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Abstract

Femtoscale MEMS Controlled Solar Sail Spacecraft for Asteroidal Imaging and
Cometary Sample Capture

by
Alexander Nicholas Alvara
Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley
Professor Kristofer S.J. Pister, Co-Chair

Professor Liwei Lin, Co-Chair

The continuing miniaturization of commercial electronics, micro-electromechanical
systems (MEMS), and low-mass spacecraft hardware has created an opportunity
to reconsider how interplanetary science missions can be designed, manufactured,
and deployed. Conventional spacecraft have enabled extraordinary planetary-science
returns, but their high cost, long development cycles, and large system masses limit
the number of targets that can be explored. This dissertation presents a MEMS-
enabled femtoscale solar-sail spacecraft architecture intended to support low-cost
asteroidal imaging, small-body reconnaissance, and future cometary sample-capture
missions.

The central spacecraft concept developed in this work is the Berkeley Low-cost
Interplanetary Solar Sail (BLISS), a nearly 10 g solar-sail spacecraft that uses a roughly
1 m? reflective sail, commercial-off-the-shelf electronics, onboard imaging, optical
communication, and MEMS-based mechanical steering. The BLISS architecture uses
solar radiation pressure as its primary propulsion source and relies on controlled
displacement of sail-support tethers to modify the relative geometry between the sail
and spacecraft body. Earth-escape and interplanetary trajectory studies show that a
BLISS-class spacecraft can, in principle, spiral out from near-Earth orbit, perform
heliocentric transfers, and rendezvous with near-Earth objects such as Bennu on
mission timescales relevant to small-body exploration.

This dissertation further develops the MEMS actuation and microrobotic systems



needed to support that spacecraft-level architecture. The MEMS Actuators for
control of Solar-sail Tethers (MAST) are presented as the steering and tether-control
mechanism for BLISS. MAST devices use MEMS inchworm motors and gap-closing
actuators to displace carbon-fiber tether elements, thereby enabling control of sail
attitude through center-of-pressure and center-of-mass offset. The Self-righting
Quadrupedal Inchworm Driven Spacewalker (SQuIDS) is developed as a candidate
microrobotic rover payload that a BLISS-class spacecraft could carry for on-asteroid or
small-body surface exploration. SQuIDS addresses the need for local mobility, surface
interaction, and self-righting in low-gravity environments where landing orientation
and ground contact are uncertain.

The actuator-level foundation for future versions of these systems is provided by
the Transmission Gap Closing Actuator (TGCA) and pA motor work. TGCA-based
motors are designed to extend conventional MEMS inchworm actuation by introducing
bidirectional, transmission-capable, and variable-output behavior. In the long term,
this actuator architecture is intended to replace the more conventional inchworm
motors used throughout BLISS, MAST, and SQuIDS, creating a common MEMS
motor platform for sail steering, tether control, rover locomotion, and small-body
interaction.

Taken together, this dissertation presents a linked research program rather than
a single isolated device. BLISS defines the spacecraft and mission architecture,
MAST provides the solar-sail steering mechanism, SQuIDS extends the mission
concept to surface exploration, and TGCA provides a future motor technology for
unifying actuation across the platform. The work remains intentionally foundational:
several subsystems require additional fabrication refinement, environmental testing,
closed-loop control, and integrated validation before flight use. Nevertheless, the
designs, models, simulations, fabrication processes, and experimental results presented
here establish a coherent path toward MEMS-controlled femtoscale spacecraft and
microrobotic explorers for distributed interplanetary science.
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saturation limit over a finite time rather than instantaneously. The

red motor-position response during this interval represents the tether

displacement required to drive the sail through the transition. . . . . 54
3.17 Cone-angle command for the BLISS interplanetary transter to Bennu,

reproduced with permission from |2]. The plot shows the commanded

sail cone angle, o, as a function of mission time in years. Changes

in o modity the direction of the solar-radiation-pressure acceleration

relative to the Sun--spacecratt line, allowing the spacecraft to shape

its heliocentric orbit during the outbound transter. The bounded cone-

angle profile retlects the practical requirement that the sail maintain

usable thrust and control authority throughout the maneuver.| . . . . 55
3.18 State history for the BLISS interplanetary transter to Bennu, repro-

duced with permission from |2|. From top to bottom, the plots show

heliocentric radius, r; radial velocity, u; tangential velocity, v; and

angular position, a, as functions of mission time. The solid and dashed

curves compare the BLISS trajectory state with the target /reference

trajectory state used for the Bennu rendezvous analysis. The evolution

of r, u, and v shows how solar-sail steering changes both the orbital

energy and angular phasing ot the spacecratt so that it can approach

the target orbit.|. . . . . . . ... oo o 56
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[3.19

