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Abstract—This paper reports a new approach for design and
fabrication of chip-level inertial measurement units (IMUs). The
method utilizes a 3-D foldable silicon-on-insulator (SOI) backbone
with in-situ fabricated high-aspect-ratio sensors. A planar multi-
sensor unit was fabricated and subsequently folded in a pyramidal
shape, forming a compact IMU. Inertial characterization of the
sensors integrated on the IMU pyramid was performed at atmo-
spheric pressure. Structural rigidity and sensor axis alignment
stability of the folded IMUs have been characterized under various
environmental conditions, including vibration, thermal loading,
thermal shock, and constant acceleration. The maximum angular
misalignment due to variation in environmental conditions be-
tween IMU pyramid sidewalls was shown to be less than 4 and
0.2 mrad for epoxy and solder reinforced structures, respectively.
Vibration testing revealed no resonances up to 10 kHz in the
assembled 3-D structures. Our results confirm feasibility of the
fabrication approach.

Index Terms—Inertial measurement unit (IMU), inertial sen-
sors, microelectromechanical systems (MEMS), micromachined
accelerometer, micromachined gyroscopes, 3-D MEMS.

1. INTRODUCTION

NERTIAL sensing is used in a wide variety of applications
I including navigation, positioning, and targeting in defense,
exploration, consumer electronics, automotive, and robotics
industries [1], [2]. For complete detection of motion, rotation
and linear acceleration must be measured along three nonplanar
axes, requiring a six-axis Inertial Measurement Unit (IMU).
Due to the increasing number of portable applications that
require position and navigation information, miniaturization of
IMUs is desirable. Besides development of high-performance
inertial sensors, one major challenge in development of a
compact IMU is combining multiple high-performance sen-
sors capable of detecting rotational sand translational motion
along independent sensitive axes with minimal mechanical and
electrical parasitic cross-coupling. Overall, IMU performance
directly depends on the rigidity of the supporting structure,
to provide a stable alignment of the sensitive axes for a wide
variety of environmental conditions [3].
Current methods for creating miniature IMUs typically rely
on either assemblies of separate Printed Circuit Board (PCB)
modules containing individual single-axis sensors [4], [5], or
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Fig. 1. A prototype of the folded MEMS pyramid IMU with co-fabricated iner-
tial sensors, electrical interconnects on flexible hinges, and sensor encapsulation
lids.

consist of multi-axis sensors which utilize multiple degrees of
freedom of a single proof mass [6], [7]. While the PCB-level
approach allows for the use of optimized, high-performance
single-axis sensors, its further miniaturization is limited. In con-
trast, integration of multi-axis sensors on the same substrate
has a potential to provide a small form factor IMU, but suf-
fers from more complex fabrication. This approach typically
involves compromises in sensor design and performance, and
presents a major difficulty in decoupling signals between the
sensitive axes. The choice between existing approaches leads to
a tradeoff between size and performance, leaving no clear path
toward a high-performance chip-level IMU.

In this paper, we report development of a novel approach
for design and fabrication of rigid 3-D IMU structures that
may overcome the undesirable tradeoffs that exist with current
approaches. An introduction of the folded MEMS fabrication
approach is given in Section II, followed by a description of the
fabrication process in Section III. Section IV presents results
of experimental characterization of structural rigidity as well
as angular misalignment between IMU pyramid sidewalls.
Section V describes inertial characterization of gyroscopes and
accelerometers fabricated on a pyramidal folded MEMS IMU.
Section VI concludes this paper with a summary and discussion
of the results.

II. FOLDED MEMS FABRICATION APPROACH

In the proposed approach, single-axis sensors are imple-
mented on a flat surface of a wafer, and then subsequently
folded in a 3-D spatial configuration, thus forming a com-
pact IMU [8]-[10]. Fig. 1 shows a fabricated prototype of an
IMU-pyramid structure with inertial sensors located on the
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Fig.2. Design features of a folded MEMS pyramid IMU including interlocking
latches, SOI sensors, flexible interconnect hinges, and packaging lids.

sidewalls. Sensors are fabricated in parallel with a foldable
backbone and after assembly, the process results in a complete
IMU microsystem with a package volume less than 0.5 cm3.
The IMU architecture utilizes flexible hinges that allow the
dies to fold together and lock in place. The interlocking latches
are located along the edges of each sidewall and are fabricated
as a part of the fabrication sequence. Electrical interconnects
transmit signals from each sidewall to the base of the struc-
ture, and serve as an interface between sensors and external
signal conditioning circuitry. With all bond pads located on
the bottom, flip-chip attachment is used to mount the folded
MEMS IMU to a PCB.

