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This paper demonstrates a novel concept for the shock protection of MEMS suspensions: solder is incor-
porated within the sidewalls of the suspension to produce protective metal armouring. This provides
solder-solder contact at the extremes of the suspension travel, greatly increasing the shock resistance.
Model suspension systems were fabricated using deep reactive ion etching (DRIE) and shock tested in
a drop-test rig at acceleration levels up to 6000 x g. The solder armour proved to absorb ~90% of the
collision kinetic energy and double the shock resistance of the MEMS suspension.

© 2013 Published by Elsevier B.V.

1. Introduction

With MEMS becoming increasingly commonplace in many
different industries, the need for more robust microstructures that
can withstand high shock environments is now more important
than ever. Consumer electronics need to be able to reliably with-
stand accidental drops, sensors used in the automotive industry as
well as MEMS being considered for Military applications [1] need
to cope with severe in-use conditions and because of their easy
integration with IC circuitry and their reduced mass and power
consumption, MEMS are now being used for space applications
where they are required to survive significant shock and vibration
forces during both the launch and separation stages as well as
during deployment and operation [2].

Current shock protection methods for MEMS include external
protection methods: mechanical latching [3], electrostatic clamp-
ing [4], electromagnetic clamping [5] and encapsulating the
devices in a wax which sublimes in the vacuum of space [6],
or internal protection methods: optimising dimensions to with-
stand a known force [7] or using squeeze film damping [8],
compliant non-linear springs [9,10], hard shock-stops [11], metal
armouring [9], parylene coatings [10] or microglass beads [12]
to dissipate energy. A shock absorber which is suitable for both
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space and terrestrial applications and which can absorb signif-
icant amounts of energy without needing a power source or
without adversely affecting the performance of the device does
not currently exist. This work presents a novel shock-protection
method for MEMS which successfully satisfies these require-
ments.

2. Design concept

Providing a shock absorber which can absorb the energy of
an impact is an effective method of increasing the robustness of
a MEMS device. When designing shock protection the aim is to
absorb the maximum amount of energy within a minimum amount
of time, with energy generally being absorbed through the defor-
mation of solids, either through plastic flow or controlled brittle
fracture [13]. We propose using solder as a form of metal armour-
ing to protect the silicon suspension during a shock event; replacing
brittle silicon-silicon impact with ductile solder-solder impact.
The solder should deform upon impact, absorbing large amounts
of energy in the process and eliminating the risk of brittle silicon
fractures.

Metal armouring was first proposed to mitigate shock damage
by Yoon et al. [9]. Using softer materials at the point of impact,
the number of collisions as well as the post-shock settling time
is reduced. However the sidewall deposition of gold which they
propose should reduce the impact forces, but such metallisation is
not straightforward, and the limited thickness of metal constrains
the protective potential. We have previously used solder reflow on
metal pads to produce more substantial bumpers able to undergo
significant plastic deformation. These are fabricated to overhang
the collision points of the suspension (Fig. 1a). However although
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Fig. 1. (a) Bumpers created through the reflow of solder on metal pads (before shock
testing), (b) solder bumper failed at the pad-wafer interface during a shock event.
The damage at the silicon bumper tips occurred during rebound after the solder
bumper de-adhered and was no longer available to protect the silicon.

enhancing the robustness, upon collision these bumpers can fail
due to de-adhesion at the pad-wafer interface (Fig. 1b).

This work, originally reported here [14], avoids the limita-
tions of both sidewall metallisation and pad-mounted bumpers:
the solder is incorporated directly into the sidewall by reflow
of solder balls in through-wafer conduits. The resulting bumpers
collide at the centre of percussion of the suspension, and
should absorb maximum energy from the fundamental mode
of the suspension, and minimise the excitation of cross-axis
modes.