Sun--Earth-frame trajectory geometry for the BLISS transter to Bennu,

reproduced with permission from [2]. The plot shows the heliocen-

tric path of the sailcraft relative to the target /reference trajectory in

astronomical-unit coordinates. This view illustrates the large-scale

orbital phasing problem that the sail must solve: the spacecralt must

use continuous low-thrust SRP acceleration to change its heliocentric

radius, angular position, and velocity state until it reaches the desired

Bennu-intercept geometry.| . . . . . .. ..o
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3.20

Rendering of the BLISS spacecraft showing (Left) isometric view of

the solar sail craft; (Right-top) spacecraft body as viewed from top-left;

(Right-bottom) spacecraft body as viewed from rear-right.| . . . . . .
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4.1

Representative works from the Pister Group. a) Joseph Greenspun’s

energy storage and self-destructing MEMS multi-stage hammer [3[; b)

Daniel Contreras’ hexapod walking microrobot [4]; ¢) Daniel Drew’s

flying microrobot with no moving parts, the lonocraft [5]; d) Oliver

Chen’s microelectrode array’s |6; e) Rachel Zoll’s carbon fiber pushers;

f) Hani Gomez’s zero insertion force latches [7]; g) Mauricio Bus-

tamante’s rotary inchworm for underwater propulsion [§; h) Alex

Moreno’s integration of wireless systems with o'l sensors and micro-

robots |9]; 1) Craig Schindler’s jumping microrobot [10[; j) Daniel Teal’s

multimaterial printing via charged nanoparticle deposition |11]; k) Dil-

lon Acker-James’ micro-taction device |12[; 1) Brian Kilberg’s MEMS

aerofoil [13]; m) Nishika Deka’s portable field emission device [14];

and n) Yichen Liu’s PV-powered MEMS differential capacitive sensor

integration on CMOS [15[. | . . . . ... .. ... . L.

2D design of the Penskiy-derived GCA structure used in the Pister

group showing transparent overlay boxes indicating the respective

components of the main pawl structure. | . . . . . . . . .. ... ...

Depiction of the problem statement, showing on the left the prior

Penskiy work indicating a single unidirectional output and on the right

a transmission capable work indicating bidirectional and multi-modal

continuous outputs. | . . . . . ..o 0oL

Diagram showing the basic mechanism ot each of the conceptualized

TGCA designs and their respective motion and engaging mechanism.

a) depicts the basic concept of the Compliant Mechanism design, b)

depicts the Frictional Rotary Joint design, and c¢) depicts the Slot-Slide

design. The dotted lines represent engaged gears possible with the

respective design. | . . . . . . ...
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A5

Diagram showing the basic mechanism ot the Rocker Smiley concept

for the TGCA design. a) shows the Rocker Smiley in neutral state and

b) shows one aspect of the rotated /geared positions possible, another

possible configuration would be to push the device such that it rotates

and engages the opposite direction gearing. | . . . . . . . .. .. ...

A6

Diagram of the mechanics for the uA motor pawls with A = 25°.

Top) demonstrates the initial state of the motor prior to actuation,

Bottom-left) shows the gear shifted position at a given distance, A,

(orange arrow) with the deflection angular sweep, v, (blue arrow).

Bottom-right) demonstrates the GCA driving and shuttle motion step

with the bending behavior of the pawl upon contact with the shuttle

showing the force transmission from the axial direction (blue arrow)

the orthogonal shuttle direction (red arrow). Indicated on top is the

torward and the bottom the reverse gearing with bending indicated. |

72

4.7

(Top) Klayout 2D CAD showing the location and use of the pin tab

structure. (Middle) Four images showing the progression of the pin

tab push by the probe tip at the probe station where the probe tip

also applies a horizontal torce and displacement in the +A-direction

causing a +7 change in the pawl, which then imparts (when actuated)

a +0x change in shuttle motion where the +o0x is in the —A direction.

