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Abstract

Articulated Mechanisms and Electrostatic Actuators for Autonomous Microrobots
by
Richard Yeh
Doctor of Philosophy in Electrical Engineering and Computer Science
University of California, Berkeley

Professor Kristofer S.J. Pister, Chair

Enabled by advances in both integrated circuit technology and micro electrome-
chanical systems (MEMYS), the continuing miniaturization and integration of electronics,
sensors, actuators and mechanisms will make it feasible to create insect-sized autonomous
microrobots. We propose to create a class of autonomous crawling microrobots the size
on the order of 1cm? and equipped with a power source, low-power CMOS controller,
sensors, wireless communications devices and motorized articulated legs. The work pre-
sented here demonstrates how articulated insect legs could be created from rigid links,
mechanical couplings and low-power electrostatic micromotors.

Articulated legsrequirerigid links to support the weight of the microrobot and aso
have joints that allow out-of-plane motion. Surface micromachined polysilicon hinges are
utilized to satisfy both requirements. Rigid links are created by folding three hinged poly-
silicon platesinto a hollow triangular beam which snap into place using snaplocks. These
links can be fabricated in series with hinges as revolute joints. Two-link legs with up to

three degrees-of-freedom (DOF) have been demonstrated.
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Each link has a mechanical coupling that couples it to its own motor on-chip.

Using hinged lever arms, hinged tendons and sliders, multi-DOF mechanical couplings
can be created to convert linear motion at the motor to angular displacement at the joint.
A 2-link, 2-DOF leg has been demonstrated with two mechanical couplings. The first
mechanical coupling (with 1-DOF) is created from a four-bar linkage (sliding crank) and
coupled to thefirst link. The second mechanical coupling (with 2-DOF) is created from a
four-bar linkage in series with a five-bar linkage and coupled to the second link. Higher
DOF mechanical couplings could be achieved with higher order n-bar linkages but at a
cost of higher complexity.

The main considerations for actuation are output power density, efficiency, force
density, and integration with the rest of the microrobot. Of the MEM S actuation technolo-
gies that have emerged over the years, electrostatic gap-closing actuators (GCA) in an
inchworm motor topology is currently best suited for microrobots. Motors fabricated on
silicon-on-insulator (SOI) wafers have been demonstrated with 80um of travel, stepping
rates of 1000 full steps/second corresponding to 4mm/s shuttle velocity, and ~260uN of
force (~130 times its own weight). In all cases, displacement was limited by contact with
a physical constraint (spring travel limits, nearby structures, etc.) rather than an intrinsic
limit.

In addition to inchworm motors, mechanical digital-to-analog converters (DAC)
have been demonstrated. These DAC's convert an-bit digital electrical input to an analog
mechanical output (displacement) with 2" position. Based on cascaded lever arms with
high output resistance and gap-stop-limited actuator arrays at the input, the DAC are less

sensitive to loading effects and input noise. These properties are ideal for possible open-



3
loop actuation of microrobots where joint angle feedback is difficult to implement. Four-

bit DAC's with electrostatic actuators have been demonstrated in SOI technology with a
least significant bit (LSB) of 0.6um, an integrated non-linearity (INL) of £0.38 LSB and a
differential non-linearity of £0.35 LSB. Surface micromachined 6-bit DAC’swith hinged
micromirrors have also been demonstrated with an LSB of 90nm, INL of +3.2 LSB and a

DNL of +0.7 LSB.

Professor Kristofer S. J. Pister, Chair
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Introduction 1

CHAPTER 1. INTRODUCTION

Fig. 1-1. SEM of asix-legged microrobot (without motors) fabricated in the com-
mercial MUMPs process.

1.1 TheVision

Microrobotics has always been one of the aspirations of micromachining. In fact,
the first micromachining workshop was sponsored by the |EEE Robotics and Automation
Society in 1987 [69]. In 1959, Dr. Richard Feynman challenged an audience of physicists
at the American Physical Society Annual Meeting to explore the vast microscopic world
through miniaturization [27]. Today, integrated circuit (IC) technology and micromachin-
ing are the best tools available for miniaturization. The capability of integrating sensors
and actuators with ever-shrinking electronics leads to the tantalizing possibility of creating

insect-sized autonomous microrobots with a power source, sensors, a controller, wireless
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communications devices, actuators and articulated legs. These microrobots could com-
municate with each other or with abase station. A swarm of robots equipped with infrared
thermal sensors could crawl into earthquake rubble to search for survivors or a squadron
of robots with CMOS imagers could crawl into insect hives and collect data about insect
behavior.
1.2 Overview of the Dissertation

Today, microrobots still have along ways to go before they are at the stage where
conventional-sized robots are. One difficulty of building microrobotsisthat, unlike build-
ing conventional robots, micro-sized off-the-shelf components are not readily available.
The contribution of this work is closing that gap by creating a set of components that are
appropriate for a microrobot system. To that point, a method for creating articulated
microrobot legs with multiple degrees-of-freedom and mechanical couplings is devel oped.
To actuate the legs, low-power micromotors with a high force density and high efficiency
were created. Also because joint angle feedback is difficult to attain for microrobots, a
mechanical digital-to-analog converter was demonstrated to explore a technique for open-
loop actuation. Thiswork, in conjunction with the Smart Dust Project [85], isthefirst sys-
tems-level approach at building an autonomous microrobot with an architecture for power,
sensing, control, wireless communications and mobility. As the microrobotic field
matures, future work is likely to address the issues of integration, optimization, controls
and the interaction of multiple microrobots.

We begin in Chapter 1 by reviewing related work from the last decade and describ-
ing a new class of MEMS articulated microrobots. In Chapter 2, methods for creating

multi-DOF articulated mechanisms and results are reported. Low-power el ectrostatic gap-
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closing actuators are described in Chapter 3. To overcome the force-displacement trade-
off of electrostatic gap-closing actuators, a large force, large displacement, electrostatic
linear inchworm motor with high efficiency is described in chapter 4 aong with results.
Following that, a novel mechanical digital-to-analog converter is reported in chapter 5.
Finally, Chapter 6 proposes a method to integrate these components.
1.3 Previous Work

One of the challenges of creating microrobots in micromachining is making 3-
dimensional structures from an inherently 2-dimensional process. A solution to this prob-
lem was introduced in 1992 when Pister et al. [68] demonstrated a pin-in-slot microhinge

(Fig. @) and Suzuki et al. [79] demonstrated a flexural microhinge (Fig. b). These hinges

(a) (b)

Fig. 1-2. First microhinges. (8) An array of polysilicon plates with rotational
hinges. Anti-stiction dimples can be seen on some plates. (From Pister [68]). (b) A
3-dimensiona structure with polysilicon frames and flexural polyimide hinges.
(From Suzuki [79]).

allow planar microstructures to be folded into 3-dimensional shapes. Suzuki et al. pro-
posed folding hinged silicon plates to form an insect exoskeleton [79]. Yasuda et al. used

these polyimide hinges to create a microrobot which moves on a piezoelectric vibrator.



Introduction 4

The microrobot has two moving polysilicon legs created by a beam-supported plate (Fig.

1-3). The supporting beams have different lengths for each leg resulting in unique reso-

icki

Fig. 1-3. Photograph of microrobot
actuated by a piezoelectric vibrator.
(a) Microrobot next to the eye of a
needle. (b) Close-up photograph of
the microrobot and diagram of the (b)
feet. (From Yasuda[87]).

nant frequencies for each leg. This allows the legs to be addressed independently by the
frequency of the piezoelectric vibrator. The legs have feet with polyimide “ankles.”
When aleg vibrates, its foot scratches forward on the contact surface.

Though this was a good demonstration of MEM S microrobotics, it required an off-
chip piezoelectric vibrator to provide the power source, actuation, and control which lim-
ited the robot workspace to the vibrator area. As microrobotics matured, micro-sized
actuators were integrated into the design. One of these designs, proposed by Kladitis et al.

[45], is based on a popular thermal actuator originally invented by Guckel et al. in the
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18KV 37.8¥% 265M BB27

(b)

Fig. 1-4. A microrobot created from arrays of hinged thermal actuators. (a) Close-up
SEM of a2-DOF hinged thermal actuator rotated out of the plane of the substrate. (b)
SEM of arraysof 16 such actuators. (From Kladitis[45]).

(b)
Fig. 1-5. The first walking microrobot made from polyimide thermal actua-
tors (From Ebefors [24]).

LIGA process [36] and later popularized by Comtois et al. in the commercial MUMPs!
process [21]. Pister-style hinges are used to enable arrays of thermal actuators to rotate
90° out of plane of the substrate (Fig. 1-4). These actuators serve as the microrobot legs.
Another design is the first walking MEMS microrobot by Ebefors et a. [24]. This

microrobot has two arrays of four legs each. Each leg has one degree-of-freedom (DOF)

L Multi-User MEMS Projects (MUMPs) isacommercial MEMS polysilicon process with one
electrical layer, two polysilicon layers and ametal layer. See http://www.memsrus.com/

cronos/svesmumps.html.
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and thermally actuated by polyimide joints (Fig. 1-5). Thisdesign is very robust because
the legs are made from ~30pm-thick slabs of single crystalline silicon and the monolithic
actuators work by thermal expansion and thus has no moving parts or mechanical cou-
plings. Both thermal-actuator designs require from tens to hundreds of milliwatts to oper-
ate and has avery low power efficiency (power out divided by power in).

These robot designs demonstrate MEMS as a potential technology for building
microrobots. To realize an autonomous microrobot, we propose a systems level approach
which considers power, actuation, sensing, communications, controls and integration of
these components into a microrobot.

1.4 Concept

To achieve our goal, there are two projects working in paralel. The first project,
described in this dissertation, isthe creation of microrobot legs and actuators[90-94]. The
second project, called Smart Dust [85], aims to exploit silicon device miniaturization by
packing autonomous computing, sensing, communicating, and energy-storage devices
into a Zmm® volume. Such nodes form the buildi ng block of massive distributed sensor
networks that can provide more information in aless intrusive way than current methods.
Autonomous microrobots can be thought of as Smart Dust with legs.

Fig. 1-6 shows our microrobot concept. The minimum set of components required
to make silicon walk on its own are a power source, controller, actuators and legs. Addi-
tionally, sensors and communications devices would improve the functionality of microro-

bot.
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1.4.1. Power

Solar cells will be used as a power source for the microrobot. Solar cells can be
scaled in size more easily than current battery technologies and it is compatible with sili-
con fabrication processes that allow it to be integrated more easily into a MEM S microro-
bot. In addition, solar radiation is a good source of power. Full sunlight (air mass 1) hasa

2 The conversion effi-

power density of 1mW/mm? and room lighting has 1-10uW/mm
ciency limit of silicon solar cellsis around 21% [57] and in-house fabrication of solar cells
[9] has yielded up to 15%. A 1cm? solar array with a modest 10% conversion efficiency
will generate 10mW of power for the microrobot. Fig. 1-7 shows a picture of an in-house
fabricated solar cell next to aMUMPs chip with robot legs. In addition, power from solar
cells can be used to trickle-charge a capacitor or battery. The stored energy can then be

used at a much higher rate than the charging power [5].

Solar Array Chip

.

Legs cMOs Mvchs

Fig. 1-6. Concept of microrobot component. The robot consists of six 2-DOF
legs, motors for every link of each leg, a CMOS controller, and a solar array chip.
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Fig. 1-7. Photo of an in-house fabricated solar cell (Ieft) and aMUMPs
chip with microrobot legs (right). There are legs that are not assembled,
partially assembled and fully assembled. Solar cell by Colby Bellew [9].

1.4.2. Controller

Low-power CMOS controllers from the Smart Dust Project [85] will be used to
coordinate the robot locomotion. A finite-state machine could be implemented where
each state describes the discretized end-point positions of each leg and the output of each
state would be the corresponding control signals. The control signals are amplified by
30V transistors (fabricated by the in-house solar cell process[9]) to control the motors.

A preliminary Smart Dust controller is shown in Fig. 1-8. The controller was fab-
ricated in the National Semiconductors 0.25um CMOS process and has a photodiode,
pseudo-random sequence generator and charge pump. Thiscircuit is designed to consume

only 17uW of power.
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@ (b)

Fig. 1-8. SEM of apreliminary Smart Dust circuit designed to control an optical
communications device (Corner Cube Reflector). (a) The Smart Dust node with a
hearing aid battery. (b) Close-up of the CMOS controller. (From Warneke [85]).

1.4.3. Articulated Legs and Mechanical Couplings

The microrobot will have articulated legs such as the ones shown in Fig. 1-1.
Technique has been developed to create legs with multiple degrees-of-freedom (DOF).
Pister-style hinges enable polysilicon films to be folded into rigid shapes used as robot
links and hinges also are used as revolute joints to achieve articulation. Using this tech-
nique, a new class of articulated structures can be realized. Microrobots could be outfitted
with varying DOF-legs and link sizes. Fig. 1-9 shows an example of aleg design with 2
DOF having parallel axis of rotation. Each link has mechanical couplings that are to be
integrated with motors on the substrate. The mechanical couplings are created from a
combination of hinges, lever arms, and polysilicon "tendons.”
1.4.4. Actuation

Actuators are one of the toughest components to build. The requirements are |ow-

power consumption, high efficiency and compatibility with the leg components. Cur-
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Fig. 1-9. SEM of a2-DOF robot leg. The axis of rotations are paralel. The legs also
have mechanical couplings coupling each link to sliding shuttles on the substrate.

Fig. 1-10. SEM of an electrostatic linear inchworm motor fabricated in-house
using a deep reactive ion etch Bosch Process. These motors can produce hun-
dreds of microNewtons with moderate voltages and high power efficiency.

rently, the best actuator for autonomous microrobots is the electrostatic linear inchworm
motor described in Chapter 4 (Fig. 1-10). These motors can produce hundreds of pN of

force using moderate voltages and have efficiency of tens of percent, which is orders of
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magnitude higher than the efficiency of other motors with comparable force densities. In
addition, these inchworm motors scale favorably in the microscale and are fabricated in a
silicon process for better compatibility with the leg components. As described in Chapter

4, amotor with ImN of usable force operating at 1kHz would consume ~27uW of power.

1.4.5. Sensors

Future microrobots would gather environmental information through micro-sized
sensors. Among the micro-sized sensors available today are accel erometers, magnetome-
ters, temperature sensors, microphones, light sensors, hygrometers, and chemical/gas sen-
sors. These sensors could enable microrobots to gather data in hostile environments or
implement path planning such as object avoidance, finding heat sources, finding the
brightest light sources in an area, etc. For the controller to interface with most sensors,
supporting components such as amplifiers and analog-to-digital converters (ADC) would
be required. Power consumption of sensors, amplifiers, and ADC’s have been considered
in [23]. Power consumption depends on the resolution required. From [23], the energy
per sample for a 1V-supply voltage and 10-bit accuracy is ~1pJ for an input resolution of
AV=1pV (typical for acceleration transducers) and 1pJfor AV=1mV (typical for tempera-
ture transducers). The ADXL202, a commercial two-axis accelerometer by Analog
Devices, dissipates 800uW per axis from a 2.7V supply. From [23], the amplifier would
consume ~27uW and the analog-to-digital conversion would cost ~1nJ per sample for an

8-10 bit sample.
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1.4.6. Communication

In addition to sensing, future microrobots would also be able to communicate with
other microrobots or with a base station. Since data can be transmitted at a low rate to
accommodate power restrictions, the key figure of merit isthe energy per bit of datatrans-
mitted or received. Low-power communications for autonomous sensing nodes is one of
the research thrusts of Smart Dust and the results would be integrated into the microrobot.