3. Fabrication
3.1. Silicon suspension systems

Model suspensions, consisting of folded cantilevers either
side of a proof mass, were fabricated using through-wafer deep

reactive ion etching (DRIE) (Fig. 2a). High quality vertical side-
walls are achieved by using a Halo mask [15,16] to minimise
the effects of both microloading [17] and etch lag [18] and a
thin sacrificial aluminium layer is deposited on the back side
of the wafer using a thermal evaporator to prevent notching at
the foot of the microstructure [19]. The aluminium provides a
conductive layer which eliminates charge build up towards the
end of the etch, otherwise a positively charged insulator sur-
face will deflect the ions towards the sidewall resulting in a
lateral etch. Once etching is complete the aluminium layer is
stripped.

3.2. Solder bumpers

The collision points at the centre of the suspension incorpo-
rate conduits that can accommodate two solder balls (Fig. 2b)
which reflow to form the bumpers which are mechanically keyed
in place (Fig. 2c): two 300 wm-diameter Sn3z oAgosCu solder balls
reflow to form bumpers in a 500 wm-thick wafer. The solder balls
are lightly dipped in flux before being placed in the through-
wafer conduits. The flux helps (a) to keep the solder balls in
place before reflow and (b) to promote reflow between the
two balls. A solder rig with a conductive heating stage and a
sealed chamber is used for reflow. Nitrogen gas is used to purge
air in the sealed chamber prior to heating, and the stage is
heated to a peak temperature of 260°C, remaining above the
melting temperature of the solder (220°C) for a minimum of
5 min.

4. Bumper design
4.1. Conduit geometry

The final reflow profile of the solder was simulated using Surface
Evolver [20], which uses finite element analysis (FEA) to calculate

the equilibrium shape of the molten solder subject to relevant con-
straints and forces; namely surface tension, gravity, the geometric

Fig. 2. (a) Model suspension system, (b) solder balls before reflow, and (c) solder bumper after reflow.
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Fig. 3. Surface Evolver simulations of the solder bumpers (plan and side views) are compared to actual fabricated devices. The geometry of the exposed solder correlates
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Fig. 4. The experimental results for the solder protrusions (measured from SEM
images) correlate well with Surface Evolver simulations. Good repeatability for the
production of the solder protrusion is also evident.

constraints of the conduit and the volumetric constraints of the
solder. For ease of analysis the circular conduit was modelled as
a hexagon (Fig. 3); this allows easier definition of the geometric
constraints.

The depth of the solder protrusion proud of the silicon is gov-
erned surface tension and set by the width of the conduit opening.
As the opening width increases so too does the volume of sol-
der exposed. The simulated results correlate extremely well with
the observed experimental results (Fig. 4). Plotting the results
on a log-log scale the depth of the solder protrusion in rela-
tion to the conduit opening follows a distinct power law. Good
repeatability of the final reflow profiles of solder bumpers is also
demonstrated.

4.2. Optimum bumper

The optimum bumper maximises the exposed solder protru-
sion available for plastic deformation within geometric constraints
of the suspension system. For the model suspension in Fig. 2a,
the distance between the opposing silicon bumpers is the limiting
constraint. If the protrusion is too large, the opposing solder
bumpers will combine upon reflow (Fig. 5). With a gap of just
192 wm between the silicon bumpers of the model suspen-
sion, the optimum conduit geometry has an opening width of
215 pm, creating a solder protrusion of approximately 80 pwm
(Fig. 4).
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Fig. 5. Opposing solder bumpers combine upon reflow due to an excess of solder
within the limited geometry.

5. Experimental

5.1. Experimental set-up

To investigate the protective ability of these bumpers, identical
suspensions around proof mass ratios 1:2:4:6, with and without
solder bumpers, were shock tested in a drop-test rig (Fig. 6). As a
shock machine, a drop-test rig satisfied all of our requirements; it
is relatively easy to manufacture and use, affordable to construct,
can provide good repeatability and is capable of producing a direc-
tional shock of medium to high acceleration levels: 500-15,000g.
Drop testing is also well established as a suitable method for shock
testing MEMS sensors [10,21,22].