The first of the four images shows the unshifted position but with

the probe tip hovering just above the pin tab prior to actuation. The

three following images show the probe tip engaging the pin tab and

maneuvering it by applying a forced displacement. Guiding lines have

been added in dashed red to assist the reader in viewing the changes

in pin tab and pawl relative to their initial position, noted in black

dashed line. (Bottom) Diagram showing the +A and +~ changes

aligned horizontally to depict their relative motion. | . . . . . . . ..

4.8

Figure showing the two compliant mechanism design morphologies.| .

7
78

4.9

Diagram showing the yA motor (right). Left-top showing the pawl

separation half-angle A = 47.5° and left-bottom showing A = 25°. The

torward pawl of the A = 25% device has the same angular morphology

of the Penskiy pawl with the noted difference of having a reverse pawl

and a gear shift cantilever attached at the meeting of the forward

and reverse pawls. The distance between the pawl top and the pawl

spring has been elongated for the insertion of a deflection cantilever

for rotation. | . . . . . ...

79
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.10

Diagram of small angle approximation for change in deflection angle,

07 due to A; the pitch offset, p, that contributes to pawl/shuttle tooth

misalignment; pawl gap, ¢,, which decreases with increasing 0v; and

shuttle motion, x,, which grows with increasing work done on the

shuttle due to the decrease in g,. From left to right is the progression

actuation of as fabricated, gear shifted, GCA drive input, and shuttle

motion. Not to scale. Interestingly at some ~’s the x;/dgcca > 1.

shaded gray images correspond to the previous action for reference. |

80

Optical images of fabricated devices in their actuated positions for

representative display of the relative forward, neutral, and reverse

positions for the A = 25% and A = 47.5° devices. In “forward gear”,

the left pawl pushes the shuttle left. In “reverse gear”, the right pawl

pushes the shuttle to the right. |. . . . .. ... ... ... ... ...

81

ANSYS simulation of the narrow A = 25° compliant mechanism

uAMotor indicating the deflection magnitude in colormap. | . . . . .

83

(Top) ANSYS simulation data of the shuttle motion with respect to

the gear shift tab displacement. (Bottom) ANSYS simulation data of

the spine motion shift (pre-actuation) on left axis and effective pull-in

voltage on right both as a function of gear shitt displacement. |. . . .

Zoomed 1n single frame 1mages captured from video showing the open

position of the GCA and the closed position of the GCA. Together

with the diagrams depicting each for clarity. | . . . . . .. ... . ..

Single frame images captured from video of the narrow A = 25°

compliant mechanism pgAMotor with arrows indicating the pin-tab

gear shift motion (A), spine motion due to the closing gap of the fingers

(dgspine), the motion of the pawls (dr,..), and the displacement of

the shuttle in the z—, or transverse-, direction (dz). Insets show the

GCA 1n the open position and closed position with plots indicating the

video captured motion of the spine, pawl, and shuttle. Green overlays

are to indicate the automated region of capture where the "open’ is

considered a fully open GCA below in red is the indicated fully "closed”

GCA motion. |. . . . . . . .

87

Plot showing the Video Averaged data of the A Analog Transmission

tor both the A = 47.5° and the A = 25° designs in forward and reverse

actuation. Indicated are selected Gear Ratio, G.R. = z4/g, | . . . . .

88
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4.17 Plot of single-stroke data of (Top) gear shift position (A) vs pull-in

voltage (Vpr) and (Bottom) shuttle motion (dx) vs pull in voltage

(Vpr) for the A\ = 47.5° and A = 25° devices. The trend for change

in pull in voltage is observed to be influenced by the gear shifting

motion. As the A increases, the compliant beam bending shifts the

GCA fingers more in the reverse direction and opens them more in the

forward direction. | . . . . . . . .

4.18 Plot of single-stroke experimental data of shuttle motion vs (Top) open

and (Bottom) closed deflection angle, v. The plots show the shift in

ox from the open to closed position of the GCA tingers owed to the

bending in the compliant beams, showing the A = 25% and A = 47.5°

configurations. | . . . . . . . . ...