The early Smart Dust nodes employed passive optical communications through the
use of MEMS corner cube reflectors (CCR) [85] (Fig. 1-11). Light incident onthe CCRis
reflected back in the same angle. A MEMS CCR has actuated base plate which could
break the orthogonality of the cube and change the reflection angle [16, 37, 40]. Using
this technique, an on-off-modulated signal could be transmitted from the node. This sys-
tem requires an interrogator with a laser source and an optical receiver while the node
transmits data with the CCR. Because the CCR is actuated electrostatically, the energy
cost of transmission is only ~100pJ/bit but line-of-sight is required. The communications

range depends on the laser intensity but is expected to be ~100 meters[5].

-

Fig. 1-11. SEM of acorner cube reflector fabricated in MUMPs. The base plate can
be electrostatically actuated to modulate the reflection angle. (From Hsu [40]).
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pixel array 1 Mbps pixel
& accelerometer

Fig. 1-12. Concept of the Steerable Agile Laser Transmitter (SALT) and receiver.

In avolume of less than one cubic centimeter, the SALT cube would contain a steer-
able laser source, optical lens, CMOS imaging receiver, low-power controller and
sensors. Courtesy of Matthew Last, Brian Leibowitz, and Gabe Matus [53].

The next generation of Smart Dust will have active optical communications by a
steerable laser beam [60] and a low-power CMOS imaging receiver that is capable of
receiving data at arate of 2.5Mbps[53] (Fig. 1-12). Thissystem should improve the capa-
bility of peer-to-peer communication due to beam steering. In addition, higher signal-to-
noise ratio from the CMOS imaging receiver would increase the range of communications
to the order of 1km. The power consumption of the image receiver is~50uW/pixel so the
energy cost for receiving is ~50uW/2.5Mbps = 20pJ/bit per pixel. The energy cost of
transmission is 10mW with arange of ~1km. In comparison, RF communications requires

~100nJ/bit in the 2.4GHz band with arange on the order of 10 meters.
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1.4.7. Gait

An articulated microrobot can have several gaits depending on the configuration of
legs and leg designs. The larger number of DOF, the more agile the robot will be. How-
ever, the legs would be more difficult to build. The number of links are related to the
number of DOF and the type of joint. If each joint on aleg has one degree of freedom,
then the number of links equals the number of DOF. The most basic microrobot would
have two 2-DOF legs. Thisallowsfor acrawling gait (Fig. 1-13). If both legs move syn-
chronously, then the robot moves straight. If one of the legs move while the other stays
stationary, then the robot turns toward the side with the stationary leg.

The two-legged robot described above will have to overcome the friction of the
dragging body. In addition, the legs will need to have a greater contact friction with the

crawling surface than the body's contact friction in order to crawl forward. One way to

Top View

D Not actuated
Leg

Forward-Straight I Actuated
Microrobot

| i

Right

Left

Fig. 1-13. A crawling microrobot with two legs. To go straight, both legs are
moving synchronously. To turn left, the right leg moves while the left leg
remains stationary. Vice versato turn right.
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achieve this is to design the body to have a smaller contact area. To avoid the friction
involved in dragging the robot along a surface, the robot can be designed with six legs.
Such a robot would use a double tripod gait for static stability. This gait achieve static
stability by moving three legs at a time while another set of three are stationary and
supporting the body. This stability comes at a cost of greater complexity and required
yield as the robot would need at least 12 motors for six 2-dof legs. The robot would aso
require a larger volume and weigh more. A robot with a lower power requirement could
have three actuated legs and three non-actuated legs. The three actuated legs move in
synchrony just like in the previous example. The three non-actuatored legs only serve to
support the weight of the body between the forward phases of the locomotion. They
could be simple legs with one DOF for assembly into a 90 degree position. Once in
position, the legs could be locked into this position using latch mechanisms [68]. This
microrobot would require only six motors for three 2-dof legs. The following Chapter

describes how such legs are built.
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CHAPTER 2. ARTICULATED MECHANISM

2.1 Introduction

Unlike macro-sized robots where components are readily available off-the-shelf,
al the components of a micro robot have to be designed and built. Whereas macro robot
designers concentrate on controls and optimization, a micro robot designer has to first
consider how the mechanisms can be fabricated before optimization. In this chapter, we
will describe the techniques used to create the mechanism.
2.2 Legsor Wheels

Although mini-robots use wheeled locomotion, microrobots typicaly use legged
locomotion because fabrication and assembly of wheels on the microscale is problematic.
In addition, micro wheels would suffer from friction in the axel. Instead of wheels,
microrobots are designed with legs and articulated joints, similar to insects, natures
“microrobots.” In 1992, Suzuki et a., introduced the concept of creating insect-like
microrobots with exoskeletons made from polysilicon plates and flexible polyimide joints
[79]. We continue in that direction by proposing a class of articulated microrobots using
hollow triangular beams (HTB’s) as links, microhinges (Fig. 2-1) [93] as revolute joints,
and linear electrostatic stepper motors for actuation [91]. Figure 2-2 shows a SEM photo
of the micromachined components that can be used to create an articulated microrobot.
All the components in this chapter are fabricated from the commercial MUMPs process
unless otherwise indicated.
2.3 Rigid Links

A surface micromachined link, made from thin film polysilicon, must be rigid and

strong enough to at least support the weight of the microrobot. HTB’s have been designed



Articulated Mechanism 18

10HM 20KV oo S oo 001 S

@ (b)
Fig. 2-1. Two versions of microhinges. (@) Scissor hinges alow two released
structures to rotate with respect to each other. (b) Substrate hinges allow a
released structure to rotate out of the plane of the substrate.

Fig. 2-2. SEM picture of various surface micromachined components
for articulated microrobots. Included are inchworm motors, mechani-
cal couplings, and rigid links.

and tested to satisfy these conditions. Figure 2-3ashowsthe CAD layout of one version of
an HTB. The HTB is designed with three plates connected with scissor hinges (Fig. 2-

1a), which allow two plates to rotate with respect to one another. The hinged plates are
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Fig. 2-3. HTB’s. (a) CAD layout of an HTB with scissor hinges, substrate
hinges, snaplocks, center plate, and side plates. Thisversion hasaright trian-
gular cross-section. (b) SEM pictureof an HTB. A buckled beam jack [18] is
used as an assembly aid.
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Fig. 2-5. HTB’srotated by 90° (foreground) with respect to the substrate. A
comb-drive resonator is located at the lower right corner of the picture for size
comparison.

assembled at a probe station using tri-axial micromanipulators with probe tips. The two
side plates are folded up and over the center plate, creating a hollow triangular beam. The
two side plates have snaplocks (Fig. 2-4) along the top edges to fasten the hinged platesin
position after rotation into the desired angle. Figure 2-3b shows a SEM picture of an
assembled HTB with substrate hinges (Fig. 2-1b) that allow the HTB to be rotated off of
the substrate. ThisHTB has aright-triangular cross-section. Figure 2-5 shows HTB’sthat

have been rotated out of the plane of the substrate after assembly.
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Fig. 2-7. Stop-motion pictures of HTB collapsing under aload.

2.4 Siffness

To find the strength of HTB’s in the axial direction, a glass box was placed on top
of four 432um tall, rotated HTB’s (Fig. 2-6). A loaded HTB was viewed and video-
recorded from the top view through the glass box with a microscope and TV/VCR setup.
Water was then injected slowly from asyringe into the glass box until the HTB’s col | apsed.
Videotape of the collapse indicated that when the critical load was reached, the snaplocks
brokefirst (Fig. 2-7). Next, the scissor hinges broke, freeing the side plates from the center

plate. Figure 2-8 shows the remains of the four center plates after a loading test. All
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Fig. 2-8. Pictures of the remains of four corner HTB’s

Fig. 2-9. Force being applied to both aflat beam and a hollow triangular
beam. For the dimensions given in the text, the hollow triangular beam is 5
orders of magnitude stiffer than the flat beam.

polysilicon plates broke in approximately the same place, while al the substrate hinges
remained intact. Total loadsfrom 8.7 to 10.5gm have been observed at failure. If all twelve
plates that made up these four HTB’s were independent, the plates would fail by buckling
at a calculated total critical load of only 0.4gm.

Similarly, we expect the HTB to have a higher stiffness compared to flat beams
(Fig. 2-9). A clamped-freeflat polysilicon beam 1mm long, 100um wide, and 2um thick
has a spring constant of approximately 0.04N/m under small deflections. However, if we
could create an HTB with rigid corners, the spring constant would be increased to 1,400N/
m. Since, in reality, the HTB does not have rigid corners due to the snaplocks and scissor
hinges, we expect the HTB to be stiffer than aflat beam though not as stiff asan HTB with

rigid corners.
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Fig. 2-10. Multiple DOF links. (a) A hollow triangular beam (HTB) has 3 dif-

ferent edges at each end where a joint may be placed. (b) Diagram of a 3-DOF
articulated structure with 3HTB's.

2.5 Articulated Joints and Multiple DOF

HTB’s can be connected in series with scissor hinges as revolute joints to create
multiple degree of freedom (DOF) structure (Fig. 2-10). Fig. 2-11 shows a 3-DOF
articulated leg created from two rigid links. The leg has apin-joint and two scissor hinges.

Since scissor hinges are used as revolute joints, their maximum angles of rotation
affect the workspace of the manipulator. Various versions of hinge designs have measured
maximum angles of rotation ranging from 111° to 146°. Deflection past the maximum
angles of rotation is still possible as the two polysilicon plates connected by the scissor
hinges bend elagtically.

To give an estimate of the critical load on these scissor hinges, HTB’s were tested
on a standard probe station to failure. In these tests, unassembled HTB’s (with right
triangular cross-sections) were rotated 90° from the substrate. The center platewas held in
position by two probe tips while the longer of the two side plates was rotated to the
maximum angle then deflected slowly until failure (Fig. 2-12). Force was applied to the
free edge of the side plate. By measuring the deflection of the side plate (assuming the

center plate deflection at the hinge is small), a maximum force of roughly 1,000uN
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Fig. 2-11. (a) SEM of a 3-DOF leg with two links fabricated in the
MUMPs process. Each link is 1.2mm long. The leg was assembled and
rotated off the edge of the chip. (b) Close-up SEM of where the first link
connects to the substrate via a scissor hinge and pin-joint.
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Fig. 2-12. Test procedure of scissor hinges. (a) Unassembled HTB. (b)
Rotate HTB plates to 90° off the substrate. (c) Rotate side plate until maxi-
mum deflection isreached. (d) Deflect side plate lowly. (€) Scissor hinges
break.

(equivalent to the weight of a 1cm? silicon di e) was estimated before the hinges broke.

2.6 Mechanical Coupling

Mechanical couplings connect rigid links to motors and convert linear force to
torque at the joints. Each link requires its own mechanical coupling and motor. Surface-
micromachined mechanical couplings are constructed from dliders, lever arms, and con-
necting-rods [92]. For arobot with substrate motors, the mechanical couplings require n

degrees-of-freedom for the n-th link from the substrate. For example, a smple 1-DOF
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Fig. 2-13. SEM of adlider crank created from a hinged plate, connecting
rod, and dider.

sliding crank such as the one shown in Fig. 2-13 can be used to couple the first link. To
couple the second link of the leg, we would need a 2-DOF mechanical coupling. A five-
bar linkage with adliding crank (Fig. 2-14) can be used to provide this additional degree of
freedom. Fig. 2-15 shows a 2-DOF test structure with two serial links and two mechanical
couplings. The first mechanical coupling rotates the entire two-link structure while the
second mechanical coupling rotates the polysilicon plate (second link). Fig. 2-15b shows
how the second mechanical coupling can go through the first link and couple to the second
link. Links, joints, and mechanical couplings together create an articulated leg. Fig.

shows 2-DOF articulated leg with two links, two revolute joints, and two mechanical cou-

plings.
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Fig. 2-14. Diagram of adlider crank coupled to afive-bar linkage. The lighter
lines indicate the outline of the rigid links. Note that the rigid links and the
substrate form part of the five-bar linkage.
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Fig. 2-15. Mechanical coupling for 2-link structure. (a) SEM of a 1-DOF and 2-
DOF mechanical coupling test structure. (b) Close-up SEM of alever arm inside
thefirst link.
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(b)

Fig. 2-16. 2-DOF legs and mechanical coupling. (a) SEM of a 2-DOF leg with two
links and two sets of mechanical couplings. (b) Close up SEM of the first link of the
2-DOF leg with the mechanical couplingsin view.
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CHAPTER 3. ACTUATION

3.1 Introduction

Actuation is one of the biggest challenges in building a microrobot. Actuators are
also a key building block. Unlike macro-sized robots where off-the-shelf actuators are
available, microrobot actuators are not. Instead, microrobots require micro actuators that
are specificaly designed and fabricated for the purpose. Although there are plenty of
papers in literature on MEMS actuators, few provide a complete set of performance met-
rics from which to compare the actuators with. In this chapter, we will propose a set of
actuator figures of merit for autonomous microrobots. Using these figures of merit, we
will show that electrostatic actuation is the most appropriate for autonomous microrobots
compared to other alternatives. Next, the theory, design, fabrication and performance of
electrostatic gap-closing actuators would be presented.
3.2 Figuresof merit
3.2.1. Output Power Density

Since microrobots have extremely limited volume by definition, appropriate actua-
tors must produce adequate power in a small volume. The output power density (mﬂa) IS

the amount of power produced by the actuator per unit volume.

Pp = 1 (work |:lpycles) _ force Ctroke [freq (3_1)

volume\cycle ~ sec volume

The minimum force and maximum frequency should be used in the calculation. The out-
put power density takes into account of the force, actuator stroke, speed, and size of the

actuator.
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3.2.2. Force density and force coefficient

In theory, output power density isthe only issue when finding the right actuator. In
practice, actuators must generate the minimum force required with a limited actuator vol-
ume regardless of output power density. For example, an actuator with low force, large
stroke and high drive frequency may produce high power but would require large lever
armsto lift arobot leg. The limitation in this case would be the total volume available on
the microrobot. On the other hand, a low power actuator with high force but a small
stroke and low maximum frequency may still be usable. A small stroke can be repeated
and accumulated with an stepping action [2, 21, 80, 92] and low frequency would simply
mean the microrobot will move slower which may not matter.