Even though the proposed approach has many advantages,
several design challenges should be considered, including the
structural rigidity of the folded microsystem, durability, sensor
alignment, and packaging. Design of the IMU involves a number
of elements, Fig. 2, including a rigid backbone, inertial sensors,
mechanical latches, flexible hinges, electrical interconnects, and
glass lids for packaging.

Structurally, the backbone is comprised of a number of sil-
icon panels, each containing one or several inertial sensors. Due
to its high rigidity and long-term mechanical performance [11],
silicon is a suitable material for an inertial sensor platform. The
ratio of the Young’s modulus to the material density is also much
larger than that of most materials. This property allows for a
lightweight IMU with high rigidity, and minimizes the forces in-
duced on sidewalls from environmental loading, such as shock,
constant acceleration, and vibration. Additionally, multiple fab-
rication techniques exist for micromachining silicon and are
readily available in most foundries, making silicon an optimal
choice for the IMU structures.

An interlocking latch design is used along each edge that
provides initial rigidity after assembly and also ensures proper
sensors alignment during assembly of the folded structure [10].
Gold is deposited on the backside of the latches to allow for
internal structural reinforcement using solder. By utilizing
a metallic bond at the cross-latched interfaces, a solid joint
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is made between sidewalls to provide permanent rigidity
and stable alignment of inertial sensor axes on the 3-D IMU
structure.

Compliant hinges are an integral part of the fabrication se-
quence. Significant flexibility of hinges is required for folding
the sidewalls into place, as well as durability, the capability of
carrying electrical signals, and good adhesion to silicon and
metal. Polyimide is identified as a candidate material exhibiting
the required properties. To minimize stress induced in the poly-
imide after assembly, hinges are designed with 1100 pm spacing
between the panels, allowing for a required bending radius of
500 pm. Electrical interconnects are integrated onto the poly-
imide substrate, allowing the transmission of signals from each
sensor on the side panels to the base of the pyramid for subse-
quent flip-chip attachment to a PCB.

Accelerometers and gyroscopes are located on the sidewalls
of the MEMS IMU structures, and are fabricated using the
same process used for creating the silicon backbone, hinges,
and latches. Utilizing high-aspect-ratio etching for sensor
fabrication, high-performance devices can be implemented
on the sidewalls of the 3-D MEMS IMU structures. For op-
timal performance, inertial sensors generally require hermetic
sealing or vacuum packaging to reduce damping and provide
environmental protection. As a first step toward this goal, we
implement and demonstrate lid designs for dust protection.
In this application, the glass encapsulation lids have been
designed, fabricated, and demonstrated as a part of the MEMS
IMU structures. In the proposed method, the glass lids in-
clude electrical interconnects to function as a substitute for
wirebonding of individual sensors. Each lid is designed with
bond pads that directly correspond to the sensor anchors as
well as the bond pads located on the polyimide substrate. The
developed packaging sequence is potentially compatible with a
glass lid vacuum sealing process. Development of the vacuum
sealing process, however, is outside the scope of this paper.

III. FABRICATION AND PACKAGING

A. Process Overview

Fabrication of the folded IMU structures involves creating
the sensors, patterning polyimide around the sensors to func-
tion as hinges, and deposition of metal interconnects on top
of the polyimide, Fig. 3. Assembly is accomplished by folding
the panels and locking them in place, utilizing the interlocking
latches. When implementing the six-axis IMU, a cube is the
structure which would require a minimal coordinate transfor-
mation to obtain 6-DOF position and orientation data. A pyra-
midic structure can also in principle detect 6-DOF accelera-
tion and orientation data. Although this requires more complex
signal processing, a pyramid has structural advantages com-
pared to a cube. A pyramid is mechanically more rigid than a
cube, and therefore provides a preferred platform for improve-
ment of structural rigidity. Folded 3-D IMU pyramids and cubes
have been explored [10], and other types of IMU structures are
feasible for implementation utilizing the same approach. A fab-
rication process, Fig. 4, consisting of eight fabrication steps has
been developed for manufacturing folded MEMS IMU proto-
types. For simplification purposes, the complete fabrication pro-



2782

Polyimide

SOI Sensors

3-D Folded Structure

Fig. 3. Fabrication approach for 3-D folded MEMS IMU structures.

cedure is represented in the figure as five general steps with the
details of each explained in this section.