4.19 Combined data for ANSYS simulation, Video Averaged, and Single-

Stroke Analyses. | . . . . . .o

4.20 Diagram with optical images. Right) BLISS Solidworks 3D CAD

showing relative size of modules with main body identified for inset

and scale bar showing approximate 10cm size on payload. Left Top)

BLISS Main Body zoomed to show relative placements of components

with 10cm scale bar for reference (approximate) and MAST (MEMS

for Actuation of Solar-sail Tethers) device identified for inset. Left

Middle) MAST device Blender 3D CAD (compiled from KLayout

2D CAD layers) zoomed in and MEMS pA transmission motor pawl

identified for inset with 10mm scale bar for reference (approximate).

Left Bottom) Optical image of TGCA on the uA motor zoomed in for

reference with scale bar of 100um detailed (approximate). | . . . . . .

5.1 T'his diagram shows the progression ot the walker project within the

Pister group. The top row shows the walker chips themselves and

the progression of the sizing as well as the locomotion method. The

bottom row shows how the hat/hub chip itself has progressed. To the

knowledge of the author, no previous work within the Pister group

addressed the self-righting problem or attempted a similar concept. | .

5.2 This diagram shows the 2D CAD of the prior design from Contreras et

al. and Gomez et al., where the leg is controlled by two independent

motors [7L16]. | . . ...

5.3 Diagram depicting the ditferent event goals of the DARPA SHRIMP

program. The long-term objective is to develop a microrobot capable

of completing all of the listed events; demonstrating completion ot one

event would also satisty a meaningtul program objective. | . . . . . .
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5!

Depicted here is the 2D CAD of the Prismatic Linkage Approach cover

chip. The color scheme here is the same as in the prior 2D CAD

layouts. This cover chip is intended to provide through-chip electrical

connection to allow for testing after assembly and prior to atfixing the

hat-chip by connecting to the Primary Probe Pads.| . . . . . . . . ..

103

55

Diagrams showing (Left) the cover chip stack cutaway and (Right)

the assembled cover chip stack cutaway with the leg chip beneath it

| and a wire inserted. | . . . . .. ..o 0oL

5.6

Array ot SOLIDWORKS linkages depicting the relative shape and

actuation flow at three stages of actuation: (Top Row) as fully retracted

and (Bottom Row) showing the relative distances of each point of

contact with the walking surface and the leg where it would touch.

The three columns represent ditferent linkage configurations named for

their resemblances in gait or morphology to the representative names:

(Left) crab, (Middle) mantis, (Right) flea. Here, F,, is the input force

from the motor transferred through the initial dual linkage; rry is the

projected distance from the vertical force vector and the anchor point

of the first leg; and r; is the projected distance trom the anchor to

the vertical vector of the force on the walking surface R; for the first

leg. Similarly, the diagram depicts the same vectors and distances for

the second leg, where the distance is specific to the position that the

linkage 1s in when it touches the walking surface during the driving

[5.7 Screenshot tfrom the Linkage 2.0 CAD software detailing the gait of

the crab-inspired linkage approach, where dimensions from Table [5.3]

and lable 5.4 are integrated.| . . . . . . . .. ... ... ... ..

Diagram of the linkages tor the crab-inspired design. All linkages are

device layer with 8 pum square etch holes and 14 yum spacing, center-to-

center. The Lo 1 and Lo g linkages are 525 pm wide, all other linkages

are 40 ym depth, 300 pm width, and have had the 2 um oxide layer

etched away from beneath them. . . ... ... . ... ... .....

109

Body-trame linkage poses for the crab-inspired mechanism over the

prescribed shuttle stroke. The linkage geometry is shown betfore trans-

formation into the world frame, so the shuttle, input linkage, dual

connector linkages, and vertical ground linkages retain their body-

frame translational constraints. The rigid walking surtace 1s included

as a reference line, but contact correction has not yet been applied in

this frameld . . . . . . . .

114
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.10

World-frame linkage poses and robot-body outline atter applying the

rigid-body transformation and contact constraints. T'he body-trame

linkage solution is transtormed into the world frame using the body

translation and rotation generated by contact with the walking surtace.

The feet maintain no-slip contact only while in compressive contact,

while the robot body is prevented from penetrating the walking surface

under a frictionless slip condition.| . . . . . . . . . ... ... ... ..

0.11

Center-of-mass location relative to the robot-body outline during the

motor stroke. The center of mass is located at the geometric center of

the rectangular robot body, consistent with the assumed unitorm body

[ mass distribution. . . . . . . . .

5.12

Central body translation as a function of motor stroke. The horizontal

translation results from the no-slip stance-foot constraint, while the

vertical translation enforces non-penetration of the feet and robot body

with the walking surface.|. . . . . . . . .. ... ... ... ...