To compare different actuators, the force density should be normalized to the input

power. We define this ratio as the force coefficient (y):

force _ . _ force _
Volume ~ Y Hinputpower) —y = 2o [input power) (3-2)

3.2.3. Efficiency

Even if an actuator meets the output power density and force coefficient require-
ments, it may still not be practical for autonomous microrobots if the power efficiency is

low. Theefficiency is defined as:

_ Output Power _ Output Energy (3-3

" Input Power Input Energy

As shown in Egn. 3-3, inefficient actuators require high input power which the on-chip
energy source may not be able to provide. For example, a 1cm? solar cell with 10% con-
version efficiency can only provide ~10mW of power in full sunlight so for a robot with
10 motors, each motor can only have consume ImW. With a power efficiency of 1%, each

motor would only generate 10uW of power.
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3.2.4. Integration

Though not a quantifiable figure, integration of the actuator with the rest of the
robot (legs, power supply, control circuits, etc.) is non-trivial and should be considered
when evaluating an actuator. Since our microrobot is fabricated in silicon, it would sim-
plify integration if the motors were also fabricated in the same process along with the
microrobot mechanisms such as legs and mechanical coupling. Alternatively, motors
could be fabricated separately and then transferred to the microrobot by techniques such
as gold bump flip-chip transfer [72]. Thiswill be discussed in further detail in Chapter 6.
3.3 Comparison of Actuation Methods

MEMS actuators fall mostly into four categories. magnetic, thermal, piezoelectric
and electrostatic. A good review of some of these actuators can be found in [25, 47]. In
this section, we will briefly describe the each method and consider its figures of merit.
3.3.1. Thermal Actuation

Several types of actuation based on the thermal expansion have been demonstrated
in MEMS including “unimorphs,” bimorphs, and shape memory alloys (SMA). In “uni-
morphs’, the actuator is heated by running a current through a single material such as sili-
con and the expansionis:

AL = aL(AT) (3-9)
where a is the thermal coefficient of expansion, L isthe original dimension, and AT isthe
temperature change. Asymmetry in the geometry of the actuator causes the expansion of
the actuator to one direction. A popular example is an actuator that has a wide arm cou-
pled to a thin arm [21, 36]. Force and displacement are geometry dependent and have

been analyzed in [22, 48]. The microrobot proposed by Kladitis et al. [45] are based on
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arrays of these actuators. The power efficiency of these actuators are on the order of 10°

4% due to thermal dissipation from the actuator into the surrounding air and substrate.
Another example is the microgripper by Keller et a. [44]. This gripper was fabricated in
HEXSIL, a silicon mold process, and was able to pick and place 1 x 4 x 40um silicon
dioxide pegs into 4 x 4um holes in silicon using 75mW of power. Thermal expansion of
other materials such as polyimides has also been exploited. The first walking microrobot
(non-autonomous) used polyimide-filled v-groove (PVG) joints [24]. When heated with
resistive heaters, the wider surface of the PV G joint expands more than the narrower bot-
tom, which rotates the connected silicon plates. A 30pum deep x 70pum wide x 600um long
polyimide-filled v-groove joint/actuators generates a force of ~1mN, a stroke of up to
150um with a200mW input power at an efficiency of 0.001% [24].

Another method to achieve differential expansion between two coupled structures
arethermal bimorphs. In this method, the difference in expansion is between two mechan-
ically-coupled materials with different thermal expansion coefficients. A heating element
is typically sandwiched between the two materials. An example is the ciliary motion
bimorphs by Ataka et a. [3] where a2.4mg mass is moved at a velocity of up to 500pm/s
by an array of 512 polyimide bimorph cantilevers with an input power of 4mW per canti-
lever.

Shape memory alloys (SMA) can produce large force and displacement when it
undergoes a thermally-induced phase change. Good reviews of microfabricated SMA can
be found in [41, 49]. A SMA microgripper was demonstrated with an opening of 110um
when heated to 70°C with an input power of 30mW at 100Hz [51]. With a power density

on the order of 10°W/m?q [49], SMA's have attracted some attention as a potential microro-
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bot actuator [13, 50]. However, an efficiency limit of less than 10% [33] is adrawback for

autonomous systems.

Overall, thermal actuators are mechanically robust and can produce large force and
displacement. However, the low power efficiency due to heat dissipation makes thermal
actuators an impractical choice for autonomous microrobots.

3.3.2. Magnetic Actuation

Magnetic actuation is typically based on generating Lorentz force, which is given
by:

F= pd xB (3-5)
where | isthe current on a conductor, di isthe differential conductor element and 8 is the
magnetic flux density. Implementation usually involves putting a suspended movable cail
in a constant magnetic field or a suspended magnet in a modulated electromagnetic field.
Magnetic actuators can produce large force and displacement. Chang et al. created surface
micromachined magnetic actuators with 100um of throw and forces on the order of 1-
10uN with an input current amplitude of ~50mA [15]. To generate large forces, current on
the order of 0.01-1A are needed. Unfortunately, high current is difficult to provide using
on-chip energy sources. Miki et al. bypassed this problem by using an external magnetic
source (100 Gauss, 100Hz) to actuate a mechanical flying insect with 900um-long nickel
rotors [61]. However, the insect can only operate inside the field-generating coil. In addi-
tion, heat loss due to finite coil resistance reduces the efficiency of magnetic actuators.
For example, a rotational magnetic motor by Teshigaraha et al. has an efficiency of

0.002% [83].
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3.3.3. Piezoelectric actuation

Piezoel ectric materials produce a potential difference when strained and produce a
strain when a potential difference is applied. These actuators can generate large forces/
torques, consume low power with high efficiency, can be driven with low voltages, and is
mechanically robust, making them a potential candidate for autonomous microrobots. In
fact, several proposals can be found in literature about piezoelectric microrobots [28, 74].
However, fabrication and integration with silicon devices is difficult. When integration
issues are resolved, then piezoelectric actuators could be the best solution for autonomous
microrobots.
3.3.4. Electrostatic Actuation

Electrostatic actuators generate force by accelerating electrically-charged conduc-
tor(s) inan electric field. Depending on the suspension design, the conductor(s) can move
perpendicular to the primary electric field flux asin aresonator [82], in the direction of the
electric field flux asin agap-closing actuator [2, 16, 93], or in a non-orthogonal direction
as in the tangential drives [10]. Compared to the previously-mentioned actuation meth-
ods, electrostatic actuation is the most practical option for autonomous microrobots at this
time. Aswe will describe in this section, electrostatic actuators have a high power effi-
ciency, a high force density and an energy density which scales favorably in the micros-
cale. In addition, electrostatic actuators only need insulating and conducting materials
which integrates well with silicon processes without requiring special materials, magnetiz-
ing step or annealing steps. One disadvantage compared to thermal and magnetic actua-

tion is the force-displacement trade-off. However, in general, this problem has been
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solved by using an inchworm or stepping cycle to accumulate large displacements over

time. Examples can befoundin[2, 21, 80, 92].

3.3.4.1. Efficiency of electrostatic actuators.
The energy stored in a parallel-plate capacitor is:

u, = %cv 2 (3-6)

Cc C

where C is the capacitance and V.. is the voltage across the capacitor. This is the energy
used to produce work in an electrostatic actuator. Efficiency depends on the charging

technique. For a step-input voltage source, the energy required to charge the capacitor is:

T Vi

U= P, 0T = IV, [T = Vide\;ct(t)dt = v fcy, = cvf (3-7)
0 o]

where P; isthe input power, T is the time to charge the capacitor from zero to V;, the input

voltage. The efficiency limit (Egn. 3-3) isthen:

7= %9 = 50% (3-9)

Twice the stored energy must be supplied to charge the capacitor regardless of the magni-
tude of the series resistance (from the capacitor, switch, etc.). Half of the power islost in
thermal dissipation from the series resistance in the charging path (switching dynamics).
Power loss can be reduced by pseudo-adiabatic charging [4, 66, 67], which is a
process with little thermal dissipation. The basic idea is to charge the capacitor with an
input voltage signal that varies linearly from O to V over a period T >> RC [67]. The

energy lossisthen:

| =PT= @CVZ (3-9)
Assuming the capacitors are similarly discharged, the efficiency is then:
1.2
_ Ue _ ECV _ T
=20 +0, T RC+T (3-10)

RC 2,12
2_|_CV+2CV
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This means the slower the input voltage is ramped, the more efficient the charging

becomes. The cost is a slower switching frequency. This is a disadvantage for systems
such as microprocessors where speed is a magjor concern. However, for autonomous
microrobots, power is a major consideration rather than speed. In addition, for electro-
static actuators, the RC time constant is likely to be much faster than the mechanical time
constant. For example, an array of electrostatic actuators with a maximum capacitance of
10pF and a series resistance of 100kQ would need a charge time of >> 10us to increase
efficiency. A charge/discharge cycle of >> 20us corresponds to a switching frequency of
<< 50kHz. In comparison, alarge actuator array modelled as a mass-spring system with a
mass of 25ug and a suspension spring constant of 1uN/um has a resonant frequency of
~1kHz. If the actuators are switched at the 1kHz, the efficiency would be 92%. The theo-
retical limit of the efficiency would then depend on the mechanical speed of the actuator.
Several implementations of adiabatic charging has been proposed and demon-
strated in low-power circuits [4, 42, 67, 96]. One implementation is inductive charging
[96] shown in Fig. 3-1 .Suppose the initial voltage across the capacitor is zero. When the

switch is closed, the inductor sees a potential difference of V¢/2. This causes current to

L R

——"—AN

@ A

Fig. 3-1. Circuit model for adiabatic charging of a capaci-
tor using inductor.
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build up in the inductor as the potential difference across the capacitor swings towards V.

When the V=V, then the switch is opened. The energy dissipated is[42]:
U, = %C(AV)[l —e @ J (3-11)

where a=R/2L and wy is the drive frequency.

3.3.4.2. Force dendity of electrostatic actuators

Electrostatic actuators also scale favorably due to Paschen’s Law (Fig. 3-2) which
states that the breakdown electric field increases with decreasing electrode separation in
the microscale [34, 65]. The breakdown voltage at a separation of 2um and a pressure of
1 atmisabout 300 V which, as the next section shows, can generate force densities on the
order of 10mN/mm?q.
3.4 Comparison of Electrostatic Actuators

There are three common types of electrostatic actuators. gap-closing, comb-drive
[82], and scratch-drive [2]. All three types are based on applying a voltage between a
movable electrode and a stationary electrode. The force generated depends on the direc-

tion of motion of the movable electrode with respect to the electric field:

10000
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Breakdown Voltage (V)
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Breakdown Voltage

Breakdown Field - — -

1000

100

(wirizA) pIoL] tmopyeag

100 1000
Separation-Pressure ([Lm-atm)

Fig. 3-2. A plot of the Paschen Curve-- breakdown field as a function
of the electrode separation and pressure. (Judy [43]).
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movable electrode

N
Stationary electrode

Fig. 3-3. Diagram of agap-closing actuator. The movable elec-
trode is separated from the stationary electrode by an initial gap
(90)- An applied voltage pulls the movable electrode towards the

increasing applied voltage

| N + I
o 0z 0.4 0.6 [ak:] 1 12 1.4 16 18 2

Fig. 3-3. Plot of force vs. electrode position for a gap-closing
actuator with t=50um, 1=100um and initial gap of 2um.

_ QU _1.9C 2 i
Fo 20 1dCy, (3-12)

where z isthe direction of motion. The capacitanceis:

C= éé-' (3-13)

where g is the gap between the two electrodes, € is the permittivity of the gap, t and |

define the area of the electrodes. For the basic gap-closing actuator (GCA) shown in Fig.
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3-3, the direction of motion is along the electric field so the force isinversely proportional

to the gap sgquared:
Fooa = 3805V (3-14)
9
The force-stroke curve is shown in Fig. 3-3 at different voltages. The force-stroke curve
shows a high clamping force at the end of a stroke which could be useful in certain situa-
tions. Egn. 3-14 can be rearranged as:
(3-15)

o A Y 607 = e Yoo

T breakdown voltage limited
etch aspect ratio limited
lithography limited
dielectric limited

where A=t/g is the aspect ratio of the electrodes. From the above equation, it is apparent
that the force limit of GCA's are due to the permittivity of the dielectric between the elec-
trodes (usualy air or vacuum), the lithographic feature size (typically ~2um), the elec-
trode aspect ratio (~20:1 using DRIE silicon etching) and the breakdown voltage (~300V).
Using the numbers just provided, the limit is 0.4mN per GCA unit cell with electrode
length of 100pm. To create more force, aparrellel array of GCA unit cells can be created.
For comb-drive actuators (Fig. 3-4), the direction of motion is perpendicular to the
electric field so the electrostatic forceisinversely proportional to the gap:
Feom = 305V (3-16)
Since the electrode moves parallel to each other, the force remains constant throughout the

stroke. Asthe gap is on the order of 10°%m, GCA's generate more force than the comb-

drives at the same voltage. We have demonstrated a 1mm x 0.6mm x 50um array of 86
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movable electrode

Fig. 3-4. Diagram of acomb-drive actuator. An applied voltage pulls the
movable electrode parallel with the stationary electrodes in a direction that
increases the overlap (I) between the electrodes.

GCA's which generated a measured force of ~260uN with 33V (~8\7*é%n—3) with an esti-
mated 8% efficiency [91]. Comb-drive actuators can also generate large forces at a
dightly lower force density per voltage squared. Saif et al. designed a 4mm x 5mm x
12.5um array of 9000 comb drive actuators that could generate ~1.5mN of force at 50V
(~2.4\7%)’) with an estimated 25% efficiency [70].

The scratch-drive actuator (SDA), invented by Akiyamaet al. [2], is another popu-
lar electrostatic actuator with high force densities, simple geometry, and can be fabricated
in the commercial MUMPs process. The main component is a polysilicon plate with a
bushing (Fig. 3-5). A 75um x 60um x 3um SDA generated a measured force of 63uN
with £112V (~ 20\71;:—mg) [2]. Theforce density is much higher than both the GCA's and
comb-drive actuators and the total displacement is essentially unlimited with step sizes on
the order of 10nm. However, the SDA requires an electrode (at the SDA potential) the
length of the total displacement. This electrode is separated from the opposing electrode

(substrate) by a 0.5um nitride, forming a potentially large parasitic capacitance which

reduces efficiency (on the order of 0.01% for atravel of 100um).
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Insulator

Bushing

Fig. 3-5. The scratch-drive actuator (SDA). (a) Schematic of the
main components. (b)-(e) cross-sectional view of the SDA in step
motion by electrostatic pull-down of the plate. (From Akiyamal[2]).

Overall, though scratch-drive actuators are not efficient, they evidently generate a
much higher force density compared to gap-closing actuators and comb-drive actuators.
SDA's are thus useful in applications where power consumption is not a magjor consider-
ation. For example, they have been used in the assembly of hinged structures [1, 2, 46],
micropositioning [55] and actuating micro-optical devices [20, 52, 54, 78]. For autono-
mous systems, the efficient gap-closing actuators and comb-drive actuators are both
attractive options. With a high force density and a high clamping force at the end of a
stroke, the GCA's are currently the best choice for autonomous microrobots at least until
integration issues of piezoel ectric actuation are resolved.