B. Flexible Hinges

The first step of the fabrication process is forming the flex-
ible hinges, Fig. 4(a). Polyimide is deposited onto the substrate
by spin-coating. For durability, it is desired to have a thick layer
of polyimide capable of withstanding dynamic loading over an
extended period of time. The polyimide used in this process
is HD-4110, which has a nominal thickness of approximately
20 pm after curing. This type of polyimide contains a nega-
tive photosensitive resist to allow for direct lithographic pat-
terning. The fabrication process assures well-maintained adhe-
sion of polyimide to the silicon substrate as well as to the metal
interconnects.

The deposition recipe parameters have been tailored for
maximum adhesion properties, which includes optimization of
cleaning conditions, material deposition, and baking profile.
Spin-coating is performed at a rate of 1500 rpm for 40 s.
Solvents are then removed from the liquid-state polyimide by
baking on a hot plate at 120 °C for 12 min. The adhesion layer
begins to form between the polyimide and silicon after solvents
are removed. Patterning is done by exposing the polyimide to
I-line ultraviolet (UV) light with an intensity of 10 mJ/ cm”
for a duration of 60 s. A postexposure bake (PEB) is then
performed by heating the wafer on a hotplate at 120 °C for
5 min. This provides additional adhesion of the polyimide to
the silicon substrate and also increases etch selectivity during
development.

To fully cure the polyimide, a ramp-and-hold recipe is per-
formed in a continuously purged nitrogen environment. Initially,
the temperature is increased from 25 °C to 200 °C at a rate of
8 °C per minute. The temperature is then held at 200 °C for
30 min, followed by ramping the temperature up to 375 °C at
8 °C per minute. After 1 h at 375 °C, the polyimide is com-
pletely cured, and the temperature is then decreased to 25 °C
over a period of several hours. Once cured, the final thickness of
polyimide is 18 pm. Using this recipe, the polyimide substrate
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Fig. 4. Fabrication process for folded IMU structures. The process includes
fabrication of integrated sensors, polyimide hinges, gold interconnects, and
placement of separately fabricated glass lids. (a) Polyimide deposition and
patterning. (b) Metal deposition and patterning. (c) Definition of sensors using
photolithography and DRIE. (d) Backside through-etch using DRIE and release
of foldable structures. (e) Align and place glass lids to each sidewall.

maintains adhesion to both silicon and metal throughout the en-
tire fabrication process and provides a durable flexible substrate
to function as hinges for folded MEMS IMU structures.

C. Electrical Interconnects

Electrical interconnects are deposited on top of the cured
polyimide and patterned using a liftoff technique, Fig. 4(b). For
this process, AZ nLoF 2035 photoresist is used as the masking
material, which is specifically designed for metal liftoff pat-
terning. Physical vapor deposition (PVD) is performed using
electron beam evaporation to create the desired metal layers. Ini-
tially, a 500 A adhesion layer of chrome is deposited, followed
by 5000 A of gold. Impedance of traces is minimal with this pro-
cedure, creating interconnects with a maximum measured resis-
tance of 3.8 Q.

D. Silicon-on-Insulator (SOI) Inertial Sensors

Sensors are made using silicon-on-insulator (SOI) wafers,
enabling high-aspect-ratio device features for optimal per-
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formance. By utilizing SOI fabrication, there is a significant
flexibility in the type of inertial sensor designs that can be
implemented.

In this feasibility study, the sensors are defined using a pho-
toresist mask with a minimum feature size of 8 ym. High-as-
pect-ratio etching is performed using Deep Reactive Ion Etching
(DRIE) to achieve an etch depth of 50 psm, exposing the buried
silicon dioxide layer, Fig. 4(c). By utilizing the entire thickness
of the device layer, inertial sensor performance is optimized, and
can be further improved by increasing the thickness of the de-
vice layer from 50 to 100-200 pm, in tandem with increasing
of the aspect ratio of etching. After defining the sensor features,
fabrication of the top substrate is finished. Before the MEMS
structures are released, backside etching of the handle wafer
must be completed. Due to the fragility of sensor features, the
device layer is protected by a blanket coating of AZ P4620 pho-
toresist, followed by applying a layer of low-tack dicing tape.
After the remaining fabrication processes are complete, these
protective materials are removed by immersing in acetone.

