cannot be too large, the adhesive cannot
be effectively removed, and the surface roughness Ra is 1.43 um. Figure 11 is a schematic
diagram of multiple cutting, the relationship of the size is:

My =M, 1 +AM —m @

My =ay41+R 2

~

KCQ//\ O

Figure 10. Frame processing scheme.
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The n th cutting

The n+1 th cutting

M,

A

y

Figure 11. A schematic diagram of multiple cutting.

M, is the offset of the electrode wire at the n th cutting; M, is the offset of the
electrode wire at the n + 1 th cutting; AM is the offset increment after two adjacent cuts; m
is the surface height difference after two adjacent cuts, which can be measured directly; R
is the radius of electrode wire, brass wire with a diameter of 100 um was selected; a,,,1 is
the unilateral discharge gap at the n th cutting, and the unilateral discharge gap for the five
cuttings are shown in Table 3. Since the offset of the electrode wire does not correspond
to the given value of the machine tool, it is necessary to correct the offset of the electrode
wire one by one during multiple cutting. To ensure the machining accuracy, the offset of
the electrode wire in the last cutting should be the sum of the unilateral discharge gap and
the electrode wire radius. For the limitation of discharge gap, machining allowance, and
machining space, the corrected electrode wire offset is shown in Table 4. The final surface
roughness Ra can reach 0.49 pm after five cuttings with the offset, which is reduced by
65.7% compared with the first cutting.

Table 3. Unilateral discharge gap.

Parameter/um ay as as ay as

Value 21 16 12 9 7

Table 4. Electrode wire offset.

Parameter/um M, M, M; My Ms
Value 121 92 73 62 57

Due to the small size of the inclined planes on both sides of the setback slider, if
two inclined planes are processed at the same time, the requirements for preparing the
formed electrode are higher. Therefore, the method for separately processing each single
inclined plane is adopted in this paper. The surface to be processed is fixed at an incline
during processing, and the bottom and side of the electrode wire were used for processing.
The frame with an auxiliary support beam was then heated to 600 °C in a two-chamber
vacuum permeable furnace for destress annealing treatment. After two hours, the device
was placed in air to naturally cool [32]. After this step, the residual stress of the microspring
was smaller, and there was no secondary deformation due to the high temperature during
processing. Finally, the auxiliary support beam was removed using the EDM process.

Figure 12 shows the sample comprising the microspring and frame after process-
ing. This figure shows that the microspring has a small flexural deformation and good
consistency. The microspring and setback slider were measured after processing with
stereomicroscopy. The measurement results are shown in Figure 13. The measured values



Micromachines 2022, 13, 292

9o0f21

of the main parameters are similar to the design values, indicating that the EDM processing
scheme proposed in this paper has high precision and can meet the processing requirements.
The principle prototype obtained after assembly is shown in Figure 14.

Figure 12. Microspring and frame samples.

1250 + " — o — % — o —»
—®— Linewidth design value
1000 —®— Linewidth measured value
—A— Interval design value
~ —w— Interval measured value
E- @ Thickness design value
b 750 < Thickness measured value
= P Straight girder length design value
g —®— Straight girder length measured value
500
“ $—¢ —¢ —¢ —¢ —¢
250 % ——— % — %% %
[, & & g & &
0 T T T T T T
0 1 2 3 4 5 6 7
Number

Figure 13. The measurement results.

1000pum
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Figure 14. Principle prototype.
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4. Testing the Setback Arming Device

According to the regulations in GJB573A-1998 “Fuse Environment and Performance
Test Method”, the setback arming device needs to endure mechanical impact tests and
centrifugal overload tests.

4.1. Mechanical Impact Test Results

A servo vertical impact testing machine was used for the mechanical impact test, and
10 principle prototypes were used for testing. A half sinusoidal pulse with a duration of
200 ps and a peak value of 100 us was used to simulate the setback acceleration environment
during service processing. The test results show that when the peak acceleration decreased
from 23,000 g to 14,000 g, the setback slider remained in the initial position, and the safety
of the setback arming device was not released. The setback arming device can guarantee
the safety of service processing.

4.2. Centrifugal Overload Test Results

A rotating arm centrifugal testing machine was used for the centrifugal overload
test, and 10 principle prototypes were used for testing. The centrifugal force generated
by rotation was used to simulate the setback force during launch. The test results show
that when the centrifugal acceleration decreased from 17,000 g to 8000 g, the setback slider
remained in the initial position, and the safety of the setback arming device was not released.
The setback arming device cannot guarantee the reliability of the launch. This phenomenon
may be due to the large bending deformation of the setback slider when the setback arming
device is released, where the acceleration required for deformation is very large, so the test
conditions cannot meet the deformation requirements.