The basis of our drop-testrigis a solid base, a 2 m single guide rail
and a carriage which is attached to the rail and holds the test sam-
ple. The bearing clearance of the carriage was carefully adjusted to
find an optimum balance between friction (small clearance) and
movement in unwanted directions (large clearance). To further
minimise the effects of friction the guide rail is lubricated prior to
every drop. A high-shock piezoelectric accelerometer (Kistler Type
8044) which can sense acceleration in the range of —20,000g to
30,000g is securely fastened to the carriage and records the decel-
eration value of each shock event. The accelerometer is connected
to a charge amplifier (Kistler 5041E1) via a low noise cable (Kistler
1631C). The charge amplifier converts the electrical charge sig-
nal from the accelerometer to voltage, with a maximum voltage
output of £10V. It is powered by a 24V power supply, has a fre-
quency range of 0-50kHz and an adjustable capacitance range of
100-99,900 pC. This allows the amplifier to detect a wide range of
accelerations. The output is sampled and converted from analogue
to digital via a National Instruments NI USB-6210 data acquisi-
tion (DAQ) board which features a maximum sampling rate of
250 kHz. The resulting output is viewed in LabVIEW SignalExpress
2010.

5.2. Shock output

The magnitude of the shock pulse generated can be varied by
altering the base or adjusting the drop height. An iron cuboid pro-
vides the solid base. The surface of the cuboid was polished to
ensure perfect contact between the ground and cuboid to prevent
resonance of the base upon impact of the falling carriage. M8 and
M10 threaded holes were drilled into the cuboid, allowing rubber
dampers of various sizes and shapes to be screwed into the base.
Therefore the impact surface can be altered and thus the magni-
tude and the shape of the shock pulse greatly varied. For higher
shocks, rubber sheets of varying thickness can be laid atop the iron
cuboid.
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Fig. 6. (a) Our drop-test rig: schematic. The suspension system is modelled as single
degree of freedom (SDOF) spring mass system. (b) Our drop-test rig, used for shock
testing the MEMS suspension systems.

Fig. 7 shows an idealised half-sine wave superimposed upon
a typical shock reading, generated when the carriage impacts
a 1.5mm rubber sheet atop the iron cuboid. This shock pulse
(a(t)) excites the base of the suspension system during a
shock event. For this set of experiments the shock range var-
ied from 1000 to 6000g, of approximate half-sine duration of
200-300 ps.

5.3. High-speed photography

A Photron FASTCAM SA-3 (Monochrome) high-speed camera
was used together with a high magnification lens and a 60 W
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Fig. 7. Half-sine pulse superimposed on a typical shock reading.

metal halide light source to capture images of the suspensions and
bumpers before, during and after the moment of impact at 100 s
intervals.

6. Results
6.1. Failure modes

A plot of the results for both unarmoured and armoured sus-
pensions is shown in Fig. 8. Two failure modes were observed for
the unarmoured suspensions: (1) failure shortly after impact due to
fracture at the support of the lower cantilevers nearest the collision
point; (2) later failure on rebound due to fractures at the folds of the
upper cantilevers further from the impact point. No unarmoured
suspension survived a shock greater than 2200g. For the armoured
suspensions, failures only occurred during rebound (failure mode
2) with fractures at the folds of the upper cantilevers, and only at
shocks above 4500g.

6.2. Failure probability

The results represented in Fig. 8 were fit with a Weibull shape
distribution (Fig. 9), allowing the percentage of failures expected
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Fig.8. Shocktestresults for the armoured and unarmoured suspensions. The thresh-
old for the onset of failure on rebound is shown.
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Fig.9. Weibull plot for failure on rebound data. A cumulative plot of the failure data
shows good correlation with the Weibull model.

at any given acceleration to be predicted. Failure on rebound alone
was considered. Because the onset of failure appears to be indepen-
dent of mass, the failure data for all the geometries was included
in the plot. The characteristic life «, defined as the acceleration at
which 63.21% of the population will fail and the Weibull modulus
B were obtained to be 6419g and 8.1 respectively for the armoured
suspensions and 3285g and 10.7 for the unarmoured suspensions,
using a least squares fit. The comparable values of 8 indicate a
similar failure rate and hence a similar failure mode whilst the char-
acteristic life for the armoured devices is nearly twice that of the
unarmoured equivalent, indicating that the provision of armouring
doubled the shock resistance of the MEMS suspension.