E. Singulation of Foldable Structures

Singulation of the structures is done by selectively etching
through the wafer from the backside, enabling the ability to fold
the flat structure into an IMU. This process requires etching a
total of 550 pm of silicon, as well as 5 um of silicon dioxide,
separating 500 pm of the SOI handle wafer and 50 pm of the
device layer. A mask, matching the selective etching rate of sil-
icon and photoresist, is created by patterning a double-layer of
AZ P4620 photoresist to achieve a thickness of 28 ;ym. A handle
wafer is then attached to the opposite side of the device wafer
using a layer of photoresist, Fig. 4(e). Backside etching then en-
sues using DRIE until the handle wafer is completely etched in
the defined trenches. Removal of the buried oxide layer is per-
formed with buffered oxide etch (BOE) because it does not af-
fect mask adhesion, nor does it etch the photoresist. Once the
oxide layer is fully etched, backside processing continues using
DRIE to etch through the remaining 50 pm of silicon. After the
backside etch is complete, the sample is immersed in acetone
to dissolve the photoresist between the handle wafer and manu-
factured device wafer and the unassembled IMUs are extracted.
The foldable structures are removed from the wafer and cleaned
to prepare the sensors for release. Acetone is initially used to
dissolve the majority of the existing residue, followed by dry
removal with oxygen plasma using the following chamber con-
ditions: 200 W coil power and a pressure of 200 mTorr.

F. SOI Sensor Release

The next step in the fabrication process is to release the SOI
sensors from the substrate. Etching is performed using either
20% hydrofluoric acid (HF) or 6:1 Buffered Oxide Etch (BOE),
Fig. 4(d). Stiction of the sensor proof masses to the underlying
substrate due to capillary drying effects is prevented by im-
mersing the structures in a bath of isopropanol heated to 50 °C
for a duration of 5 min. The structures are then dried at the
same elevated temperature to ensure rapid evaporation. Because
the surface tension of isopropanol is very low, capillary drying
effects are eliminated. After successfully releasing all sensors,
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fabrication of the folded MEMS IMU structures is complete and
the devices are ready for packaging.

G. Lid Fabrication

Glass lids have been designed and fabricated for the purpose
of protecting the inertial sensors from the environment, as well
as providing electrical connections to the sensor anchors. For
complete packaging of the folded MEMS IMU pyramid, indi-
vidual sensors are first connected to the electrical traces, fol-
lowed by attachment of the overall structure to a PCB or other
suitable interface, such as a DIP package. Sensor anchors are
connected to the electrical traces on the polyimide substrate
using glass encapsulation lids containing metal traces. Wafer-
level fabrication of the lids is performed on a 500 ym D-263
glass substrate and metal is patterned using a liftoff process to
define the electrical interconnects, Fig. 2. Deposition of metal is
done utilizing the same procedure as for the IMU structure inter-
connects to create a 5000 A layer of gold atop a 500 A adhesion
layer of chrome. After fabrication, the wafer is diced to separate
each individual encapsulation lid. Impedance of the traces man-
ufactured with this procedure is measured to have a maximum
resistance of less than 1 €2, which is adequate for implementa-
tion of the folded IMU devices.

H. Lid Attachment

For stable long-term operation, inertial sensors must be
protected from the environment. The glass interconnect lids can
be used not only as an effective replacement for wirebonding,
but also can be implemented as a hermetic sealing mechanism.
Additionally, the lids are suitable for vacuum sealing by using
eutectic solder to bond the gold-plated border to the sensor
package, which will minimize damping and significantly im-
prove overall sensor performance. Initial packaging in this
work, however, is done without sealing the devices and charac-
terization is performed at ambient pressure to prove feasibility
of the approach.

In this feasibility study, bonding of the interconnect lids is
done utilizing a WestBond 7201CR-79 die bonder. Silver-filled
conductive epoxy (Ablebond 84-1LMI) is used to create the
electrical connections between the sensor anchors and the bond
pads on the lids. Epoxy is precisely placed onto all sensor
anchors and bond pads located on polyimide. The glass lids
are then aligned and placed above the sensors using flip-chip
bonding to create the electrical connections. Because the poly-
imide layer is approximately 20 pym in height, the glass lids
rest above the sensors without causing overflow of the epoxy
onto the sensor features. Curing of the conductive epoxy is
performed after all lids are aligned by heating the structure
at 150 °C for 1 h. After curing, the solvents are evaporated
from the silver-filled epoxy, leaving a permanent conductive
medium between the folded IMU structure bond pads and the
encapsulation lids.

1. Assembly and Reinforcement

After the lids are attached to all sensors and the conduc-
tive epoxy is cured, the panels are folded into the pyramidal
shape. Currently, structures are assembled manually using a
magnifying lens and small hand held tools to fold the sidewalls
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Fig. 5. Assembly of IMU pyramid using a molded plastic insert with vacuum
channels used to assemble the folded structures.

together. However, a method for precision assembly using a
molded insert to act as a vacuum-substrate jig for assembly
has been explored, Fig. 5. Because the entire structure is
manufactured on the wafer-level, all structural elements are
lithographically defined to a tolerance on the order of a few
microns. The largest imperfection is induced during the back-
side DRIE process, which causes a variation of approximately
20 pm for a 550 pm etch depth. For each sidewall, designed
11 mm from edge to edge, this will create a total angular
variation from the designed alignment of 3.6 mrad.