5. Improvement of the Setback Arming Device

The results of the mechanical impact test and centrifugal overload test show that
the existing setback arming device cannot effectively distinguish service processing from
launch, and its structure needs to be improved.

5.1. Improvement Scheme of Setback Slider

To solve the difficult problem of the setback slider deformation in the setback arming
device, a scheme including V-shaped grooves at both ends of the slider can be used for
improvement. On the premise of ensuring the safety of service processing, the acceleration
required for flexural deformation of the setback slider during launch can be reduced. As
shown in Figure 15, the reasonable selection of the distance s from the vertical sidewall to
the inclined plane, the distance / between the vertical sidewalls, the vertical sidewall depth
h, and the sharp angle « of the two V-shaped grooves are the key factors for enabling the
setback arming device to meet the design requirements.

Ar ij

Figure 15. Improvement scheme for the setback slider.
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In this paper, ANSYS/LS-DYNA finite element software is used to simulate the
movement of the setback slider in the launch and service processing stages by adjusting
the distance s from the vertical sidewalls of the two V-shaped grooves to the inclined plane,
the distance ] between the vertical sidewalls, the depth & of the vertical sidewalls and the
sharp angle a. Through these simulations, the reasonable ranges for s, /, i, and « can be
found. The specific steps are as follows: the distances s and ! are gradually increased and
the depth I and angle « are gradually decreased in the launch stage until the setback slider
is able to completely release the safety. At this time, s, I, i, and « are at their minimum
values. The distances s and [ are gradually decreased and the depth / and angle « are
gradually increased in the service processing stage until the setback slider returns to the
initial position. At this time, s, [, h, and « are at their maximum values. The simulation
results show that to ensure that the setback slider can be released completely in the launch
and return to the initial position in service processing, the range of the distance s from the
vertical sidewall of the V-shaped groove to the inclined plane should be 0.2~0.3 mm, the
range of the distance 1 between the vertical sidewalls should be 1~2 mm, the range of the
depth & of the vertical sidewall should be 0.3~0.4 mm, and the range of the sharp angle
« should be 15.5°~16.5°. Therefore, the values s = 0.25 mm, [ = 1.5 mm, # = 0.35 mm, and
« = 16° are preliminarily selected.

5.2. Simulation of the Improved Setback Slider
5.2.1. Simulation of Service Processing

The setback load in service processing is set to 18,000 g in the ANSYS/LS-DYNA
software. To observe the displacement of the setback slider after the load is removed, the
simulation time is set to 0.3 ms. Figure 16 shows the stress distribution nephogram of
the setback arming device at 0.1 ms. It can be seen from the figure that the angle of the
V-shaped groove at both ends of the setback slider decreases, but it does not break away
from the arming slider. The maximum stress of the setback arming device in the figure
is 495.3 Pa, which is less than the allowable stress for a nickel material, so the material
does not undergo plastic deformation. Figure 17 shows the time-displacement curve of
the setback slider in service processing. The displacement of the setback slider increases
rapidly after the movement begins, reaching a maximum value of 0.047 mm at 0.1 ms.
When the load is removed, the displacement decreases with increasing time, returning to
0 from 0.24 ms and then remaining unchanged; this indicates that the setback slider returns
to the initial position under the action of the microspring restoring force.

Units: Pa
49.
-
| e
1.486%10
] )
1.982x10
D 2.477x10?
D 2.972x10?
N
3.467x10%

L] 3.963%10?
B, 55100
L 4.953%10?

Figure 16. Stress distribution in service processing.
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Figure 17. Time—displacement curve of the setback slider in service processing.

5.2.2. Simulation of the Launch

The setback load at launch is set to 12,000 g, and the simulation time is set to 10 ms. The
setback slider moves away from the arming slider under the action of the load, approaches
the arming slider under the action of the microspring restoring force, and collides with
the obstructing inclined plane of the arming slider. After the collision, the setback slider
moves away from the arming slider again under the action of the inertial force, and this
process is repeated until the inertial force energy is completely exhausted. Finally, the angle
of the V-shaped groove at both ends of the setback slider becomes larger, and it gets stuck
on the arming slider. Figure 18 shows the stress distribution nephogram of the setback
arming device at 10 ms. The maximum stress value in the figure is 157 Pa, which is less
than the allowable stress of a nickel material. Figure 19 shows the time—displacement curve
of the setback slider at launch. The figure shows that the displacement of the setback slider
increases slowly at the beginning of the movement process, the setback slider starts to move
away from the arming slider after 2.75 ms, and the displacement increases rapidly with
time, reaching the maximum value of 0.963 mm at 4.4 ms. Additionally, the displacement
of the setback slider produces an oscillation curve under the actions of the inertial force
and microspring restoring force. After 9.9 ms, the displacement is stable at 0.452 mm and
remains unchanged, indicating that the setback arming device is completely released.