6.3. Failure on impact

Failure on impact occurs if the initial impact force is large
enough. It is the primary failure mode for the larger unarmoured
geometries only. Failure occurs in the form of fractures at the colli-
sion point. Plastic deformation of the solder completely eliminates
this failure mode for the armoured suspensions. Plastic deforma-
tion occurs only if the kinetic energy of the collision is large enough,
in which case it is converted into plastic strain energy, elastic strain
energy and elastic stress waves, plastic strain energy being by far
the dominant mode of energy dissipation [23-27]. Fig. 10 shows the
considerable energy absorbed at the bumpers by plastic deforma-
tion during a shock event of 5300g which the silicon suspensions
survived.

6.4. Failure on rebound

Failures on rebound take the form of fractures at the folds of
the upper cantilevers (Fig. 11d). High-speed microscopy shows
that the upper springs resonate after collision with the rebound-
ing proof mass (Fig. 11a-c). It is the closing velocity of this collision
that determines the amplitude of the subsequent resonance of the
springs [28].

7. Discussion

The suspension system is modelled as an undamped single-
degree-of-freedom (SDOF) spring-mass system attached to an
accelerating support (Fig. 6a); the equation of motion of the mass is
given by (1), where wy is the resonant frequency of the suspension:

X+ wix =a(t) (1)
It is assumed that the interaction of the packaging with its

environment determines the nature of the shock load transmitted
to the suspension system [29]. The shock load is modelled as a
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Fig. 10. Solder bumpers before and after impact exhibiting plastic deformation. The
bumpers are adjacent to each other for the purpose of the image only. They remain
separate and have not combined.
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Fig. 11. High speed micrographs (10,000 fps): The left half of suspension system.
(a) Prior to bumper collision the proof mass travels downwards, (b) the instant of
the collision between the lower bumpers, (c¢) the proof mass rebounds and strikes
the upper springs into resonance, as evident from the motion blurring, and (d)
micrograph of upper spring damage, highlighting collision damage.
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Fig. 12. Experimental and theoretical velocities are compared, the dashed line
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high-speed micrographs are included.

half-sine wave (Fig. 7); expressed mathematically as (2), where ag
is the amplitude and t is the duration:

. Tt
ap sm(—), O<t<rt
a(t) = T (2)
0, t>1

There are two impacts to consider when analysing the response
of the system: the external impact which determines the amplitude
and duration of the shock pulse a(t) applied to the outer frame;
and the internal collision between the bumpers, determined by the
response of the proof mass to the external impact. This internal
response is dependent on the duration of the external shock pulse
with respect the natural period of the suspension.

Following Ayre [30], if the duration of the applied pulse is short
relative to the natural period (T), to be precise if T < T/4, the response
of the suspension can be obtained by equating the impulse of the
external shock to the change in momentum of the proof mass, i.e.
the response is identical to an unforced system with proof mass
velocity just after impact, with respect to the frame given by the
integral of the acceleration pulse [29]:

o = </ a(t)dt) = 2‘7170’ 3)
0

For the measured resonant frequencies of our structures, the
shock pulse is considerably less than one quarter of the period.
Therefore whilst it is expected that the impact force will be mass
dependent, it is clear that the velocity (defined by Eq. (3)) is not.
High-speed micrographs were used to verify that the proof mass
velocity prior to the moment of collision is approximately equal to
(3) (Fig. 12).