After assembly is complete, the IMU structure needs to be
reinforced to maintain the original alignment of sensors. In our
study, we explored epoxy and eutectic soldering reinforcement
at the sidewall interfaces. Epoxy reinforcement is achieved by
applying adhesive to the latches after assembly is complete, fol-
lowed by curing to create a rigid interface between each side-
wall. Soldering has also been explored to provide metallic bonds
between folded sidewalls for further rigidity enhancement.

Because silicon does not inherently allow for wetting of
solder, a layer of gold is first deposited onto the bonding joints,
Fig. 2. Metal deposition is conducted in post-fabrication pro-
cessing by mounting the unfolded structure facedown, leaving
the backside exposed. With the current process, the entire
backside area is coated, however, a shadow mask or lithography
can also be used to mask the sidewalls and selectively deposit
metal only on the latches. Similar to metal deposition processes
described above, electron beam evaporation is employed to
create a 500 A adhesion layer of chrome followed by 5000 A
of gold on the backside of the interlocking latches. Solder
paste is then applied to the metalized latches before assembly
and reflown after folding the sidewalls in place by heating the
structure above the 183 °C solder melting point.

IV. FOLDED IMU STRUCTURAL CHARACTERIZATION

A. Overview

Assuming the challenges with design of high-performance
sensors are solved, a major challenge with creating high-per-
formance IMUs is to maintain the original sensor alignment
under various environmental conditions [3], [12], [13]. Angular
deflections and flexure of the 3-D folded IMU structure causes
bias errors in the output signals. If permanent misalignment
occurs, the IMU must be recalibrated to correct for these errors.
However, this is largely unacceptable for most applications.
Using the folded MEMS approach, interlocking latches along
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Fig. 6. Finite-element modeling showing the first two modalfrequencies of
an IMU pyramid reinforced with eutectic solder. (a) First mode at 63 kHz.
(b) Second mode at 70 kHz.

the edges of each sidewall provide initial rigidity after as-
sembly, and also assist in properly aligning the sidewalls. More
applications, however, require additional reinforcement. In this
paper, we explore rigidity enhancement utilizing solder and
epoxy. Environmental tests performed on the IMU pyramids
consist of vibration, temperature, temperature shock, and con-
stant acceleration response.

B. Vibration Testing

Modal frequencies of a solder-reinforced IMU pyramid is
predicted using Finite-Element Analysis (FEA) of a 3-D model
using COMSOL FEA software. An eigenfrequency analysis of
the folded pyramid structure is conducted. In this analysis, the
complete geometry is modeled using a static mesh with 154 132
tetrahedral elements. The model consists of four independent
sidewalls and a baseplate. Each panel has a thickness of 550 pm.
The footprint of the baseplate is 11 x 11 mm, and the opening
at the top of the folded structure is 5 X 5 mm. The angle be-
tween each sidewall and the bottom panel is 58.9°. All structural
panels are defined as crystalline silicon with an isotropic mod-
ulus of elasticity of 170 GPa. To model soldered connections
at the interfaces between silicon panels, the bonded regions are
defined to have a modulus of elasticity of 50 GPa. The sidewalls
are also bonded to the baseplate along each edge, using a thin
seam of solder with a 500 pm diameter. Geometry is fixed using
a 100 pm solder layer beneath the bottom of the structure to rep-
resent attachment of the pyramid to an external package. Results
indicate the first resonant mode to be approximately 63 kHz,
in which each adjacent pair of sidewalls shows antisymmetric
flexing, Fig. 6(a). The second modal frequency occurs at 70 kHz
and depicts a mode shape with symmetric flexing of adjacent
sidewalls, Fig. 6(b). For most IMU applications, environmental
vibrations occur up to approximately 10 kHz, therefore the sim-
ulation confirms that frequencies of the first two modes will not
be excited during normal operation.

Using a SPEKTRA SE-09 vertical shaker, sinusoidal vibra-
tions from 20 to 50 000 Hz is applied to the folded IMU struc-
tures. A Polytec laser vibrometer is used to measure the response
of the structures throughout the sweep. Vibration data is col-
lected at both the top of the sidewalls and also at the base of the
structure. By comparing the difference between the two sets of
data, response of the sidewall is calculated and effects from the
mounting setup are eliminated.