Units: Pa

| — 15.84

35.12
47.20
62.88
78.56
94.24
1.099x10>
1.256x102
1.413x102
1.570%102

RELCRACN

Figure 18. Stress distribution in the launch stage.
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Figure 19. Time—displacement curve of the setback slider at launch.

The above simulation results show that the improved design of the setback arming
device solves the difficult problem of setback slider deformation, achieves the goal of delay
arming, and can reliably distinguish service processing from launch.

5.2.3. Processing the Improved Setback Slider

According to the improvement scheme of the setback slider, two V-shaped grooves
with a vertical sidewall depth of 0.35 mm, a vertical sidewall distance of 0.15 mm, and a
sharp angle of 16° need to be processed on a setback slider with a thickness of 0.4 mm. Due
to the special shape of the V-shaped groove and the strict requirements of dimensional
accuracy and position accuracy, it is difficult to use wire EDM (WEDM), and EDM is
generally used instead. EDM has unique advantages for processing precision structures
such as narrow slits and sharp grooves [33,34]. This method uses forming electrodes
to process workpieces, so it is necessary to prepare special electrodes for processing V-
shaped grooves. To ensure the dimensional accuracy and positional accuracy of the V-
shaped groove and improve the processing efficiency, the electrode shapes are designed
to be two triangles that correspond to the V-shaped groove. The distance between these
two electrodes should be equal to the distance between the vertical sidewalls of the V-
shaped groove. In addition, to prevent the discharge phenomenon on the connection
surface between the electrode and the workpiece, the height of the electrode should be
appropriately increased. The processing scheme of the V-shaped groove is shown in
Figure 20. In the figure, the distance between the two electrodes is I'=1=1.5mm, the
electrode height is #’ = 0.9 mm, and the sharp angle is &’ = « = 16°.

2 ) Electrode

h'

Workpiece

Figure 20. Processing scheme for the V-shaped groove.
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5.2.4. Electrode Processing

The processing accuracy of the electrode directly affects the processing accuracy of the
V-shaped groove. To reduce the influence of electrode loss on the processing accuracy, the
V-shaped groove forming electrode was fabricated through the WEDM process. A CA30
immersion precision CNC low-speed wire cutting machine tool was used for processing.
The electrode material was a copper-tungsten alloy. The copper-tungsten alloy electrode
has the characteristics of high-temperature resistance, arc ablation resistance, high electrical
conductivity, and high thermal conductivity. The electrode loss during processing was
extremely low, which was conducive to improving the quality of the processed surface. The
electrode wire was a brass wire with a diameter of 0.2 mm, the dielectric was deionized
water, and the resistivity was 1 x 10° Q-cm. During electrode processing, the machining
tool uses a lower feed speed and keeps the speed constant for multiple cuttings. The
main parameters are shown in Table 5. Figure 21 shows an actual picture of the processed
electrode; the picture shows that the electrode has a good processing quality and high
shape accuracy. The processed electrodes were measured via stereoscopic microscopy. The
measured results are shown in Table 6. The distance /', height K, and angle « between the left
and right electrodes are similar to the design values, meeting the processing requirements.

Table 5. Main parameters of the processing electrode.

Processing C Wire . Cutting Reference Peak
ompensation/ Speed
Sequences . Voltage Current
um mm/min
1 1811 5 50 9
2 131 4 100 8
3 116 3 80 4

1 The values in the table are numbers of machine tool gears, not actual values.

Figure 21. Actual electrode.

Table 6. Forming dimensions of the electrode.

Distance between the

. / arel
Electrode Height h'/mm Angle a'/(%) Two Electrodes I'/mm
Left 0.59 16.1°
Right 0.61 16.2° 122

5.2.5. V-Shaped Groove Formation

The V-shaped groove was fabricated through the EDM process, and the machining
tool used was an EA12AM CNC ultraprecision mirror spark machine produced by Mit-
subishi Electric Automation Co., Ltd. (Tokyo, Japan) Figure 22 shows the actual picture
of the V-shaped groove after processing; the picture shows that the verticality and shape
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accuracy of the V-shaped groove sidewall are increased, and there are fewer attachments
on the processed surface. The formed V-shaped grooves were measured via stereoscopic
microscopy, and the measured results are shown in Table 7. The distance /, depth i, and
angle « between the vertical sidewalls of the left and right V-shaped grooves are close to
the design values, meeting the processing requirements.