Fig. 8 suggests that the onset of failure on rebound for both the
unarmoured and armoured suspensions is not strongly dependent
on mass. To quantify a power law of mP fitted to the data gives
exponents of —0.04 +0.09 and —0.07 + 0.07 respectively, indistin-
guishable from p=0 and hence is consistent with the collision
velocity, rather than the size of the proof mass determining the
threshold for failure.

High-speed micrographs were also used to establish the coeffi-
cient of restitution of both silicon and solder. The rebound velocity
of the proof mass, which determines the closing velocity of the
collision between the proof mass and upper spring is equal to the
coefficient of restitution multiplied by the initial proof mass veloc-
ity (3). The ratio of the velocities before and after collision give
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Fig. 13. Energy dissipated by the solder bumpers during the initial lower bumper
impact plotted as a function of plastic deformation on a log-log scale. SEM images
were used to measure the depth of plastic deformation.

approximate coefficients of restitution of es;=0.75 for the silicon
and eg4er = 0.36 for the solder, in agreement with published values
[9]. The solder gives a reduction of 2.08 in the collision velocity,
compared to the observed 2.1 increase in the shock level for fail-
ure. It is this reduction in the collision velocity due to inelastic
deformation that has increased the robustness.

8. Energy dissipated
8.1. Plastic deformation

To quantify the energy dissipated by the solder through
plastic deformation, the kinetic energy lost during the initial
lower bumper impact (estimated using high-speed micro-
graphs) is plotted as function of plastic deformation in
Fig. 13.

During compression the energy of the impact is transformed
into the internal energy of deformation by a contact force (F.). This
contact force is a reaction force that resists deformation, it acts
equally on each colliding body (i.e. on each bumper) but in opposite
directions. F increases with increasing deformation and reduces
the relative velocity between the two bumpers. Compression ter-
minates when the relative velocity between the two bumpers is
zero [31]. The work done (W) or energy dissipated by the bumpers
can be related to the contact force by (4), where § is the depth of
plastic deformation:

)
W:/ Feds$ (4)
0

Fig. 14 plots plastic deformation versus the contact force for
a single solder bumper on a log-log scale, the area under this
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Fig. 14. The contact force between the two colliding solder bumpers plotted as a
function of plastic deformation on a log-log scale. The area under the graph corre-
sponds to the energy dissipated by one solder bumper.
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Fig. 15. Proof mass energy partition during drop testing. High-speed micrographs
were used to estimate the timings between bumper collisions and to verify that the
initial bumper impact absorbs the majority of the kinetic energy, and the subse-
quent upper bumper impact brings the proof mass nearly to a rest. Durations for
compression and restitution are exaggerated and indicative only.

force-displacement curve is the work done or energy dissipated
by one solder bumper.

8.2. Total energy dissipated

During impact the majority of the energy of the system is con-
verted into plastic strain energy, energy dissipated by elastic stress
waves will be negligible in comparison [23-27]. Fig. 15 shows the
energy partition of the proof mass belonging to the suspension sys-
tem highlighted in Fig. 13. During the initial impact the bumpers
on the lower side of the proof mass plastically deform, absorbing
the majority of the energy, with the proof mass coming fully to
rest when the contact force is at its maximum; at this point the
kinetic energy of the proof mass is zero. During the restitution stage,
the elastic strain energy stored in the system during compression
generates a force that drives the two bumpers apart with a rela-
tive velocity equal to the impact velocity times the coefficient of
restitution, this rebound energy is equal to the elastic strain energy
stored during compression. The majority of the remaining energy
is dissipated when the upper bumpers collide.

9. Conclusion

Solder armouring has proved to be an extremely effective shock
absorber for MEMS suspensions. A significant fraction of the kinetic
energy (in this case 1 — eszolder ~ 0.9) of a shock event is absorbed
through plastic deformation of the solder bumpers during the ini-
tial collision within the MEMS suspension. Readily incorporated
into current fabrication methods the solder bumpers remove fail-
ure on impact and in this case have doubled robustness to damage

on rebound.
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