3.5 Gap-Closing Actuator Design
The basic GCA consists of two parallel beams of length, I, and thickness, t, sepa-

rated by aninitial gap, g, (Fig. @). One beam isanchored to the substrate while the other is
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stationary electrode . .
movable electrode isolation electrode

(a) (b) (©

Fig. 3-6. Different gap-closing actuator topologies. (a) unit cell of ssimple one-
directional GCA. (b) unit cell of one-directional GCA with an additional electrode
to isolate the electrical field lines from the movable electrode to the stationary elec-
trode of the next GCA unit. (c) unit cell of bi-directional GCA.

supported by a spring. To prevent shorting between the two beams, an anchored gap-stop

biased at the same potential as the supported beam is used. The gap between the gap-stop

and the supported beam, gq is less than g. This gap, g, defines the actuator stroke. To

generate more force, parallel arrays of GCA unit cells can be formed. Fig. 3-7 shows an

example of aone-directional GCA array with two unit cells separated a gap of zg,.

3.6 Satic Model

3.6.1. Forces

In static equilibrium, the forces acting on the movable electrode in Fig. 3-7 are:

Fop+Fap+tFg=0 (3-17)

where Fo, Fep are the electrostatic forces acting from the left and right sides of the beam,

respectively, and F, is the spring restoring force. The main electrostatic force, Fg, is:

o1 = 0 %SONVZLZ (3-18)

(go _X)
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]

Fig. 3-7. Anarray of two gap-closing
actuators.

7

where a isthefringe field factor [12], g isthe gap between the electrodesin a GCA unit, N
is the number of GCA’s in the array and x is the position of the movable electrode as
shown in Fig. 3-7. Note that a isafactor of the aspect ratio t/g and approaches unity for
aspect ratio > 5[12]. Fg,isgiven by asimilar equation:

Fe, = _G%SONVZ(ngt—Lx) (3-19)
where zx g, is the distance between GCA unit cells. Note that thisis a parasitic electro-
static force that acts against F¢;. Fgisgiven by Hooke's Law:

Fy = —kx (3-20)
3.6.2. Pull-in Voltage and pull-in gap
In quas static equilibrium, the total energy in the GCA system is stored in the
capacitor and spring:
U(@.V) = 3k(05=0)" ~560g V" (3-21)
where g is the moving electrode position, V is the applied voltage between the electrodes

and k is the spring constant of the electrode suspension. Fig. 3-8 shows a plot of the total
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Fig. 3-8. Total energy of the GCA system as a function of the gap
and applied voltage.

energy as afunction of the gap for several applied voltages. The stable equilibrium point,
ey ISWhere the total force s zero:
F= (;lgU(g, Vlgzg, = O (3-22)
and the effective spring constant is > O:
ket = oF = TU@M) 5 (3-23)
At an applied voltage of V;, the equilibrium position is ~0.95g,. As the voltage is raised,
the equilibrium point shifts and the gap is reduced. There exists a pull-in voltage, V;,
where the system becomes unstable (F=0, kg < 0) and the gap is snapped closed [18]. The

point where this occursisthe pull-in point, g,;. By using the two conditions for instability

(F=0, kg < 0) and Egn. 3-22 & 3-23, we derive the pull-in voltage and pull-in point to be:

k
€

3
o}

(@)

vV, =

il

(3-24)

N

(o]

9 = 5% (3-25)

All voltages above Vy,; would cause the gap to snap closed without any equilibrium points.
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With aload of F|, the energy function becomes:
U = 3K(Go-0)° =360V + Fi(g-0) (3-26)
Using the conditions at the onset of instability given by Eqgns. 3-22 & 3-23, the pull-in

voltage and point are:

V- 8. (3-27)

N @20

3.6.3. Failure Voltage
The pull-in voltage, Vy;, gives the lower voltage limit for GCA operation. The
upper voltage limit depends on the GCA design. When a voltage greater than V; is
applied, the GCA movable electrode moves to and stops on the gap stop. However, if the
voltage is high enough, the gap stop will not prevent the two electrodes from making a cat-
astrophic contact. Depending on the gap stop location and electrode design, the contact
can be made by the movable electrode bending either as a clamped-clamped beam or a

cantilever towards the stationary electrode, or the movable electrode and the stationary

>
l - ? é
| |
%D IIILgs

I I

| |
(a) 7_ (b)

Fig. 3-9. Maximum voltage allowed is limited by non-rigid behavior of the elec-
trode. Above is one of the examples of such behavior. (a) Initia position. (b)
After voltage is applied, the movable electrode makes contact with the gap-stop.
(c) Movable electrode bends towards the other electrode and makes contact.
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electrode can bend towards each other. Deriving the closed-form solution for these non-
linear problems is still an open problem. However, for the case where the movable elec-

trode bends in cantilever fashion toward arigid stationary electrode, the maximum voltage

v = 0.28Ew’d’ (3-29)
£I4(1 + 0.42%)

The force density of the GCA array at the initial gap is a good metric to compare

is approximated by [64]:

3.6.4. Force Density

different GCA designs. The force density is defined as the maximum usable force in a
given volume. The usable force is defined at the initial gap when x=0 because that force
must be high enough to overcome the load. The maximum force is generated when the
applied voltage equals the failure voltage (Egn. 3-29). The calculations are different for
each GCA topology (Fig. ). This section will derive the force density of the basic GCA
topology in Fig. 3-7. The unit cell volumeis:

Volume = area x thickness = (2w+ g+ zg) x| x t (3-30)
The force density then can be derived by substituting x=0 and V=V, (Eqn. 3-29) into

the total force (Egn. 3-17) and dividing it by the volume:

33
A e -
Tt

where E isthe Young's Modulus of Silicon. From Egn. 3-31, we can determine the upper
limit of the force density of a GCA array purely by it's geometrical design. The actual

force density would be lower than given in Egn. 3-31 if areas used for non-force generat-
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ing structures such as bond pads, springs, trusses, etc. areincluded. A good metric to eval-
uate GCA array design would be the area efficiency:

_ actuator area _
~  totad area (3-32)

where area is the area of the unit cell.
3.7 Dynamic M odel

Next, we examine the one dimensiona dynamic analysis of the moving GCA
array. We consider the following forces in our model:

mx +bx+kx = F +F (3-33)

e2tFL

where Fg, Fep, were given in Egn. 3-18, 3-19, respectively, and F| is the load. We
assume damping is dominated by the squeeze film effect, which becomes significant at
high speeds or when the gap between the beams becomes small compared to the length

and thickness of the beams. The following damping forceis based on Starr [76]:
) _N(l-o.eit)t3lp)_( b (3.3

(9,-%° (9,-%°

where u isthe viscosity of air and t <|. Substituting Eqgn. 3-18, 3-19, and 3-34 into Egn.

Feq

3-33, we arrive at the 1-D dynamics equation for the supported beam:

; bx B 11 _
mXx + (gl—X)3 +kx = ke((gl—x)Z (gz—x)2) +F_ (3-35)

where k, = ZNe,tIv°.

At high drive frequencies, squeeze film damping dominates and Eqgn. 3-35 can be
rewritten as (assuming F| =0):
b gk _Ke (3-36)

(g-x° 9 (g-x?
Solving t as afunction of position, X, we get:

_ (% b
t= leke(g—x)dx (3-37)

where x; and x, are theinitial and final electrode positions.
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Fig. 3-10. Four SEM photos of a DRIE etched SOI sidewall. (a)-(d) shows the var-
ious tip densities possible by varying the passivation/etch cycle times. (From Mil-
anovic [59]).

3.8 Optimization

Optimizing the GCA array for the highest force density depends on the specific
topology of the array. The parameters to designing a GCA topology as shown in Fig. 3-7
are: electrode gap (g), gap between gap-stop and electrode (g), electrode thickness (t),
electrode width (w), electrode length (1), and surface roughness of the electrode sidewalls
(Ry). The effect of each parameter on the GCA force density (Egn. 3-31) is discussed in
this section.

3.8.1. Initial gap (g)

The smaller the gap the higher the force density. The lower limit of the initial gap
is determined by the surface roughness of the electrode sidewalls and field emission. If
the electrodes are fabricated from deep-reactive-ion-etched SOI wafers, they will have
scalloped tips on the sidewalls as shown in Fig. due to passivation/etch cycling. To pre-
vent shorting, the final gap must be greater than the surface roughness or tip height of the

electrode sidewalls;
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Final Gap = g—g> 2R, (3-38)

Field emission from the scalloped tipsis afunction of the radius of curvature of the
sidewall features, the gap and the voltage between the gap. From [59], STS-etched SOI
wafers with 22um-thick device layer silicon tips separated by 2.2um conducts a current of
~0.2mA at 40V at lowered pressuresin the millitorr range.

3.8.2. Actuator stroke (g

Larger stroke results in lower force (Egn. 3-18). This gap is determined by the
maximum aspect ratio A achievable and the thickness of the device. The aspect-ratio is

defined by the deepest and most narrow trench etchable:

_ trenchdepth _ t (3_39)

" trenchwidth g

3.8.3. Electrode thickness (t)

The thicker the electrode the higher the force density until t>xxg,. After that
point, the force density would decrease as the gap would have to be increased in order for
the GCA to be fabricated.

3.8.4. Maximum voltage (V)

The maximum GCA voltage alowable may be limited by the buffer transisters.
The current buffers are made in the solar cell process and has significant |eakage current
through the channel when the drain-source voltage is ~30V. There is also a voltage limit
imposed by the ionization of gas between the electrodes as mentioned in Section 3.4.
From the Paschen Curve, if the final gap (g-g) is 2um and the pressure is 1atm, then the

breakdown voltage is approximately 300V.
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3.8.5. Electrode length (1)

The longer the electrode, the higher the area efficiency because there will be less
percentage of the area spent on support structures. In addition, from Egn 3-18, the force
increases linearly with length. However, the failure voltage (Egn. 3-29) is proportional to
171> and the electrostatic force is proportional to the voltage squared (F,01/1*) so the
shorter the electrode, the higher the force density achievable.

3.8.6. Electrode width (w)

The larger the width, the larger the unit cell (Molume ~ w) becomes which would
decrease the force density. However, since the failure voltage is proportional to w*? (Egn.
3-29), the force density increases instead as this effect dominates.

3.8.7. Unit cell separation (2)

The larger the unit cell separation the lower the parasitic electrostatic forces (Egn.
3-19) which increases the force density. However, as the separation increases so does the
total actuator area which decreases the force density.

3.8.8. Optimization for high force density

All of the above parameters except for length, width and separation should be cho-
sen first. Length, width, and unit cell separation have coupled effects and should be opti-
mized simultaneoudly. Optimum values can be determined by plotting the force densities

(Egn. 3-31) using the values for predetermined parameters shown in Table 3-1. For exam-

ple, given the input parameters shown in Table 3-1 the optimum values for the length,
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width ,and separation are listed in Table 3-2. A matlab script (Appendix A) was written to

Table 3-1: Input
Parameter Value
Os 2um
g 4um
t 50um
\% 35V

Table 3-2: Optimized Output

Parameter Value
width 2.1um
length 128um

separation 24 xgap

force density 07 ”r?_”r\:z

determine theses values automatically and provide the graph of the force density as shown

inFig. 3-11.
3.9 Fabrication

3.9.1. Polysilicon Process

Initial GCA arrays were fabricated in the MUMPs process. A quick description of

the process layersis asfollows:
» Silicon substrate

e 0.5um thick silicon nitride

* 0.5um thick polysilicon electrode layer

e 2umthick PSG

e 2um thick polysilicon structural layer
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11. Output of GCA optimizer. (a) Force Density as a function of unit cell
separation. (b) Force density as a function of width and length at the optimized

unit cell separation.

Fig. 3
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Fig. 3-12. SEM of a gap-closing actuator array
fabricated in MUMPs. The gap-stop is not in
view.

e 0.5umthick PSG

* 1.5um thick polysilicon structural layer

e 0.5umthick gold

After fabrication, the chips are etched in 49% hydrofluoric acid to remove the
sacrificial oxides. To reduce release stiction between the polysilicon structures and the
substrate, the dice are dried in supercritical carbon dioxide after the sacrificial etch [62].
Fig. 3-12 shows one of the GCA arrays fabricated in MUMPs. The actuators were
functional (the one shown in the figure had a Vi, of 35V) but the low aspect ratio (3.5:2)
and polysilicon stress gradient caused stiction problems between the movable structures
and the substrate. In addition, there was a stiction between the movabl e el ectrode and gap-
stop during operation. This may be due to contact between the smooth polysilicon
sidewalls. Self-Assembled Monolayers [39], which reduce release stiction, were tried but

did not alleviate the problem.
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,,,‘ ~§— Oxide mask
=S device layer
\burim oxide

Fig. 3-13. Single-Mask fabrication process. (a) Oxidize wafer to create
mask layer. (b) pattern oxide. (d) etch Si. () HF etch of Si.

3.9.2. Single Crytalline Silicon Process

Because of the problems associated with polysilicon GCA's, we switched to asin-
gle mask, custom SOI process. The process flow is shown in Fig. 3-13. and detailed in
Appendix B. We start with a SOI wafer that has atop layer silicon thickness of 15 - 50um,
a buried oxide layer of 2um, and a silicon handle wafer. A 0.5um-thick oxide masking
layer is thermally grown on the wafer. The masking layer is patterned by the single mask
and then photoresist (PR) is removed to prevent PR from being hardened in the silicon
etch. The exposed silicon areas are etched down to the buried oxide using the Surface
Technology Systems Limited (STS) Advanced Silicon Etch (ASE) process. The wafer is
diced and then the buried oxide isremoved in atimed etch that allows narrow structuresto
be released while wider structures are anchored by remaining oxide underneath. To
reduce release stiction, the wafer isdried in acritical point dryer (CPD). After mounting

the chip to a package, aluminum wires are bonded directly to bare silicon pads on the chip
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Fig. 3-14. SEM of agap-closing actuator ~ fabri-
cated in the SOI process. Device layer is 15um
thick.

for testing at a probe station. Fig.3-14 shows an SEM of a GCA array fabricated in this

process.
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CHAPTER 4. LINEAR ELECTROSTATIC INCHWORM MOTORS

4.1 Introduction

As described in Chapter 1, microrobots require displacements on the order of tens
to hundreds of microns and the forces on the order 0.1-1mN for locomotion. Due to the
force-displacement trade-off for GCA actuators (Egn. 3-14), it is not possible meet both
the force and displacement requirements simultaneously using those actuators alone. For-
tunately, GCA arrays can be used in an inchworm motor where small GCA displacements
can be accumulated over time to generate large displacements without trading off the
force.