Figure 22. Actual V-shaped groove.

Table 7. Forming dimensions of the V-shaped groove.

Distance between the

V-Shaped Groove Depth h/mm Angle a/(°) Vertical Sidewalls /mm
Left 0.347 16.2° 151
Right 0.352 16.4° :

5.3. Improvement Scheme for the Microsprings

In the existing structure, the microspring and the frame are connected as a whole,
which produces some inconvenience in the processing stage. Additionally, the frame cannot
be reused in the test process, increasing the test cost. Considering that the frame is installed
perpendicular to the axis of the projectile, there is ample space in the direction of the frame
plane. Therefore, the microspring and the frame can be separated in the design, and a
T-shaped mass block is left at the bottom of the microspring. Moreover, the bottom width
of the frame is increased, a T-shaped groove corresponding to the size of the mass block is
maintained, and the two components are connected through clearance fitting. Figure 23
shows an improved design scheme in which the frame can be processed directly, greatly
simplifying the fabrication process.

7. N

O O

_ Frame

O\

O
\ N\ J

Micréspri ng

Figure 23. Improved scheme.
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5.4. Processing the Improved Setback Arming Device

The processing accuracy of the microspring and V-shaped groove is the key factor
for ensuring the safety and launch reliability of the setback arming device. In addition,
there is a clear positional relationship between the microspring, the V-shaped groove, and
the setback slider, so the processing error and positioning error must be strictly controlled
during processing. Additionally, it is very important to reasonably arrange the steps
in the processing procedure. The microspring was fabricated through a combination of
multiple cutting and destress annealing steps. Although the flexural deformation of the
microspring was significantly improved, deformation still existed. If the “microspring
before the V-shaped groove” processing procedure is followed, the positional accuracy of
the V-shaped groove cannot be guaranteed. Therefore, the “V-shaped groove-microspring-
frame” procedure was adopted during processing, and the processed sample is shown in
Figure 24.

2

Microspring

Frame
1500pum

Figure 24. Improved microspring and frame sample.

5.5. Testing the Improved Setback Arming Device

Figure 25 shows the improved principle prototype. Compared with the original
structure, the bottom width of the frame is increased by 1.1 mm. 10 improved principle
prototypes are taken as one group, and a total of 100 groups of mechanical impact tests
and centrifugal overload tests are carried out under the same test conditions as those in
Section 4 of this paper.

Figure 25. Improved principle prototype.
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5.5.1. Mechanical Impact Test Results of Group 1

The results of the mechanical impact test of group 1 are shown in Table 8. When the
peak acceleration decreases from 23,000 g to 22,000 g, the angle of the V-shaped groove at
both ends of the setback slider increases after it completely moves away from the arming
slider. The setback slider then gets stuck on the arming slider and cannot return to the
initial position. When the peak acceleration decreases to 21,000 g, the angle of the V-shaped
groove at both ends of the setback slider decreases, and some inclined planes break away
from the arming slider and cannot return to the initial position. When the peak acceleration
decreases from 20,000 g to 14,000 g, the setback slider remains in the initial position, and
the angles of the V-shaped grooves at both ends do not change. Figure 26 includes the
scanning electron microscopy (SEM) images of the setback arming device when the peak
acceleration is 21,000 g and 20,000 g.

Table 8. Mechanical impact test results of group 1.

Sample Number  Peak Acceleration/g Setback Slider Position
#1 23,000 The angle of the V-shaped groove increases and it gets stuck on the arming slider.
#2 22,000 The angle of the V-shaped groove increases and it gets stuck on the arming slider.
# 21000 The angle of the V-shaped groove decreases and some inclined planes break away
! from the arming slider.
#4 20,000 Initial position
#5 19,000 Initial position
#6 18,000 Initial position
#7 17,000 Initial position
#8 16,000 Initial position
#9 15,000 Initial position
#10 14,000 Initial position

(a) 21,000 g (b) 20,000 g

Figure 26. Mechanical impact test results.