Robot-body rotation relative to the world frame as a function of motor

stroke. Body rotation is driven by the moment generated by the active

foot-ground reaction about the robot-body center of mass.| . . . . . .

Contact-state and release diagnostics for the no-slip foot-contact model.

'The stance state identifies whether the left toot, right foot, or neither

foot is acting as the no-slip contact point. The estimated stance-

foot normal force is used to determine whether the contact remains

physically admissible. When the estimated normal force becomes

non-positive, the stance toot is allowed to release.| . . . . . . . . . ..

117

o

Unilateral Ls-to-L4 joint state and torque response. Positive counter-

clockwise torque about the joint releases the distal link and allows

free rotation, while zero or negative torque locks L, at its designed

relative angle with respect to L3. The distal-link orientation is updated

according to the locked or free joint state.| . . . . . . . .. ... ...

15
0.16

Center-of-mass trajectory components as a function of motor stroke.

The center of mass is placed at the geometric center of the robot

body and transformed into the world frame using the computed body

.17

Robot-body clearance and penetration correction under the frictionless

body-floor contact condition. The body is prevented from penetrating

the walking surface, but body-tloor contact does not impose a horizontal

no-slip constraint.|. . . . . . . . . . . ...
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Cumulative world-frame output force components from the left and

right distal endpoints. The horizontal component indicates the net

tore-aft force contribution, while the vertical component indicates the

net lift or loading contribution. The body weight is subtracted from

the vertical force to show the approximate net vertical support margin.|

120

Estimated torque about the moving center ot mass from the left and

right distal endpoint forces. The total torque is obtained by summing

the lett and right moment contributions about the center of mass.| . .

120

Depicted here is the 2D CAD of the crab-inspired linkage approach.

'The yellow is the metal layer; red is metal removal to be done computa-

tionally prior to fabrication; green is non-sacrificial SOI that is intended

as anchors; dark blue is non-sacrificial SOI intended as released SOI;

medium blue lines are the etched substrate layer; and the light-blue is

the un-etched substrate layer. The hat chip attachments / ZIF socket

connections were designed by H. Gomez. | . . . . . . ... ... ...

121

Depicted here is the 3D CAD ot the crab-inspired linkage approach in

tull assembly with the hat chip. The radius of the circle on the walking

surface 1s 2.5 cm. | . . . .

122

Photograph of the Crab Inspired Chip as-fabricated. Outer dimensions

of the chip are 2.2 cm by 20cem. |. . . . . . . . . .. ... ... ...

123

0.23

Diagram showing the straight walker approach leg angles. (Top)

Simplified view of the walker robot assembly with two leg chips on

either side and one hat chip connected at approximately 75% the full

height of the leg chips. (Bottom) From left to right depictions of

the leg orientations showing parallel, 30°, 45°, 60°, and perpendicular.

Each diagram contains two legs per leg chip as simplified rectangular

shapes in their respective orientations and are positioned as near to

the ground as their orientation and shape allow without protruding

out of the bottom of the chip. Notably, they all share similar sized

legs to give an understanding that each is expected to extend the same

length out of the robot, here approximately half the leg length. The leg

lengths are approximately 60% of the robot height. As the leg width

was deemed a non-constraining variable, they are not considered here. |

124
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5.24

Depicted here is the 2D CAD of the Prismatic Linkage Approach,

using a Big-Foot/-boot substrate leg. The yellow is the metal layer;

red is metal removal to be done computationally prior to fabrication;

green 1s non-sacrificial SOI that is intended as anchors; dark blue

1s non-sacrificial SOl intended as released SOI; medium blue lines

are the etched substrate layer; and the light-blue is the un-etched

substrate layer. The hat chip attachments / ZIF socket connections

were designed by H. Gomez. | . . . . . ... ... ... ...

0.25

Diagram of the cutaway of the 2D CAD of the Prismatic Linkage

Approach, using a Big-Foot/-boot substrate leg. The diagram shows

the SOI overhang which is attached to the shuttle/foot structure and

1s a series of Device layer etch holes designed to allow the HP vapor

[ etch to release the SOI from the Substrate. T'his allows the Substrate |

layer to fall away during etch and be removed. Shown here is also the

chip substrate that is atfixed to the SOI and for which the overhang

slides across to maintain in-plane alignment with the rest of the chip

device layer to within =2 pm. | . . . . . . . . ... ... ..