A handful of good MEMS motors has been demonstrated in the past few years.
An expression for forceis:

F = VA (4-1)
where f is aforce coefficient relating the motor force to the applied voltage (V) and motor
area (A). The force coefficient can be used to to compare different motors as shown in
Fig. 4-1. 1n 1995, Ezekiel Kruglick demonstrated the first MEMS el ectrostatic linear inch-
worm motor [93]. Thismotor, using GCA's, generated approximately 6.5uN of force with
35V and accumulated 40pum displacement in 2um increments. The first inchworm motor
was fabricated in MUMPS which limited the force density of the motor due to the low
aspect ratio of the features. In addition, the stress gradient inherent in LPCV D polysilicon

films limited the overall size of the motors. In 1997, Baltzer et. a. [8] reported a GCA
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Fig. 4-1. A log-log plot of the force densities normalized to the volt-
age squared vs. the stroke of several motors [2,8,21,31,70,92]. Note
the Sandia microengine is a rotary motor which produces large torque
and travel. Itsforce coefficient is estimated from its comb-drive actua-
tors. Energy efficiency are noted in parenthesis.

inchworm motor fabricated in asimilar process. It had alarger travel but the force density
was still low. Saif et. al. [70] demonstrated a high aspect-ratio millimeter-sized comb-
drive actuator which produced a high force density but had limited travel. The Sandia
Microengine [31] used alow aspect ratio comb-drive actuator which produced alow force
density but, with its gear trains, achieved large travel and large torque. The motors pre-
sented here were fabricated in Silicon-on-Insulator (SOI) wafers with an aspect ratio of up
to 25:1. Thisenables usto achieve atheoretical force density of approximately ImN/mm?
at 30V. Other MEMS motors with similar force densities are the thermal inchworm motor
[21] and the scratch drive actuator [2]. However, both of these motors are extremely inef-

ficient and thus would not be appropriate for autonomous microrobots. In 2001, we pub-
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lished on improved linear inchworm motors with up to 80um of travel (limited by stops
not by force density), up to 260uN of force, and velocity of up to 4mm/sec [91]. In this
chapter, we will describe this class of motors.
4.2 Design

The idea of the inchworm motor is to generate large travel by accumulating incre-
mental displacements. The incremental displacements are produced by a clutch that
attaches to a shuttle, pulls the shuttle, detaches from the shuttle and return to its initial
position. The clutch and shuttle both have gear teeth to reduce dipping between the clutch
and shuttle during the pulling action. For an n-phase motor, there are n number of clutches
that sequentially attach, pull, and release from the shuttle. A minimum of two clutches
that operate 180° out of phase on the same shuttle can generate alarge travel over time. At
least one of the clutchesin amotor needs to have 2 dimensional (x-y) motion to attach and
pull. The clutch motion is provided by GCA arrays. With this basic concept, several ver-

sions of inchworms motors can be realized as shown in Fig. 4-2. Fig. 4-2a shows a motor

v v

pawl B

shuttle

pawl A

shuttle

v ved
shuttle

clutch-GCA
<+“—> @

@ (b) ©

Fig. 4-2. Examples of variousinchworm motor layouts. (@) A two-phase single-sided
motor for narrow footprints. (b) two-phase, double-sided motor. (c) A single-phase, sin-
gle-sided motor with extra clutch to hold shuttle position between cycles.
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designed with a narrow footprint. Two clutches are lined up on one side of the shuttle.
Each clutch is attached to an x-y actuator which is created by two orthogonally oriented
GCA arrays. To move the shuttle, the two x-y actuators alternately move the shuttle as
shown in Fig. 4-3. A full inchworm cycleis completed after both clutches have displaced
the shuttle once. The step displacement (A) is defined by the GCA actuator stroke, which
istypically minimized for high force density.
4.2.1. Attachment Force

The attachment force must be high enough so that the clutch does not dlip from the
shuttle during the pulling step. Earlier motors [93] used electrostatic attraction or friction
from the smooth sidewalls of the pawl and shuttle as an engagement force. In the former
case, apotential differenceis applied between the clutch and the shuttle, causing the clutch

to attach to the shuttle. A current-limiting resistor was used to limit currents to tens of

attach pull release

D 4 N

release attach

B ) - 4
S S Sl Sl o
S S o (A O

(@ (b) (©) (d) (€) (f)

Fig. 4-3. Diagram of an inchworm cycle for motor configuration in Fig. 4-2a. Top
half of the figure shows the direction of motion of the clutches. (@) top clutch attaches
to shuttle. (b) bottom clutch detaches from shuttle and returns to initial position. (c)
top clutch pulls shuttle. (d) bottom clutch attaches to shuttle. (€) top clutch detaches
from shuttle and returnsto initial position. (f) bottom clutch pulls the shuttle.
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nanoamperes but the clutch still had problems releasing from the shuttle after the applied
voltage was turned off. In the friction approach, a GCA array pushed the clutch against
the shuttle. The shuttle acted as a gap stop to prevent the clutch GCA from shorting. The
GCA gap islarger than the initial gap between the clutch and shuttle. The clutch and the
shuttle were both grounded to prevent shorting and sticking. However, the clutch often
slipped during the pulling step. When the attachment force was increased to reduce dlip-
ping, the electrostatic levitation force [82] of the clutch GCA electrodes increased, caus-
ing the clutch to slip over the top of the shuttle. In our current approach, gear teeth are
added onto the clutch and shuttle to prevent slipping along the length of the shuttle. Also,
creating high aspect ratio springs increases the spring constant in the z-direction which
prevents the clutch from dipping over the top of the shuttle. The attachment forceis pro-
vided by the clutch GCA array. From Chapter 3, the attachment force is given by:

tl, (4-2)

(gc - Xc)2

which only needs to be large enough to push the clutch into the shuttle. The gear teeth

F. = a%eochg
provide the gripping, passively. This allows us to save area by needing smaller clutch
GCA arrays. Detachment of the clutch is achieved passively by clutch supporting spring.
4.2.2. Pulling Force

The drive GCA array provides the pulling force, which is given by:

tly

(4-3)

1 2
Fq = aésoNch >
(99—X%g)

Although the force increases quadratically with a closing gap, the usable force is the force
at the initial gap, which is also the minimum force. If thisminimum forceistoo low for a

given load, then the gap will not close.
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4.2.3. Gear Teeth

To ensure that the clutch and shuttle gear teeth will always mesh, the gear period
(onetooth + space) must be a multiple of the drive GCA stroke:

T, = nxStroke (4-4)
where n is the number of clutches that attach at unique times. For example, for a two-
phase motor (two clutches) as shown in Fig. 4-3, the gear period must be 2 x stroke Of the
drive GCA. The minimum period islimited not only by the stroke and number of clutches
but also by the lithography and etch aspect ratio. Small gear teeth are difficult to fabricate
in thick SOI device layers. Larger gear teeth can be made by employing more clutches.
The trade off is that more area is used for additional clutches and GCA arrays but the
motor does not output more force.

4.2.4. Speed

The maximum frequency of operation for the GCA inchworm motorsis limited by
the time it takes to close (pull-in) and open (pull-out) the gap. Fig. 4-4 shows the clutch
positions as a function of time for pull-in and pull-out. The timing diagram can be sepa-
rated into four parts:

T, - Engage top clutch GCA

T, - Engage top drive GCA and disengage bottom drive and clutch GCA's

T3 - Engage bottom Clutch

T, - Engage top drive GCA and disengage bottom drive and clutch GCA's
T, and T3 are both determined by the pull-in times of the clutch arrays. T, and T, depend
on the top drive pull-in time, bottom drive release time, or the bottom clutch release time.
The longest of the three determines T, and T,. Assuming both clutches and drives use

indentical GCA arrays, then T,=T3 and T,=T, and the cycle timeis then given by:
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Fig. 4-4. Timing diagram for the inchworm motor through one cycle.
The dotted lines indicate the drive signals and the solid lines indicate sim-
ulated responses of the beam positions.

T = 2(T,+T,) (4-5)

The analysis of the inchworm motors has shown that the minimum times, T, and

T,, depend on the clutch engagement (pull-in) and disengagement (pull-out) times,
respectively. According to the model described in section 3.7, the pull-in time can be
decreased by increasing the applied voltage as it is proportional to 1/V2 and the pull-out
time can be decreased by increasing the spring constant as it is proportional to ./1i/k

according to the model.

4.2.5. Power
Power consumed is given by:
Pin = N(C¢+ Cpo) Vo + m(Cy+ Cpp)Vf (4-6)
The variables are:

n - number of clutch GCA arrays
m - number of drive GCA arrays
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C. - total capacitance of clutch GCA array

Cg4- total capacitance of drive GCA array

Cpc - total parasitic capacitance of clutch GCA array
Cpq - total parasitic capacitance of clutch GCA array
f - frequency of operation of clutch and drive GCA

The capacitances of the GCA arrays are afunction of the gaps. To take the worst case, the
maximum capacitances should be used in Eqgn. 4-6, which occurs at the fina (minimum)
gap. The parasitic capacitances are between the bond pads and the substrate. To reduce
parasitic capacitances, we use SOl wafers with the thickest buried oxide layer available
(~2um) and minimize the bond pad aress.
The usable output power is produced only by the drive GCA:

Pout = Workx f = force x stroke x freq = %Ndsogg?v x (g—gg) *f, (4-7)
The above eguation uses C at the initial gap, which isthe minimum Cy. This corresponds
to the usable force described in Section 4.2.2.

The power efficiency is given by the ratio of Egns. 4-6 and 4-7:

1 d
Poy _ ™" 3Nt V(079 1y (4-8)
Pin n(Cc + Cpc)vcfc + m(Cd + de)vdfd

Intheideal case where Cyis much greater than all other capacitances and the stroke equals
theinitia gap (gs=0), the power efficiency is 50%.
4.3 Scaling Effects

We next examine the effects of scaling on the electrostatic actuator. If the dimen-
sions of the actuator are scaled isometrically, how do the relevant forces scale? Let all
dimensions of the actuator be defined as a multiple of the critical dimension, A.
A. Actuator Force

The dimensions of the GCA cancel out leaving the electrostatic force to be propor-

tional to the voltage squared:
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1t 22
Fe = _Esd_zv ov (4-9)

The maximum voltage we can apply isthe failure voltage (Egn. 3-29) scaleslinearly:

33
0 0.28Ew’d OA (4_10)
el(1+ 0.42%)

\Y

pull —in

Substituting Egn. 4-10 back into egn. 4-9, we find that force scales as:

F OM (4-11)

e

4.3.6. Dissipative Forces
The actuator has to overcome the forces of gravity (weight of the robot), squeeze-
film damping in the gap, and the restoring forces from the spring supports. The gravita-
tional force scales as:
F,, = massx gravity 0 A (4-12)

The sgueeze-film damping forces scales as [ 76]:
16(1 -o.eit)ﬁl "

-—— Y 4o (4-13)

F
sq d3

where U isthe viscosity of air. The resistance of the spring supportsis given by:

_ A _ (3El 2 )
Fp = K5 = () 0a (4-14)

|3
Note that all of the dissipative forces scale favorably as A decreases.

4.3.7. Output Power Density

The Output power density is given by:

P _ Forcex Stroke x Freg _
= 3 (4-15)

The maximum frequency of operation is related to the resonant frequency of the GCA,
which is approximated by:

_ [k _ JEEN/E 3
f—J;— (—LD)\ (4-16)

m
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Substituting Egn. 4-16 into Egn. 4-15, we find that the power density increases inversely

with decreasing dimensions:

_1 .~
P 5 =5 (4-17)
Table lists the scaling effects discussed in this section.  In summary, we find it favorable

Table 4-1: Scaling Effects

Unit Scaling
Electrostatic Force A2
Natural Frequency A
Power Density A
Gravitational Force )\3
Squeeze film damping Force A
Spring Restoring Force A2

to scale down the size of the robot for higher power densities and lower dissipative forces.
4.4 Results

The first electrostatic inchworm motor was made in the MUMPs process (Fig. 4-
5). Itis cycled manually and displaced the shuttle by 28um. The estimated force gener-
ated was 6.5uN with 35V. The force was estimated by the displacement of the shuttle’'s
supporting springs. However, MUMPs motors suffered from substrate stiction, gap-stop
stiction and electrostatic levitation [82]. These problems were addressed by going to asil-
icon-on-insulator (SOI) process. It isnot clear why these problems disappeared when we
switched to thicker single-crystal silicon. The surface roughness of the sidewalls due to a

DRIE etch may decrease the adhesion force, or the adhesion force may be relatively inde-
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Fig. 4-5. (a) SEM of an inchworm motor fabricated on an SOI wafer. This motor dis-
placed the shuttle by 48um in 12 cycles. The displacement was limited only by this
particular shuttle design (not force-limited). (b) SEM close-up of the x-y actuator and
pawl. Note the arrays of gap-closing actuators.(c) SEM close-up of the clutch-GCA
array, pawl, and shuittle.
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pendent of film thickness, while the restoring force due to the support springs increases
linearly with thickness.

Using the single mask, SOI process described in Section 3.9, large force, large dis-
placement electrostatic inchworm motors were made. Fig. 4-5 shows the first working
SOI motor made. The motor measured 1Imm x 1.5mm in area and was fabricated on a
15um-thick device layer. It displaced the shuttle by 36um in 9 cycles and generated an
estimated force of 6.5uN. Using an Atmel programmable microprocessor to control the
motor, the motor operated at a maximum frequency of 300Hz or an average linear shuttle
velocity of 1.2mm/sec in air. Seth Hollar improved upon that with a similar motor that
displaced the shuttle by an average velocity of 4mm/sec. At higher speeds, the clutch
beginsto dlip from the shuttle during the pulling step of the inchworm cycle. The theoret-
ical frequency limit according to our model from Section 3.7 is 1.4kHz. Experimentally,
we measured the minimum timing T, as 0.16 milliseconds and T, as 0.35 milliseconds.
Our theoretical results predict 0.17 milliseconds and 0.18 milliseconds for T, and T,
respectively. Whilethe data matcheswell for T,, T, differs by about a factor of two. Pos-
sible reasons for the extended cycle period could include extra time to disengage from the
shuttle and actuator bouncing against gap stops. At this frequency, the power density of
this motor is estimated at 190 W/m?.

Another version of the motor with dimensions of 1.5mm x 2mm x 50um was dem-
onstrated with atravel of 80um and exerted a force of over 50uN in excess of the friction
it overcame. Fig. 4-6 showsthe measured force vs. V,; asthe shuttle s displaced by 80pm
in 2um step sizes. During operation, the shuttle was displaced laterally by the force of the

clutch and subsequently pushed against the silicon side wall on the other side of the shuttle
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Fig. 4-6. Measured forcevs. pull-involtage as
the shuittle is displaced by 80um in 2um incre-
ments. The discontinuity occurred when the
shuttle was pushed lateraly against a silicon
sidewall by the clutch-GCA.