5.5.2. Centrifugal Overload Test Results of Group 1

The results of the centrifugal overload test of group 1 are shown in Table 9. When the
centrifugal acceleration decreases from 17,000 g to 12,000 g, the setback slider can move
to the fully released position. When the centrifugal acceleration decreases to 11,000 g,
the angles of the V-shaped grooves at both ends of the setback slider decrease, and some
inclined planes break away from the arming slider, but the safety is not completely released.
When the centrifugal acceleration decreases from 10,000 g to 8000 g, the setback slider
always remains in the initial position and cannot be released. Figure 27 shows the SEM
images of the setback arming device when the centrifugal acceleration is 12,000 g and
11,000 g.
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Table 9. Centrifugal overload test results of group 1.

Sample Number Centrlflfgal Setback Slider Position
Acceleration/g
#1 17,000 The angle of the V-shaped groove increases and it gets stuck on the arming slider.
#2 16,000 The angle of the V-shaped groove increases and it gets stuck on the arming slider.
#3 15,000 The angle of the V-shaped groove increases and it gets stuck on the arming slider.
#4 14,000 The angle of the V-shaped groove increases and it gets stuck on the arming slider.
#5 13,000 The angle of the V-shaped groove increases and it gets stuck on the arming slider.
#6 12,000 The angle of the V-shaped groove increases and it gets stuck on the arming slider.
47 11.000 The angle of the V-shaped groove decreases and some inclined planes break away
! from the arming slider.
#8 10,000 Initial position
#9 9000 Initial position
#10 8000 Initial position

(a) 12,000 g (b) 11,000 g

Figure 27. Centrifugal overload test results.

5.5.3. Statistics of Test Results

Figure 28 shows the maximum overload that the improved setback arming device can
be withstood in the mechanical impact test, and Figure 29 shows the minimum overload
that the improved setback arming device for safety release in the centrifugal overload test.
Table 10 shows the statistical results. It can be seen from the table that the test results of the
two groups fall within the tolerance range, which satisfies the “3¢ criterion”. Taking into
account the influence of machining errors and test conditions, the statistical results show
that the improved setback arming device can guarantee the safety of service processing and
the reliability of launch. The maximum overload that can be withstood in service processing
is 20,000 g, and the minimum overload for safety release during launch is 12,000 g.

22,000

20,000

18,000 -

The maximum overload(g)

16,000

14,000 T T T T
0 20 40 60 80 100
Group

Figure 28. Mechanical impact test results.
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16,000

The minimum overload(g)

8000 T T T T

14,000

12,000

10,000

0 20 40 60 80 100
Group

Figure 29. Centrifugal overload test results.

Table 10. Statistical results.
Grou Average Value/ Standard Minimum Value/ Maximum Value/ Tolerance Range/
P & uers Deviation/g & uers 8e'g
Mechanical impact test 20,010 99.50 20,000 21,000 19,711.5~20,308.5
Centrifugal overload test 12,000 0 12,000 12,000 12,000

6. Conclusions

In this paper, the EDM process is successfully applied to the fabrication of a vertical-
frame-based setback arming device, and a mechanical impact test and centrifugal overload
test are carried out on the principle prototype. The structure of the principle prototype is

then

improved according to the problems indicated by the test, and the conclusions are

as follows:

1.

The setback arming device fabricated by the EDM process can greatly reduce the
machining cost while improving the machining precision and machining speed, which
can compensate for the defects of the current manufacturing technology. The problems
of flexural deformation and secondary deformation in the microspring processing
can be effectively solved by designing the auxiliary support beam, using multiple
cuts, destress annealing, and optimizing the processing parameters. When the width
of the auxiliary support beam is 0.04 mm and the position is set at the center of the
microspring end, the influence on the microspring during processing is minimized.
At this point, the numbers of gears that are selected for the machining tool are pulse
interval SB = 18, peak current IP = 3, flushing pressure LQ = 5, reference voltage
VG =75, electrode wire tension WT = 4, and wire speed WS =9.

The difficult deformation problem can be effectively solved by establishing V-shaped
grooves at both ends of the setback slider. The distance between the vertical sidewall
of the V-shaped groove and the inclined plane is 0.25 mm, and the distance between
the vertical sidewalls is 1.5 mm. The vertical sidewall has a depth of 0.35 mm and a
sharp angle of 16°.

The setback arming device connected by a clearance fit between the microspring
and the frame can not only be used to simplify the fabrication process and minimize
testing costs but also guarantees the service processing safety and launch reliability.
The maximum overload that can be withstood in service processing is 20,000 g, and
the minimum overload for safety release during launch is 12,000 g.
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