Body-frame poses of the prismatic substrate-cutout linkages over the

prescribed actuator stroke. The two linkages have identical geometry

and orientation, with the right linkage translated 7.0 mm in the -

direction relative to the left linkage. This view verifies the prescribed

I
I
I
I
[5-26
I
I
I
I

linkage geometry before contact correction and transformation into

| the world framel] . . . . . ... o oo

131

[5.27 World-frame poses of the prismatic linkage model atter applying the

rigid-body transformation and contact constraints. The linkage motion

1s shown relative to the walking surtace, including body translation,

body rotation, no-slip foot contact, and frictionless body-tloor non-

penetration COrrectlon.| . . . . . . . . . . . . ... oo

Central body translation predicted by the prismatic linkage model.

Horizontal motion results from the no-slip stance-foot constraint, while

vertical motion enforces non-penetration between the feet, robot body,

and walking surface| . . . . ... .. ... L

5.29

Robot-body rotation predicted by the prismatic linkage model. Body

rotation is driven by the ground reaction moment about the cutout-

[2.30

Contact-state and release diagnostics for the prismatic linkage model.

The stance state identifies whether the left toot, right foot, or neither

toot is enforcing the no-slip contact condition. The stance toot is

released when the estimated normal force becomes non-positive.| . . .
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World-frame distal endpoint, center-ot-mass, and body-center trajec-

tories for the prismatic linkage model. The endpoint paths include

the prescribed prismatic actuation, rigid-body transtormation, no-slip

stance constraint, and contact-driven body motion.| . . . . . . . . ..

Horizontal and vertical components ot the cutout-corrected center-of-

mass trajectory as a function ot actuator stroke. This representation

separates forward body motion from vertical litt and oscillatory motion.|

Depiction of the 3D CAD Assembly of the big-foot substrate legged

walker with hat chip. The radius of the circle on the walking surface

1S 2.0 CIML . o . o e e e s

Image of the as-fabricated Big-Foot Substrate-Layer Leg Chip. | . . .

Diagram of the Prismatic Linkage Approach, using a Big-Foot /-boot

substrate leg showing the out-ot-plane motion. The diagram shows the

shuttle/foot structure falling towards the floor or into the surrounding

chip structure gap when being tested in a tlat chip-face-up position

because gravity acted on an off-center leg/foot center of mass. The

diagram also shows the return springs acting as a stabilizing structure

to keep the shuttle from completely losing alignment. | . . . . . . ..

Depicted here is the 2D CAD ot the Prismatic Linkage Approach, using

a rectangular substrate leg. | . . . . . ... ... ...

Depiction of the 3D CAD assembly of the rectangular substrate-layer

legged walker with hat chip. The radius of the circle on the walking

surface 1s 2.5 cm. . . . . . .

Depicted here is the screenshot of the resultant detlection heatmap

of the nonlinear static analysis trom the SolidWorks 3D CAD of

the non-perforated device-layer leg. The colorbar shows a maximum

deflection of 0.7269 mm and a minimum of 1 x 10~ mm where the

colors correspond to the distal end and the fixed end, respectively. | .

144

Depiction of the 3D CAD assembly ot the rectangular device-layer

legged walker with hat chip. The circle on the walking surface has

radius 2.b emJ . . . . .

146
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5.40

Diagram showing the conceptual progression ot the self-righting robot

showing simplified versions of the required motion. The diagrams

show (Top) the robot upright with arrow depicting the direction of the

top/head of the robot and a rectangle representing the end effector.

(Bottom Row) Four diagrams showing the progression of the self-

righting mechanism as seen from the front of the robot. From lett

to right the depictions start from the robot being overturned on its

side, the next showing initiation of selt-righting by rotating out the

end-effector linkage, then showing the robot at approximately 45° angle

with the end-effector still engaging the ground surface, and on the

tar-right, showing the robot fully returned to its right-side-up position

with end-effector linkage returned to its resting position. |. . . . . . .

0.

Image of 3D CAD Blender showing the self-righting device overturned

on the left and self-righting on the right. Top row shows front-tacing

perspective and bottom row shows a perspective view. | . . . . . . . .