Measured responses reveal no resonances in the assembled
3-D structures up to 10 kHz, Fig. 7. First resonant modes are
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Fig. 7. Measured frequency responses of a 3-D folded IMU pyramid responses
reveal no resonances peaks up to 10 kHz.

observed above 10 kHz in the epoxy-bonded pyramids, which
is suitable for most IMU applications. In contrast, the soldered
3-D IMUs do not exhibit any significant resonant modes up
to 50 kHz, suggesting suitability for very harsh vibrational
environments. These results indicate an increase in structural
stiffness for soldered pyramids versus epoxy-bonded pyramids.
Overall, feasibility of both reinforcement methods is proven,
with solder providing superior rigidity for the 3-D folded
structures.

C. Evaluation of Sensor Alignment

Initial alignment of sensors after assembly and packaging are
designed to have well-defined sense axes in their relative coordi-
nate frame. However, due to fabrication and assembly imperfec-
tions, calibration is necessary to fully characterize the complete
IMU. Once calibrated, slight misalignments of the sensors will
cause errors in inertial signal detection. Therefore, performance
of an IMU directly depends on the ability of the supporting ar-
chitecture to rigidly maintain the initial sensor alignment. The
folded structures must be robust to environmental conditions
such as thermal changes, vibration, acceleration loading, and
shock. Characterization of structural rigidity is performed by
measuring misalignment of the IMU sidewalls before and after
various environmental loads are applied. A comparison is made
between epoxy bonding and eutectic soldering to determine the
performance of each reinforcement technique in varying envi-
ronmental conditions.
An optical characterization method was developed to pre-
cisely measure the relative misalignments of the pyramid side-
walls, Fig. 8. Folded 3-D structures are rotated using a preci-
sion-controlled dual-axis Ideal Aerosmith 2102 rate table with
an angular accuracy of 0.15 mrad and repeatability of 0.05 mrad.
At the same time, reflection of a collimated laser beam from
the pyramid sidewalls is observed using a calibrated detection
screen at a 1.5 m distance. The following procedure is used to
obtain misalignment data from each sidewall before and after
each environmental condition is applied.
1) Mark the position of the laser beam reflected off of side-
wall. This acts as a reference for later measurements.

2) Precisely rotate the pyramid by 90° and mark the position
of the laser beam reflected off of sidewall 2.

3) Repeat Step 2 for sidewalls 3 and 4.
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Fig. 8. Optical measurement setup for alignment characterization of folded
IMU sensor axes.

4) Remove the IMU pyramid and conduct environmental
testing.

5) Place the IMU pyramid back onto the test stage and adjust
the rate table such that the sidewall 1 beam location is very
near the original reference mark.

6) Mark the new position of the laser beam reflected off of
sidewall 1 as the second reference.

7) Measure the distance between the two reference marks
from sidewall 1.

8) Precisely rotate the pyramid by 90° and mark the position
of laser beam reflected off of sidewall 2.

9) Measure the distance between the respective two marks for
sidewall 2.

10) Subtract the sidewall 1 distance from the sidewall 2 dis-
tance and multiply by the calibrated sensitivity of the de-
tection grid to calculate misalignment.

11) Repeat Steps 8, 9, and 10 for sidewalls 3 and 4.

1) Elevated Temperature: For static thermal testing, IMU
pyramid structures are placed on a miniature heater located on
the dual-axis rate table. Prior to heating, the initial angular posi-
tion of each sidewall is measured. Temperature of the pyramid
is then elevated to 85 °C over a period of 25 min. Temperature
is held at 85 °C for 25 min to allow for steady-state conditions.
Misalignment data from each sidewall is extracted at the ele-
vated temperature using the above procedure, yielding a max-
imum variance of 1.7 mrad for an epoxy-bonded IMU pyramid.

2) Temperature Cycles: Misalignment of the IMU pyramid
structures is measured after thermally cycling from room tem-
perature to —40 °C and 85 °C, respectively. Before testing, an-
gular position of the sidewalls is measured. The IMU structure
is then mounted inside a thermal chamber (TestEquity model
107) and heated to 85 °C. After holding the temperature for
25 min, the IMU is gradually cooled to room temperature. Once
steady-state temperature of the folded structure is reached, de-
tection of misalignment is conducted to determine the effects
of the process. The same process was performed and the cor-
responding misalignment data was obtained after thermally cy-
cling the IMU from room temperature to —40 °C. Results indi-
cate a maximum angular sidewall variance for an epoxy-bonded
IMU structure of 1.6 and 3.0 mrad for heating and cooling cy-
cles, respectively.
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TABLE I
MEASURED ANGULAR MISALIGNMENT OF FOLDED MEMS IMU SENSOR AXES
FOR EPOXY AND SOLDER REINFORCEMENT METHODS