(Fig. 4-5¢). The drive-GCA was nevertheless able to overcome the sidewall friction and
pull the shuttle forward. The force generated, estimated by the Vpi required to displace
the shuttle to 80pm was 260uN at 33V. The force density achieved is 87uN/mm?. The
theoretical upper limit of the force density at 33V and an aspect ratio of 25:1 is approxi-
mately ImN/mm?. Thisimplies our motors have afill factor of around 11% as the rest of
the area is occupied by support structures, bonding pads, etc. Motors were operated for

over 13.5 hoursfor atotal of 23.6 million cycles without stiction.
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CHAPTER 5. MECHANICAL DIGITAL-TO-ANALOG CONVERTERS

5.1 Introduction

Another actuator configuration is the mechanical digital-to-analog converter
(DAC). The mechanical DAC takes n bits of digital electrical inputs and produces 2" ana-
log mechanical output states (displacement positions). With adigital input and a high out-
put mechanical resistance, the mechanical DA C enjoys high immunity to input noiseand a
low loading effect. Such devices could provide reliable and accurate open-loop position-
ing in systems where sensors are difficult to implement, as in the case of microrobots.

Two different mechanical DAC designs were simultaneoudly realized in 1999 [84,
90]. Both designs used different mechanical devicesto realize aR-2R ladder. The design
by Toshiyoshi et al. [84] was a4-bit DAC with comb drives. The design by Yeh et al. [90]
was based on cascaded lever arms driven by thermal or electrostatic actuators. Both
designs were immune to input noise but the lever arm design has a higher output resis-
tance (low loading effect).
5.2 Design

The DAC uses amodular design that creates an n-bit DAC from n building blocks.
The building block is a node that mechanically averages two input values (Fig. 5-1a). By
cascading n building blocks where the output of one node is connected to one of the inputs
of another node, an n-bit DAC is created (Fig. 5-1b). An electrical equivalent of this node

is the two-resister circuit shown in Fig. 5-2. A cascade of this circuit creates the familiar
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Fig. 5-1. The DAC concept. (&) An averaging node is the building block of the
DAC. (b) By cascading four nodes, a 4-bit DAC is created. Note that one of the
bottom node is grounded to make it the L SB.
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Fig. 5-2. (&) An electrical implementation of

the DAC building block is a two-resistor net-

work. The voltage between the resistorsisthe  V(; (LSB)

average of the voltages at both ends of the net-

work. (b) By cascading this network, an R-2R

ladder topology is created. =

b
R-2R ladder topology used in ssimple electrical DAC circuits. A macr(c:mechanical exam-
ple of this averaging node is a spring-supported pulley and rope, where the pulley deflec-
tion equals the average displacements of the two ends of the rope (Fig. 5-3).
A MEMS implementation of this averaging node, created from flexural and rigid

beams, isshownin Fig. 5-4a. It isconstructed from a spring-supported lever arm with two

input beams and an output beam. This lever arm can rotate about either end when one of
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Fig. 5-3. A mechanical implementation of the DAC building block is a rope on a
spring-supported pulley. The spring deflection is the average of the changein position
of the two ends of the rope.
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Fig. 5-4. A MEMS implementation of the DAC building block isalever arm with two
input beams and an output beam at mid length. The lever arm is supported by a spring
at one end so that it is alowed to rotate about either end. The vertical deflection of the
lever arm at the output beam is the average of the deflections at both ends of the lever
arm. (&) Both inputs are low. (b) Left input is high and right input is low. (c) Right
input is high and left input islow. (d) Both inputs are high.
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the input beams is deflected (Fig. 5-5b,c) or translate when both of the input beams are

deflected (Fig. 5-4d). The rotation at each end of the lever arm is limited by gap stops.
Because the output beam is located in the middle of the lever arm, the vertical displace-
ment at the output beam is the sum of half of the vertical displacements at either ends of
the lever arm. Therefore, the lever arm works as the averaging node shown in Fig. 5-1a.
Moreover, these lever arms can be cascaded in the method illustrated in Fig. 5-1b to create

aDAC. An example of the topology for a 2-bit DAC is shown in Fig. 5-5. To create a

7. anchored
B, 8

Fig. 5-5. Example of a2-bit DAC created by cascading two lever arm stages.

DAC, one input beam of the lever arm is connected to the output beam of the previous
stage and the remaining input beam is connected to an actuator which transforms electrical
input signals into mechanical signals (force and displacement). At the LSB stage, the
input beam not coupled to the actuator is anchored to the substrate (zero displacement). In
the 2-bit DAC example shown in Fig. 5-5, the LSB input (B,) is divided by two by the
first lever arm and divided by two again by the 2nd lever arm (M SB) so that the displace-

ment at the output stage is 1/4 of the input. The MSB input (B,) is divided by two as it
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goes through just one stage. The total vertical displacement at the output beam of this 2-

bit DAC isthe sum of one quarter of the LSB input and one half of the MSB input. With
two input states (low and high) at each input, there are four (22) possible states for the out-
put displacement. Thus, a2-bit DAC iscreated. Similarly, we can create an n-bit DAC by
cascading n lever arm stages in thisfashion. The resulting output is then:
A=y (5-1)

where 9 is the input for the i-th bit. |
5.2.1. Input Noise Immunity and Resolution

One of the key components of the lever arm implementation (Fig. 5-4) is the gap
stop. These gap stops enable the DAC to be insensitive to the input noise and also define
the resolution of the output. As shown in Fig. 5-4, there is one gap stop near each of the
four corners of the lever arm. The two gap stops near the top corners of the lever arm are
used during the low input state and the two gap stops near the bottom corners of the gap
stop are used during the high input state. Ideally, the lever arm is always pushed against
either the top gap stops or the bottom gap stops. The input voltage required to rotate the
lever arm to a stop defines the threshold voltage for the digital high or low input. Aslong
astheinput voltage (signal and noise) exceeds the high threshold (V) or is below the low
threshold (V,| ), the lever arm would be pushed against a gap stop and output would not be
affected by the input noise.

The resolution or step size of the output is defined by the gap between the gap
stops and the lever arm and also by the number of bits:

Lsg = 22 (5-2)
2
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where n is the number of bits in the DAC. Because the LSB isinversely proportional to

2", submicron resolution is easily achievable. For example, a 6-bit DAC with a gap of
6um will have an LSB of only 90nm. The maximum number of bitsis likely limited by
non-uniformity in lithography and silicon etch of the gaps.
5.2.2. Low loading effect and force magnification

A magjor advantage of the lever arm implementation is the high output stiffness.
Because the input signal acts on the ends of the lever arm and the output is taken at the
middle of the lever arm, the force acting through one input beam is doubled at the output

beam (Fig. 5-6). Conversely, an output force acting through the output beam is divided by

#F

output

X

input 7

VF2

Fig. 5-6. Low loading effect of DAC’s due to the lever arm force to torque-arm rela-
tion. Force is amplified going from input to output and, likewise, force is attenuated
going from output to input. This attenuation of output loads givesrise to alow loading
effect.

two as seen from one of the input beams (Fig. 5-6). In an n-bit DAC (which would have
n building blocks), the output force would be divided by two at each stage as it travels
down from the M SB to the LSB. For example, an output load of 1uN would be reduced to
0.5uN at the MSB input beam and to 0.25uN at the next input beam. Because of this

attenuation, the loading effect is minimized.
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5.2.3. Actuation

This mechanical DAC design can use variousinput bit actuators. \We have demon-
strated both thermal and electrostatic DAC’s. The thermal and electrostatic designs are
shown in Figs. 5-7 and 5-8, respectively. In both designs, actuator arrays are coupled to
the input beams of the DAC.

The thermal actuator arrays can operate at frequencies of more than 1kHz but con-

sume 30mW per array with a 6um displacement. These actuators are driven at 5V. A

Digital <]

input

Fig. 5-7. Diagram of aDAC using thermal actuators.

output

input J

Fig. 5-8. Diagram of a DAC using electrostatic gap-closing actuators.



Mechanical Digital-To-Analog Converters 80
drawback of these actuators is the sensitivity to input noise when the bits are low. Thisis

because in the low state, the thermal actuators are not pushed against a stop.

The electrostatic GCA's do not suffer from input noise in the low input state. In
this design, two opposing GCA arrays are coupled to the input beam (Fig. 5-8). Theinput
to one GCA array is inverted to the other so that only one GCA array per input beam is
turned on while the other isturned off. The threshold voltage for ahigh state, V4, must be
greater than V; for 2g,. The GCA gap stops also double as the DAC gap stop and the
input is aways pushed against the GCA gap stop of the activated GCA array. The draw-
back of this design is the need for complementary inputs and potentially higher voltage of
operation.

5.3 Results

To date, 4- and 6-hit thermally-driven DAC’s using the MCNC MUMPs foundry

process and 4-bit electrostatically-driven DAC’s from the GCA SOI process (described in

Chapter 3) have been demonstrated. Fig. 5-9 shows an SEM pictures of a MUMPs and

Output Beam (analog)

Folded spring support

6Um 6Um

Stops
Input Beam (digital) Input Beam (analog)

Fig. 5-9. SEM picture of alever arm fabricated from the MUMPs process. The lever
arm is 20um wide and 100um long with two input beams on either end and an output
beam in the middle. There are gap stopsto limit the rotation of the lever arm to 6um.
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SOI lever arm with two input beams, an output beam, spring support, and gap stops. Fig.

5-10 shows an SEM picture of a 4-bit thermally-driven DAC made from 4 cascaded lever

Fig. 5-10. SEM picture of four cascaded lever arms made in the MUMPs process.

arms. From equation 5-1, the displacement from an n-bit DAC at the output beam is given
by:

A= gapzj (5-3)
where the gap is defined by the distance from the gap stop to the lever arm. A gap of 6um
was chosen based on the travel of the thermal actuators. This gives us an output resolution
of 0.37um for the 4-bit version and 90nm for the 6-bit version.

Fig. 5-11, shows an SEM of a 4-bit DAC with GCA arrays. The DAC was fabri-
cated in a 50um-thick silicon layer and the GCA arrays have aV, of 12V. The gap was

10um which gave the 4-bit DAC an output resolution of 0.6um.
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Fig. 5-11. SEM of 4-bit DAC with electrostatic gap-closing actuator arrays.

5.3.1. Transfer Function

We used optical methods to accurately measure the output of the 6-bit thermally-
driven DAC. A hinged micromirror was coupled to the output beam of the DA C as shown
in Fig. . When the output beam displaces, the hinged mirror rotates. By projecting a
HeNe laser onto the mirror and measuring the reflected beam position with a position-sen-
sitive diode (PSD) as shown in Fig. 5-13, we were able to characterize the dynamics of the
DAC/micromirror system. A 6-bit counter was used to cycle the 6-bit DAC through all 64
output states. Power MOSFET’s were used to provide the current needed by the thermal
actuators. During testing, the mirror hinges have been observed to dlip along the surface
of the substrate, producing non-repeatable beam positions but when the input signal slew
rate was decreased by an RC network, the hinges stopped slipping.

Fig. 5-14 shows the output beam displacement (normalized to full-scale) of a 6-bit
DAC cycling through its 64 output states. We observed 8 output transitions which exhib-
ited a marked delay in settling time (seen as downward spikes in the plot). These delays

occur whenever the three lower bits switch from high to low and the 4th-bit from low to
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Fig. 5-12. DAC-driven mirrors. (a) SEM picture of a 4-bit DAC coupled with an
unassembled hinged mirror. (b) SEM picture of a 6-bit DAC driving an assembled
hinged micromirror. Asthe DAC output state changes, the mirror rotates. (c) A close
up of amirror coupling mechanism (courtesy of Matt Last).

high. Fig. 5-14 shows a plot of the reflected laser beam position through 19 cycles. Note
the repeatability of the output. Fig. 5-15 shows the output position of each position aver-
aged from 19 cycles. The straight line indicates the ideal output position. The output
increases monotonically with an integral nonlinearity (INL) of £3.2 LSB and a differential
non-linearity (DNL) of £0.7 LSB. The INL is defined as the maximum deviation of the
output position from the ideal position and the DNL is defined as the maximum deviation

of the state-to-state increment from the ideal increment of one LSB. Sincethe LSB of this
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Fig. 5-13. Diagram of the optical method of characterization. A HeNe laser beam is
deflected off of the DAC-driven micromirror and the position of the beam is detected
on a photo-sensitive diode.
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Fig. 5-14. Output beam position of the 6-bit DAC. The position is normalized to
full-scale output.

6-bit DAC is only 90nm, the INL is less than 300nm at worst case. Fig. 5-15 shows the
standard deviation of the output positionsfrom ideality from 19 cycles. Thisdemonstrates

the output of the DAC is repeatable to submicron accuracy.
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Fig. 5-15. Output beam position of the 6-bit DAC through 19 cycles.
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Fig. 5-15. The average beam position of each output state averaged through the 19
cyclesshown in Fig. 5-15. The straight line shows the ideal output.



Mechanical Digital-To-Analog Converters 86

1.6

1.4

1.2

1

0.8

Std. Dev. (LSB)

0.6

0.4

0.2

0 1 1 1
0 10 20 30 40 50 60
I nput
Fig. 5-16. The standard deviation of the beam positions through the 19 cycles
shown in Fig. 5-15.

The output of the electrostatically-driven DAC was measured visually viaamicro-
scope/video-capture/matlab set-up. The visual resolution using the maximum resolution
of 100x is 0.1um. The measured output isshown in Fig. 5-17. TheINL is+0.38 LSB and
the DNL is+0.35 LSB. This DAC measured 3.8mm x 3.6mm.

5.3.2. Nonlinearity
The likely sources of positioning error (nonlinearity) are:
emismatch between gaps due to process variations
*non-ideal pivots at the lever arms
sinput beam bending
Gap variations would produce nonlinearity. The gaps in a DAC will be dlightly

different due to variations in the process. For example, gaps may be dightly different in

size on the mask or the amount of undercutting of the silicon trenches would vary due to
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Fig. 5-17. Output of 4-bit electrostatically-driven DAC.

etch loading effects or localized silicon temperature differences. 1n a deep etched (Bosch
Process) process used in the SOI process, the sidewalls will be scalloped (Fig. 5-18) and
the contact point when two beams contact uncertain. In addition, the sidewall angles also

determine the actual gap.

Mag= 774 KX EHT = 3.00 kV Signal A = SE2 Date :27 Jul 2000
WD= 4mm Photo No. =495  Time :14:12

Fig. 5-18. SEM of STS etched silicon.  Note the scal-
loped sidewalls. Courtesy of Veljko Milanovic.
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Another likely source comes from the non-ideal lever arm supports. The ends of

an ideal DAC lever arm should pivot when one of the lever arm inputs is high and trans-
late when both lever arm inputs are high (Fig. 5-4). This requires a lever arm support
which allows for pure pivots or trandation depending on the input. In practice, the pivot
is provided by one of the input beams which bends to accommodate the rotation in the
lever arm. The bending has arotational and a translational component and the trandation
becomes an unintended input. This unintended input causes the output to be higher than

ideal (Fig. 5-19).

v
vy

Fig. 5-19. Nonlinearity due to the finite mechanical resistance of the input beams. A
force is distributed along the lever arm as the left input is switched on. (a) In an ideal
DAC, there would be infinite mechanical resistance at the right input beam so deflec-
tion at theright end of the lever arm is zero. (b) In reality, the mechanical resistance as
seem from the right input beam is finite so there is an additional deflection at the right
input beam causing nonlinearity at the outpuit.