41
0.42

Depiction of the 3D CAD of an assembled self-righting actuator within

a die. (Left) Actuators extended with the die face cover on. (Right)

| 1&(:! llzils21:i f:}{!f:lld,f:d, !yllll glig: iﬂ(:f: g:Q&f:I If:IIlQ&g:Sl, I -----------

[0.43

Depicted here is an overlay of the linkage structure on the 2D CAD

KLayout screenshot. T'his image corresponds to Tablefp.8f | . . . ..

5.44

Robot-frame linkage sweep for the selt-righting model. The body

outline, tixed body anchor, center of mass, Ly centerline constraint,

and sampled linkage configurations are shown in the robot frame.

The plot verifies the imposed actuator path and the rigid distal-link

coupling during the prescribed stroke. | . . . . . . ... ... ...

155

545

World-frame sweep of the robot body and linkage assembly during

the actuator stroke. The body has no-slip contact with the ground,

while the distal L3 end-effector is modeled as a frictionless ground

contact. The overlay illustrates the body rotation and linkage-ground

interaction generated by the full actuator stroke. | . . . . . . . . . ..

.46

World-frame center-of-mass trajectory during the actuator stroke. 'T'he

start and full-stroke COM positions are marked to show the net dis-

placement generated by the self-righting linkage under the specitied

body and L3 contact constraints. |. . . . . . . ... ... ... ...

World-frame center-of-mass coordinate histories during the actuator

stroke. The upper and lower plots show the COM z- and y-positions,

respectively, as functions of the imposed Lg stroke. |. . . . . . . . ..
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Summary of the actuator-driven selt-righting stroke. T'he plots show

body rotation, estimated angular velocity across the stroke, and gravity-

torque measures about the no-slip body contact and the frictionless Ls

contact. |. . . . . oL

Photograph of the SRA device in the vacuum pick and place sta-

tion through microscope taken with phone camera during removal of

sacrificial SOL. (Top) Left eyepiece and (Bottom) right eyepiece. | . .

SRAonapenny. | . ... ... . ... ...

Image of the 3D CAD Blender model for the small approach. Of note,

the smaller hat chip shown here is not sutficiently mapped out and

only contains placeholders for the necessary components, as laid out

by Gomez 7], and a reduced size version of the ZIF architecture. | . .

'T'wo-dimensional KLayout layout of the substrate-shuttle MAST v1

design. The design uses a stitf shuttle structure intended to interface

with a carbon-tfiber tether while opposing MEMS inchworm motor

banks provide bidirectional linear actuation.| . . . . . . . . . ... ..

Three-dimensional rendering of the substrate-shuttle MAS'T v1 design.

'The rendering illustrates the intended mechanical relationship between

the shuttle, actuator banks, probe regions, and tether-intertace geometry.|

As-fabricated substrate-shuttle MAS'T v1 device shown on a U.S. penny

tor scale. The image highlights the chip-scale footprint of the actuator

relative to a common macroscopic reterence object.| . . . . . .. . ..

T'wo-dimensional KLayout layout of the SOl-shuttle MAST v2 design.

The design places the shuttle and actuation features in the SOI device

layer and arranges opposing motor banks around the tether-actuation

65

T'hree-dimensional rendering of the SOI-shuttle MAS'T v2 design with a

carbon-tiber tether positioned on the shuttle. The rendering illustrates

the intended tether-routing path and the mechanical interface between

the fiber and the MEMS output stage.| . . . . . . ... ... ... ..

As-fabricated SOl-shuttle MAST v2 device shown on a U.S. penny for

scale. The device includes a central shuttle, opposing MEMS GCA

arrays, probe pads, carbon-tfiber mounting regions, and mechanical

rails that guide the shuttle motion.| . . . . . . .. .. ... ... ...

KLayout layout of the PIPO GCA test-chip array. The array contains

multiple GCA cells with increasing finger length, enabling pull-in and

pull-out behavior to be compared across geometries on a common die.|
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Zoomed KLayout layout ot a single PIPO test cell. The [abeled teatures

include the locking-tab probe gap, locking-tab cantilever, wedge, end

stop, spine, GCA stator anchor, GCA fingers, probe pads, return

springs, and return-spring anchor.|. . . . ... ..o 0000

As-tabricated PIPO test chips shown betore full separation from the

break-away tabs. The array layout permits multiple GCA geometries

to be inspected and tested from a single tabricated chip.| . . . . . ..