Environmental Test Max. Misalignment

(vs. initial position at 25 °C) (mrad)
Epoxy Solder

25 °C = 85 °C 17402 | <02%

elevated temperature

25°C - 85°C — 25°C

thermal cycle, 25 min 1.6+ 02 <02

25 °C — -40 °C —>.25 C 3.0 4 02 <02

thermal cycle, 25 min

25°C —»85°C —25°C

thermal shock, 3 s, 3 cycles 30£02 <02

25 °C — 40 °C — 25 °C

thermal shock, 3 s, 3 cycles 3.5+02 <02

Constant acceleration

60 g for 1 min for each axis 1.8 +0.2 <02

(*limit of the alignment detection system is 0.2 mrad)

3) Temperature Shock: Thermal shock is also performed on
the folded IMU pyramids, both for cold and hot temperatures.
After measuring the initial angular position of each sidewall, the
structures are transferred into an 85 °C environment with a tran-
sition period of approximately 3 s. Temperature is maintained
for 25 min to ensure the entire structure is at steady-state. The
pyramid is then transferred to room temperature within approxi-
mately 3 s to apply a negative thermal shock. Utilizing the same
procedure, folded IMU pyramids are exposed to thermal shock
from room temperature to —40 °C, then back to room tempera-
ture. Each experiment is repeated three times consecutively for
each the hot and cold temperature tests to determine the effects
of multiple cycles. Misalignment data from each sidewall on an
epoxy-bonded pyramid results in a maximum variance of 3.0
and 3.5 mrad for the 85 °C and —40 °C thermal experiments,
respectively.

4) Constant Acceleration: For applications in which accel-
eration loads are constantly applied, folded MEMS IMU struc-
tures must withstand the forces involved. To determine suit-
ability for such purposes, constant acceleration is applied to
IMU pyramids by rotating the devices on a centrifuge with a
known rotation rate. Loading is applied to the folded structure
along three independent axes by mounting the IMU at orthog-
onal angles for each experiment. The setup is capable of pro-
viding up to 60 g of acceleration on the test sample. Misalign-
ment of the sidewalls is measured before and after the exper-
iment, yielding a maximum angular variance of 1.8 mrad be-
tween sidewalls for an epoxy-bonded IMU structure.

Results of all alignment stability tests comparing epoxy
and solder-bonded IMUs are shown in Table I. Structures
reinforced with epoxy show a maximum alignment drift of
3.5 mrad or less under each applied environmental condition.
In contrast, the soldered structures provide stability better than
0.2 mrad. The lower limit of detection of the measurement
setup is approximately the same, therefore the misalignment of
the solder-bonded structures is likely much lower than the mea-
sured data. These results indicate feasibility of reinforced 3-D
folded MEMS structures for a wide variety of environmentally
robust IMU applications.
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Fig. 9. SEM image of a MEMS accelerometer fabricated on the pyramid IMU
sidewall.

5) Mechanical Shock: Utilizing the FEA model described
above, shock loading is simulated for the pyramidic IMU struc-
tures. Shock is applied using gun-hard parameters with an am-
plitude of 30000 g over an interval of 7 ms [20]. Applying
these parameters to the model along each X, Y, and Z direc-
tions yields a maximum misalignment of 0.5 mrad and stress of
200 MPa. Comparing the stress induced to the 7000 MPa yield
strength of silicon, the structure will not fail under gun-hard con-
ditions. For most applications, the slight misalignment produced
during the simulation will not adversely affect the IMU data.
Shock was also applied experimentally using an impact bar and
a striker, with the pyramid under test mounted to the end of the
bar. A Polytec laser vibrometer was focused onto the top of the
pyramid to measure the acceleration induced into the structure.
Tests show that the structures are capable of surviving up to 389
g of acceleration over a 0.5 ms time interval. It is believed that
the structures will survive much higher values of acceleration,
however the test setup is only capable of approximately 400 g.

V. INERTIAL SENSOR CHARACTERIZATION

This section reports experimental characterization of
accelerometers and gyroscopes fabricated by the process
described in Section III. The presented results illustrate the
feasibility of the process to produce functional devices.

A. Accelerometer Characterization

Design of the IMU accelerometers consist of a proof mass
suspended by folded springs attached to anchors, parallel plate
sense electrodes, and electrostatic comb drives, Fig. 9. Reso-
nant detection is utilized due to its inherent high dynamic range,
quasi-digital output [14]-[16], and resilience to parasitic capac-
itance noise.