Input beam bending is another likely source of nonlinearity. When the input to a
lever arm is high, the lever arm pivots on the output beam of the preceding stage. The
input force then is transmitted along the output beam of the preceding stage to the input
beams. If theinput beam bends, then this becomes an unintended input, which adds to the

nonlinearity of the output.



Mechanical Digital-To-Analog Converters 89
Input beam bending will always cause the output to be higher than expected. The

MUMPs DAC's probably suffer from this bending as evidenced in its measured output in
Fig. 5-15. The SOI DAC'’s have tiffer input beams and show good linearity but probably
have high gap variations due to the scalloped sidewalls (Fig. 5-18).
5.3.3. Maximum Resolution

The maximum resolution is limited by the nonlinearity of the DAC system. If we
define the average of the gapsin the lever arm asx, then the error at the output from al the
nonlinearities can be calculated as:

eI (54

. 2
i=1

where x; isthe gap at thei-th lever arm stage and B; is the digital input value (1 or 0) at the
i-th bit.
If we define the maximum allowable error to be DNL < 1 LSB, then the error at any bit

must be less than 1 L SB:

X, — X

_%
T=;<

(5-5)

X
2n
where n is the total number of bitsin the DAC. From the above equation, it is apparent

that the worst error occurs at the MSB when i=1. Solving the above equation for the max-

imum number of bits possible, we get:
N = logx —logd + log2 (5-6)
log2
For agap () of 6um, an error () of 0.01um, the maximum number of bits would be 10.
5.3.4. Maximum Operating Frequency
The DAC conversion speed is limited by the actuator speed. For the electrostatic
gap-closing actuator, the speed is limited by the pull-in and release times as described in

Chapter 3. For the mechanically-driven DAC, which are fabricated in the MUMPs pro-
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Fig. 5-20. Step Response of 4-bit DAC/mirror.  (a) 5V, 0.2Hz
sguare wave input. (b) Step response.

cess, we measured the resonant frequency of a 4-bit DAC/mirror system by observing the
ringing in the step response of the DAC. The optical test set-up was described in Section
5.3.1. The ringing frequency in the output indicates the mechanical resonance of the sys-
tem isat 390Hz (Fig. 5-20). Since the thermal actuators can be operated at 1kHz [22], the
DAC/mirror system’s resonant frequency is limited by the effective mass of the micro mir-

ror and the mechanical compliance of the micro mirror and the DAC system.
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CHAPTER 6. SYSTEM INTEGRATION

6.1 Introduction

Integrating a system of MEMS, optics, power, and electronics components is the
next challenge in this microrobotics project. Ideally, the different microrobot components
would be fabricated on the same process that would have optimal structural and electrical
properties. There have been many efforts in the last decade to integrate microstructures
and electronicsin the same process. Some example are[11, 29, 73]. However, since there
is no single process that can build al of the microrobotic components yet, both microro-
botics and related Smart Dust components would be fabricated separately and assembled
a the end. We are still in the early stages of this area and so in this section, an assembly
method will be proposed and the power budget of these components would be considered
in this chapter.
6.2 Proposed Assembly Process

A diagram of a leg, motors, controller and power source is shown in Fig. 6-1.

Table 6-1 shows the different processes involved in making the components. The legs
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Fig. 6-1. System diagram. Leg isupside down in the SEM photo.

Table 6-1: Processes used for current Components

Component Process
Articulated Legs MUMPs
Mechanical Coupling MUMPs
Motors in-house SOI motor process
Solar Cells (Smart Dust) in-house SOI solar cell process
Controller (Smart Dust) National Semiconductors Jupiter Process (0.25um

CMOS)

Motor buffers (Smart Dust) in-house SOI solar cell process

(including mechanical coupling), described in Chapter 2 and 3, were fabricated in the
commercial MUM Ps process with two polysilicon structural layers. MUMPs was chosen
because it was a readily available process which allows the creation of hinged structures

and diders. The electrostatic inchworm motors, described in Chapter 4, were fabricated
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in-house with Silicon-On-Insulator (SOI) wafers and a deep-reactive-ion-etch (DRIE)

Bosch Process.
6.2.1. Proposed assembly process for legs and motors

To actuate the robotic links on the legs, motors need to be connected to siders
(part of the mechanical coupling) on the substrate. The proposed method is by gold bump

flip-chip transfer [58] and the processis shown in Fig. 6-2. Transfers would be between a

Donor
subs’rrdre/ Fabricate

PSG sacrificial

Au bump po'Y s’rruc’rurcl \

Repeat for
CriAulayer.__ F Align Level 1 | D) f:;:;:ljssive
SOl target to target
substrate —
SOl sac. ox.

Compress j = Etch Cr/Au,
Release
SOl

Figure 1: Basic Process

Fig. 6-2. Gold bump flip-chip process flow. (From Maharbiz [58]).

SOI chip with motors (donor) and a matching MUMPs chip with articulated legs and
mechanical coupling (target). The end result would be SOI motors and SOI shuttles
attached to diders (part of the mechanica coupling) on the MUMPs chip as shown in Fig.
6-3. The alignment error between the donor and target sites is typicaly ~5um which
should be good enough since the motor and the slider do not need to be perfectly aligned.

A proposed process flow to achieve the transfer is shown in Fig. 6-4. The SOl motors are
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SOl Motor

MUMPs Slider

Fig. 6-3. Proposed method of connecting SOI motors to MUMPs mechanical cou-
plings. SOI motors are patterned with gold bumps on the binding sites and flip-chip
bonded to the gold pads on the MUMPs dliders.

fabricated as described in Chapter 3. The SOI wafer is planarized using a spin-on-glass
technique [88]. Chromium (100A) and gold (1000A) is then evaporated on the SOI wafer
as a seed layer. For improved adhesion, the two layers are evaporated one after another
without breaking vacuum. An 8um-thick Shipley’s SIR5470 positive photoresist (PR) is
spun-on and patterned with the gold bump mask. The SOI wafer isthen electroplated in a
gold solution (Technics TG25-E) to form gold bumpsin the PR trenches. The photoresist
is then removed in a 90° PRS-2000 bath. The SOI wafer is diced and motor structures are
released in a 49% hydrofluoric (HF) acid oxide etch. At this point, the motors are con-
nected to the SOI chip only by gold bumps that also act as tethers. On a paralléel process,
the MUMPs chip would be mounted on a handle wafer by wax and thinned down to the
minimum thickness necessary to support the other robotics components and also with-

stand the assembly steps. It is not clear at this point what the thickness should be but a
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Fig. 6-4. Proposed assembly process to connect SOI motors to MUM Ps mechan-
ical couplings using flip-chip bonding. To reduce the mass of the robot, the
MUMPs chip is thinned down.

thickness of ~100um should be possible. Nguyen et. al. [63] reported electroplating
70um of nickel on top of a MUMPs chip as mechanical support and then removing the
entire MUMPs substrate by mechanical lapping and XeF, vapor-phase silicon etch [17].
This reduction of mass should be repeated on the solar array chip as a way to reduce the

load on the motors. After the MUMPs chip is thinned down, the handle wafer would be
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removed in an acetone bath. Finally, motors are transferred to the MUMPS chip via flip-

chip bonding.

The chief challenge this process is planarizing SOI trenches that are tens of
microns. Electroplating requires a conductive seed layer to work. A planarized surfaceis
required to deposit a seed layer that is conductive throughout the entire wafer surface
whereas a non planar surface with trenches or partialy filled trenches would cause poor
coverage and electricaly isolate trench enclosures such as those used to define SOI
devices. Though planarizing deep trenches is a challenge, progress has been made
recently. Yeh et al. describes a clever technique of creating closely-spaced silicon beams
that can be oxidized to create alarge planar oxide area that can be removed with hydroflu-
oric acid [89]. However, this technique would also oxidize the 2um-wide gear teeth pat-
terns in the motors. Another method by Yasseen et. al. uses a custom-made spin-on-glass
that can refill up to 20 microns[88]. Itisnot clear what the limit is on the refillable depth.
Fig. 6-5 shows some polysilicon structures deposited over 10um-deep silicon trenches,

planarized by asimilar technique [38].

glass voids

EHT = 1210 kv Signal A= SE2  Date :13 Apr 2001

1
Mag= 153 KX WD= 5mm Photo No. =494 Time :9:20

Fig. 6-5. SEM of apolysilicon serpentine beam deposited over a 10um-deep silicon
trench that was planarized through glass-refill and then chemical-mechanical polishing
(CMP). Voids in the glass that were exposed after CMP were coated by the confor-
mally-deposited LPCV D polysilicon. Courtesy of Seth Hollar.
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Fig. 6-6. Proposed process for assembly of the controller, solar cell, articulated legs and
micromotors. The solar array, CMOS controller and high voltage amplifier (from the
solar cell process) are mounted on the MUMPS chip using silver epoxy. The MUMPs
and solar array substrates are shorted together and act as virtual electrical ground. PR
would be painted on as an insulator and silver epoxy would be painted on top of the PR
to conduct power generated by the solar cells to the components on the underside of the
microrobot. The components are then wirebonded and then the legs are assembled at
the probe station.

6.2.2. Proposed assembly process for motorized legs and Smart Dust

Next, the Smart Dust components need to be mounted and electrically connected
to the motorized MUMPSs chip. Fig. 6-6 shows a proposed assembly process based on a
technique already demonstrated in Smart Dust [85]. First, the solar array, CMOS control-
ler and high voltage amplifier (from the solar cell process) are mounted on the MUMPS
chip using silver epoxy. Note the MUMPs substrate isin contact with the solar array sub-
strate and would serve as acommon potential for the electronics and motors. The toughest
challenge in this processis most likely to be wiring between the solar array and the power

consuming components on the MUMPs chip. Fortunately, only two connections would be



System I ntegration 98
needed from the solar array-- alow voltage (~1.5V) power line for the CMOS controller

and a high voltage power line (~30V) for the motor buffer and motors. A thin layer of
photoresist would be painted on one of the edges of the solar array/MUMPSs chip as an
insulator from the substrate. Silver epoxy would painted on top of the PR to conduct
power generated by the solar cells to the components on the underside of the microrobot.
The components would then be wirebonded and then the legs would be assembled at the
probe station. The MUMPs legs are designed with polysilicon tethers that tie to down to
the substrate. These keep the unassembled polysilicon plates from rotating unintention-
aly until they are ready to be assembled. To reduce the robot mass, the solar array chip
should be thinned down. The final thickness should be lower than the thinned MUMPs

chip because while the MUMPs chip still have to withstand the pressures from the flip-

knife
switch

Fig. 6-7. SEM of a138mm?3 Smart Dust node with light intensity dependent emis-
sions. Inthis system, aresistor, 15uF capacitor, knife switch, green LED, and 0.35um
CMOS ASIC containing a photodiode, relaxation oscillator, frequency divider, current
source, and current sink FET are mounted onto a 3V Mn-Li button cell. Courtesy of
Brett Warneke [85].
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Fig. 6-8. Concept of microrobot component. The robot consists of six 2-DOF
legs, motors for every link of each leg, a CMOS controller, motor buffer and a
solar array chip.

chip bonder and subsequent handling in the HF etch bath the solar array chip needs only to
be mounted on the MUMPs chip. An example device that demonstrates part of the pro-
posed assembly process is the Smart Dust mote shown in Fig. 6-7 [85]. This device was
assembled by mounting a capacitor, LED, application specific integrated circuit (ASIC)
CMOS and wire connectors to a 3V Mn-Li button cell battery using silver epoxy and
skillful wire bonding.
6.3 Power

Next, the power budget for the initial microrobot design shown in Fig. 6-8 is esti-
mated. Theinitial autonomous microrobot design will be comprised of the basic el ements
described in Chapter 1: 1) legs (links and mechanical coupling), 2) motors, 3) solar cells,

4) motor buffers and 5) aCMOS controller. The robot would have six legs and use a alter-
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nating tripod gait. Each leg will have two links for atotal of 12 links so there will be 12

motors and 12 motor buffers. Table 6-1 shows theinitial design.

Table 6-1: Initial Design for a six-L egged Microrobot

Die Area Power .
Component mmz) Mass (1g) | Consumption
( (W)
Legs 6 27.6
Motors 36 4140 324uW
Motor Buffers 0.32 37 23uW
Solar Cells 23000
Controller 1 356 < 50nW
Mechanical 23000
support
(MUMPS)
Bond pads 54uwW
Total 43.3 50560 401pW

Power is dissipated mainly by the motors, the CMOS controller and motor buffers.
To calculate the power dissipated in the actuator, we estimate the forces needed to lift the
weight of the microrobot and to overcome the adhesion forces in the mechanical coupling
sliders of the microrobot. If we thinned both the 1cm? MUMPs (leg) and solar array chips
down to athickness of 100um, the combined weight of all components is approximately
0.5mN (50mg). From test structures, the adhesion forces dliders ranged from 2-100uN
[95]. We arbitrarily multiplied the adhesion forces by a safety factor of ten to arrive at the
estimated force of ImN. Thus, each actuator should provide 1.5mN (weight + adhesion)
of force.

Power dissipation for electrostatic gap-closing actuators was described in Chapter

3. To produce 1.5mN of force using a 30V supply and a 3um initial gap in the GCA’s, an
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initial GCA capacitance of 10pF isrequired. If thefinal gap (as defined by the gap stop) is

one third of the initial gap, then the final GCA capacitance will be three times the initial
capacitance. If we operate the GCA at 1kHz, then the power dissipated in the motor will
be 27uW. With 12 motors, the total power dissipation will be 324uW.

The energy cost for Smart Dust controllersis estimated to be about 1pJ/instruction
for an 8-bit controller at 1V [23]. The energy cost of controlling the microrobot would
depend on several factors including the number of motors, number of control signals per
motor and the motor speed. The basic inchworm motor requires 4 bits to control (2 x-y
actuator arrays). With 12 motors, the controller would need a 48-bits output. If the output
registers are written sequentially, it would take 6 instructions to load (assuming 8-bit reg-
isters) and 1 instruction to simultaneously drive all 48 bits to the motor buffers. There-
fore, it would take 7 instructions per step in the inchworm motor cycle described in Fig. 4-
3. For amotor that operates at 1000 cycles per second, the power dissipation would be 7
% x 1000 £ x ﬁ% = 7nW. In comparision, a CoolRISC core achieves an
average energy consumption of 2.8pJinstruction/bit on a 1.5V supply for a power con-
sumption of around 150nW. Note that this does not include energy consumption of sup-
porting components such as the SRAM or the clock. Although this overly smplifies the
controller, it gives an estimate of the power consumption.

In addition, power is dissipated by the motor buffers. These buffers are CMOS
converters with two transistors. Power dissipation in the buffer transistors is fundamen-
tally based on two mechanisms: static leakage current and switching activity [23]. The
power dissipated due to the first mechanismis:

=1, Vpp (6-1)
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where || is the leakage current and Vpp is the supply voltage. The leakage current for

these transistorsis about 0.1p4A. The power dissipated by the switching activity is:

- B Ode g, 62

where Cg is the gate capacitance and f is the switching frequency. Using the above equa-
tions and transistor dimensions, we estimate that the 30V buffers from the solar cell pro-
cess would dissipate roughly 23uW of power when driven with a 1kHz signal from the
controller.