Accelerometer performance is tested by measuring response
to gravity at predefined angles using a tilt stage. The proof
mass of the accelerometer is excited at a resonant frequency of
1.1 kHz using a combination of DC and AC voltage applied
to the anchored drive-mode electrodes. A variable DC tuning
voltage is applied to one of the opposing banks of parallel-plate
sense electrodes to provide an initial displacement of the proof
mass. This modifies the original capacitive gap, and thus the
overall sensitivity is changed [16], [17]. A carrier signal is
applied to the proof mass to allow for frequency modulation de-
tection using a lock-in amplifier, Fig. 10. The carrier frequency
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Fig. 11. Measured acceleration response of a resonant accelerometer integrated
on folded IMU pyramid for 20 V and 30 V tuning voltage. Inset: Optical pho-
tograph of an IMU pyramid sidewall with a resonant accelerometer.

utilized is at 52 kHz, which is much greater than the opera-
tional frequency of the accelerometer and thus has negligible
effects on the proof mass motion. The sensor output signal is
amplified using a Trans-Impedance Amplifier (TTA), followed
by demodulation of the carrier frequency. Vertical angles are
applied in increments of 5° to induce acceleration ranging from
0-1 g. At each position, the resonant frequency is measured
to determine its shift caused by the input acceleration, with
the results plotted in Fig. 11. Using a DC bias voltage of 20 V
applied to the tuning electrodes, the sensitivity is determined
to be 1.8 Hz/g. When 30 V bias is used, the scale factor is
increased to 3.7 Hz/g.

B. Gyroscope Characterization

Architecture of the gyroscope consists of differential drive
and sense electrodes and a large 2-DOF proof mass supported
with folded suspension beams, Fig. 12. Angular rate perfor-
mance of a gyroscope fabricated on an IMU pyramid sidewall
is experimentally characterized in air. Rotation rate response is
tested by mounting the structure to a computer-controlled Ideal
Aerosmith 1291BR rate table. The drive mode of the gyroscope
is excited into resonance at 1.6 kHz using a combination of
30 VDC bias and 5 VAC driving signal applied to the anchored
drive-mode electrodes. Separation of the useful signal from the
feed-through signal is accomplished using Electromechanical
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Fig. 13. Drive and detection schematic for gyroscope characterization.

Amplitude Modulation (EAM), where a carrier voltage of
3.5 Vrms at 52 kHz is applied to the proof mass, resulting
in the amplitude modulation of the motional signal, Fig. 13.
Two demodulations, first at the carrier frequency and then at
the drive frequency, are used to extract the motional signal
from the total EAM pickup signal [19]. Fig. 14 shows the
detected rate response of the gyroscope [18] fabricated with a
scale factor of 0.43 mV/(°/s) over an input range of +250°/s,
confirming suitability of the folded MEMS IMU approach and
the fabrication sequence described in Section III.

VI. DISCUSSION AND CONCLUSION

A new method for creating a chip-scale IMU is described
using foldable MEMS structures. A wafer-scale fabrication
process is illustrated for manufacturing IMUs with in-situ SOI
sensors and feasibility is demonstrated with several challenges
identified. Operational accelerometers and gyroscopes are char-
acterized, indicating compatibility of the overall fabrication
process. Due to the modularity of SOI fabrication, several other
sensors can be incorporated into the folded MEMS design to
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Fig. 14. Measured rate response of a gyroscope integrated on a folded IMU
pyramid. Inset: Optical photograph of a fabricated pyramid sidewall with a gy-
roscope.

create devices such as 3-D microphones, ultrasonic transducers,
energy scavengers, and hydrophones.

Pyramidic IMU configurations are investigated. Rigidity of
the structures is analyzed, and methods for reinforcement are ex-
plored. Alignment stability of epoxy- and solder-bonded IMUs
is experimentally investigated under environmental loads in-
cluding constant acceleration, temperature, thermal cycling, and
thermal shock. Reinforcement with epoxy results in modal fre-
quencies occurring above 10 kHz, which is suitable for most in-
ertial measurement applications. Bonding with eutectic solder
provides much higher rigidity, with the first mode occurring
above 50 kHz and therefore will be implemented in harsh vi-
brational environments. Although a pyramidic shape has been
initially explored, other polyhedral form factors can also be im-
plemented. Experimental results confirm feasibility of the pro-
posed folded MEMS IMU approach, and may enable new inte-
grated architectures for other multi-axis dynamic sensors.
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