Finally, we estimate the power dissipated in the parasitic capacitances (bond pads
and wires in the motors and controller) to be approximately 54uW. By adding all the
power expenditures, the total power dissipation comes to roughly 421uW. Full sunlight
has a power density of ~1mW/mm? and bright indoor illumination has about 1uW/mm2.
With 1cm? solar cell with a modest 10% conversion effici ency, the microrobot will have
10mW of power outdoors in full sunlight and 10uW indoors. Therefore, an indoor robot

would have to operate at ~1% of the outdoor speed.
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CHAPTER 7. CONCLUSION

7.1 Summary of Results

Articulated robot legs, mechanical couplings, inchworm motors and mechanical
digital-to-analog converters have been presented. These devices, along with low-power
CMOS controllers, solar cells and high-voltage transistors from Smart Dust, form the
building blocks of a new class of autonomous microrobots.

Rigid links have been made by folding hinged polysilicon plates into a hollow tri-
angular beam. These links can range from tens of microns to millimetersin length. By
designing links in series with hinges connecting them, articulated multiple degrees-of-
freedom (DOF) mechanisms can be created. Structures with up to 3-DOF have been fab-
ricated with lengths of up to 2.4mm. One-DOF links have been tested to support up to
2.6gm of massin the axial direction.

To connect rigid links to motors on the substrate, multiple DOF mechanical cou-
plings have been created from four- and five-bar linkages. These mechanical couplings
convert linear displacement of sliders on the substrate to angular rotation at the connected
link. A 2-DOF leg with two links was fabricated with mechanical couplings for each link.
A four-bar linkage (dliding crank) is used to couple the 1st link. A five-bar linkage in
series of afour-bar linkage has 2 DOF and can be used to couple the 2nd link.

Electrostatic gap-closing actuators (GCA) can provide aforce density on the order

of ImN/mm? at 30V and an aspect ratio of 25:1. These densities improve as lithographic
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limits decrease and anisotropic etch aspect ratios increase. GCA's are also limited in
travel, so their large forces can only be applied over short distances. Fortunately, one
GCA can be used to drive a clutch, alowing a second GCA to make intermittent contact
with amoving shuttle. Repeated cycling through the gripping/pulling/releasing sequence
generates large displacements while maintaining the full force available from the GCA
primary using an inchworm-like motion.

Early problems with the electrostatic inchworm motors were related to clutch slip-
ping, and clutch and gap-stop adhesion. The former problem has been addressed by using
agear teeth on the shuttle and clutch, and the latter by using athicker SOI rather than thin-
ner polysilicon structural layer. It is not clear why the adhesion problems have disap-
peared in the thicker single crystal silicon. The surface roughness of the sidewalls dueto a
DRIE etch may decrease the adhesion force, or the adhesion force may be relatively inde-
pendent of film thickness, while the restoring force due to the support springs increases
linearly with thickness.

Motors have been demonstrated with 80um of travel, stepping rates of 1000 full
steps/second corresponding to 4mm/s shuttle velocity, and ~260uN of force. In all cases,
displacement was limited by contact with a physical constraint (spring travel limits,
nearby structures, etc.) rather than an intrinsic limit.

For microrobot applications, the energy efficiency of these motors is very attrac-
tive. In addition, amotor with dimensions of 3mm x 1mm x 50um can lift over 130 times
its own weight with 33V. The inchworm motion of the motors with near-zero static power
consumption is also attractive for solar powered bugs of the future, which may need to

integrate charge for many milliseconds before each phase of motor actuation.
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Lastly, as a demonstration of a novel idea conceived by Steve Burgett, mechanical
digital-to-analog converters (DAC) have been redlized. Four- and six-bit DAC’s have
been demonstrated in the MUMPs process and the motor SOI process. The DAC's are
less sensitive to input signal noise and loading effects due to its mechanical digital design
and stiff output. Due to these properties, DAC’s could potentially be used in microrobots
for open-loop actuation of linkages where joint angle information is difficult to obtain.
The main drawback of the DAC'sisthe total travel is small, limited to less than twice the
stroke of the input bit actuators.

7.2 Futureresearch directions

The work presented here along with Smart Dust are the first steps towards an
autonomous microrobot. Future microrobotic research should focus on integration, com-
ponent optimization, and systems design.

7.2.1. Integration/Assembly

Although rigid articulated legs were fabricated in MUMPSs, earlier attempts to fab-
ricate motors on the same chip were less successful due to stiction problems. Subse-
guently, motors were fabricated and demonstrated in the SOI/DRIE process. Transfer of
these SOI motors to the MUMPs legs is one option to explore. However, there are many
alternatives to also consider. One option would be to fabricate both legs and motorsin the
same SOI process. Thiswill require additional structural layersto create mechanical cou-
plings. To accomplish this, we can bond athin SOI layer (~2um) to the the SOI wafer or
to planarize the SOI wafer after etching. The second option would allow traditional sur-
face micromachining of polysilicon on top of the thick SOI devices. Another option is

combine the solar cell process with the motors and legs since the solar cells are also fabri-
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cated on the SOI wafers. This option would greatly ssimplify the assembly issue as the
only components to be assembled is the CMOS controller. However, it aso poses the
challenge of integrating CMOS with mechanical structures. Recent work with integrating
SiGe with CMOS could be a solution [29].

7.2.2. Optimization

The electrostatic inchworm motors presented in this work demonstrates the feasib-
lity of an efficient actuator with large force and large displacement. The 8% efficiency is
decent but there is a lot more room in theory to improve. Currently, the motors operate
with voltage-controlled step input, which has an efficiency limit of 50%. Adiabatic charg-
ing should be explored. The relatively slow mechanical response time of the micromotor
compared to its the electrical constant alows dower linearly-ramped charging which
could increase the efficiency limit to ~90%.

In addition to efficiency, power density can be improved with scaling. Advances
in lithography and etch aspect ratio should both improve the performance of electrostatic
gap-closing actuators. The motors presented here are based on 2um lithography, with
most features 3um or larger. Based on a simple dynamic model, it appears that these
designs could be directly scaled down by afactor of 3 without a decrease in actuation volt-
age, and without seeing serious squeeze-film damping effects. Such a scaled motor would
have the same force output, and the same velocity (smaller, faster steps), but only one
tenth the layout area. Deep sub-micron scaling with this exact design will necessitate volt-
age scaling, but a careful mechanical re-design should enable motors that are ultimately

limited by field emission from the GCA's, rather than destructive pull-in.
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The legs dimensions can a so be optimized. Itisstill not clear what the legs should
look like for the microrobot. A lot of it would have to do with its task and terrain. Insect
locomotion could provide an insight to what the optimal number of links and the dimen-
sions of each link should be.

7.2.3. Computer aided design

The optimizations mentioned above would require ssimulations tools. Ideally, these
simulation tools would take process information, layout, and electrical input parameters to
simulate the kinematics and dynamics of the microrobot coupled with motors. 1n addition,
alibrary of parameterized components would allow microrobots to be designed on a sche-
matic level. Genetic agorithms may be an interesting approach to optimizing microro-
bots. Needless to say, no such tools exists yet. Instead, continued improvements on the
current tools would be more practical.

An assembly simulator with collision detection would be useful for hinged struc-
tures. This would allow designers to assemble hinged structures before fabrication.
3DuV isagood start [56]. The drawback is that the simulator can not recognize hinges
from the layout and instead, hinges needed to be specified by the designer with a special
layer.

Simulations of planar structures with electrical and mechanical modelsis possible
with SUGAR [19] which runs on Matlab and uses nodal analysis for faster simulation
compared with finite element analysis. SUGAR iswell suited for simulating planar struc-
tures such as the micromotor and the mechanical digital-to-analog converter. The draw-
back hereisalack of alayout extracter and damping models. A commercia program by

Conventor, MEMCAD, which usesfinite element analysis to extract device parameters for
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the faster nodal analysis of mutliple interacting devices is another potential simulator for
microrobots.

Overall, autonomous microrobotics and Smart Dust will continue to push the lim-
its of miniaturiation of computing, sensing, commucations, and actuation of micromecha-
nisms. Autonomous microrobots will definitely be realized in the next few years and

could become a household item by the next decade.
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APPENDIX A. MATLAB CODE FOR FORCE OPTIMIZATION OF

GAP-CLOSING ACTUATOR ARRAYS

This appendix contains the Matlab code for optimizing gap-closing actuator
(GCA) arrays for high force density. The inputs are minimum feature size, etch aspect
ratio and maximum allowable voltage. The output is the optimum seperation between
GCA units, maximum force density and dimensions of the electrodes at the maximum
force density.

Clear;

% Young's modulus of Silicon

mod=150€9;

% Permittivity of air or vacuum

epsi=8.85e-12;

% initial gap

do=input(‘Initial Gap (um)=")* 1e-6;

% actuator stroke-> min feature size should be used
d=input(‘Actuator Stroke (um)=")* 1e-6;
v=input('"Maximum applied Voltage (V)=");

% silicon etcher aspect ratio

ar=input(‘Silicon Etcher Aspect Ratio (depth/width of trench)=");
% optimum electrode thickness is afunction of the aspect ratio and min gap
t=ar*d;

% number of points to plot per width and length
points=50;

% width

w_start=d,

w_end=7e-6;

W_points=points,
w_step=(w_end-w_start)/w_points;

% length

len start=10e-6;

len_end=600e-6;

len_points=points,
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len_step=(len_end-len_start)/len_points;
len_support=100e-6;
% separation between gca unit cells normalized to initial gap (do)

for |I=z_start:z_step:z_end,
for i=w_start:w_step:w_end,
for j=len_start:len_step:len_end,
vmax(x,y,z)=sgrt((0.28* mod* i*3* d"3)/(epsi* j"4* (1+0.42* (i/1))));
if vmax(x,y,z)>V,
VM=V,
else
vm=vmax(x,y,2);
end
fel(x,y,2)=(0.5* epsi* t*j*vm"2)/do"2;
fe2(x,y,2)=(0.5* epsi*t*j* vm"2)/(1* do)"2;
vol(x,y,z)=(d* (I+1)+2*i)*t* (j+len_support);
fd(x,y,2)=(fel(x,y,z)-fe2(x,y,z))/vol(x,y,2);
length(y)=j;
y=y+1;
end
y=1
width(x)=i;
X=X+1;
end
% find max fd for each z
maxfd(z)=max(max(fd(:,:,2)));
x=1;
sep(2)=1;
z=7+1,
end
% find dimensions for max fd
% x = width
%Yy = length
% z = separation (factor of gap)

% returns the max fd and the z at max force density (fd)
[fdmax,zmax]=max(maxfd);

% returns the max fd of each column of fd(:,:,zmax) <-- 2x2 matrix
[a,b]=max(fd(:,:,zmax),[],1);



% 'd is avector where each element is the max fd of length
% b isavector giving the row of the max length
[fdmax,i]=max(a);% find max fd in 'a

% optimum [width length z fd(mN/mm”"2)]
optimum=[width(b(i)) length(i) sep(zmax) fdmax*t* 1e-3]

figure(1)

mesh(length* 1e6,width* 1e6,fd(:,:,zmax)* t* 1e-3)
title(* maximum force density vs. width and length’)
ylabel (‘width (um)’)

xlabel ('length (um)’)

zlabel('fd (mMN/mm"2)")

figure(2)

plot(sep,maxfd*t* 1e-3)

title(* maximum force density vs gca unit seperation’)
xlabel (‘separation (normalized to initial gap)’)

ylabel (‘force density (mN/mm”2)’)
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APPENDIX B. SINGLE MASK MOTOR PROCESS

The following is the process flow that was used to fabricate the motors and, later
on, the mechanical digital-to-analog converters. The process hereisfor a 15um-thick SOI
devicelayer. Thicker devicelayershave aso been processed but the STS etch time would
have to be adjusted according to the latest etch rate data. All steps and modules are per-
formed in the Berkeley Microfabrication Laboratory (BML, see http://www-micro-
lab.eecs.berkeley.edu). All equipment names are in italics. Two often-used standard

BML modules are given at the end of the appendix.

Sarting material: 4” SOI wafer, 2um-thick buried thermal oxide, 15um-thick device
layer, resistivity of ~3-5 o tem, device orientation <100>, substrate thickness/resistivity/

orientation varies (does not matter).

Motor/DAC Process:
1. Grow 5000A of wet thermal oxide for the oxide mask
1.1 Standard clean module
1.2 Tylan 3/4: Wet oxidation, program “SWETOXB,” 1000°C, t=1:40:00
2. Pattern trench mask
2.1 Standard lithography module

2.2 Hardbake
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VWR convection oven, 120°C, 45min

2.3 Etch 50004 oxide
LAM 2, recipe=“SIO2ET.RCP”, 30 sec
24 StripPR
Sink 5: PRS-3000, 90°C, 10min
Spindry
2.5 Standard clean module (dirty piranhaonly)
3. Etch device layer down to the buried oxide layer (nominal etch depth of 15um)
3.1 STS, recipe HEXA100, t=19min (need to manually check for
endpoint)
4. Dice
4.1. Disco saw, diamond blade, speed 10cm/s, remaining depth=115um
5. Release structure
5.1. Etchindividual chipsin 49% hydrofluoric acid (HF), t=4min
(depends on design rules for etch holes)
5.2. DI rinse until pH=7
5.3 Soak in methanol, t=30sec
5.4 Repeat above step three times to remove water from chip
5.5 CO, critical point dryer (CPD), rinse time=10min. Do not let samples
dry during the transfer from methanol to the CPD chamber.
Modulel: Sandard clean
1.1. “Dirty” piranhaclean a Snk 8

1.1.1. Sulfuric acid and 100ml of H,0O, at 120°C, t=0:10:00
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1.1.2. De-ionizied (DI) water dip

1.1.3. Rinseto 10 MQ-cm
1.1.4. Spindry
1.2 “Clean” piranhaclean at Snk 6
1.2.1. Sulfuric acid and 100ml of H,0, at 120°C, t=0:10:00
1.2.2. De-ionizied (DI) water dip
1.2.3. Rinseto 10 MQ-cm
1.2.4. Spindry
Module2: Sandard Lithography
21. HMDS
Primeoven: Program 0, ~120°C, t~35min
2.2. Spin on photoresist (PR)
Svgcoat 1/2:
Spinner program 2: OCG 825 positive PR, 5000RPM, ~1.3um
Bake program 1: 90°C, 1min
2.3. Expose PR
GCAWS stepper, exposure=0.6ms, focus=250
(exposure time and focus varies with temperature, stepper calibration, etc.)
2.4. Develop PR
Svgdev: developer program 2, bake program 9 (no post exposure bake)
OCG 934, 1:1 volumetric ratio with DI.
2.5. Descum

Technics-C: gas=02, power=50W, t=1min



Appendix B 130