Optical micrograph of an as-tabricated PIPO test structure. A single

GCA PIPO cell is visible within the array. The etch-hole spacing is

approximately 14 yum center-to-center, providing a scale reterence for

the released silicon features. Also shown is the engaged wedge and

lock tab structures. | . . . . . . . ..

175

Measured pull-in voltage, Vpr, as a function of finger overlap length,

Loy, for the GCA PIPO test structures. The data show a general
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Chapter 1

The Mission: An Introduction to
Small Scale Solar Sail Spacecraft
for Interplanetary Exploration

1.1 Motivation

As spaceflight grows from its beginnings as democratized government-funded science
in search of truth to its now industrialized and subsidized privatized position, the
extent to which innovation is supported might be up for debate, however, some things
will remain the same in spaceflight considerations:

« trips to space are needed for planetary, economic, and scientific exploration
and expansion;

» space debris is a deterrent to achievable spaceflight and observation;
« costs for space exploration will always need to be reduced;

e space is an extreme environment that requires specialized hardware, mission
design, and operational planning.

The rapid miniaturization of commercial-off-the-shelf (COTS) electronics, driven
in recent years by the emergence of smartphones and the Internet of Things, has
made many of the components used in spacecraft available in very small, low-cost,
low-power packages. This trend has inspired the CubeSat [17], and, subsequently,
ChipSat [18] and later the Kicksat [19], concepts—the idea of building chip-scale
satellites with the same devices and processes used in the consumer electronics
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industry. While much of the development in this area has focused on expanding
access to low-Earth orbit (LEO) for educational and hobbyist use, this dissertation
extends the concept to address a different frontier: interplanetary science.

While industry is fighting at the top, with its commercial suborbital tourism and
privately subsidized launch models, the truth can still be said as it was before,

"[t[here is plenty of room at the bottom." - Richard Feynman [20]

and while we sit idly by, proving one great thinker right, why not prove another
great mind wrong by finding out if it can still be said in a hundred years that,

"[t]he Earth is the only world known so far to harbor life." - Carl Sagan [21]

Despite decades of exploration, relatively few missions have returned physical
samples or close-flyby imagery from small bodies.

It stands to reason then that a less costly, negligibly debris producing, method for
maneuvering the space environment is needed to continue the planetary, financial,
and scientific interests of peoples, governments, and corporations.

It is safe to say that the general historical trend for launching rockets has been
steadily increasing over time [1]. However, the technology aboard the rockets them-
selves has seen a trend downward in mass, volume, and in some cases, cost [22].

In this regard, high-value discoveries or explorations are without a doubt those
which bring actual materials or new found information from the visited target to Earth
for study. Of the many thousands of missions launched into space, it is estimated
that over 17,000 23], about 402 have brought 676 humans to space (including those
not passing the Karman line) [24], nearly 445 spacewalks [25], and of all of these only
11 missions have brought materials back from a celestial body [26], the majority of
which have lunar rocks and soil. Only four missions have brought back material from
something other than our moon: OSIRIS-REx [27], Hayabusa [28] & Hayabusa2 |29],
and the Stardust [30] have returned materials from bodies other than our Moon,
returning approximately 121.6g, 1mg, 5.4g, and 0.3mg, respectively. With the two
smaller returned sample masses being microscopic in nature as even individual dust
particles were counted for Hayabusa and Stardust missions, this ostensibly makes
these materials the most exotic and expensive, by cost-to-mass ratio, known to the
human world.

However, traditional, massive spacecraft are prohibitively expensive and require
long development cycles, limiting the number of targets that can be explored. A New
Frontiers-class mission, for example, costs approximately $1 billion and, even on an
aggressive schedule, would not return cometary samples before the mid-2040s.1 This
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paradigm creates a bottleneck in planetary science, where the rate of discovery is
limited by mission cost and complexity rather than scientific curiosity. This research
posits that a new class of science missions, built around large ensembles or "swarms" of
gram-scale "femto-spacecraft," can overcome these limitations. Such an architecture
could enable the rapid optical reconnaissance of thousands of asteroids and the return
of samples from dozens of comets, allowing thousands of data points to be collected
simultaneously over vast regions of the inner solar system and multiplying scientific
returns far beyond what is possible with a single large probe.

The primary motivation behind small-scale solar sails is that practical, 10 — 100 g
solar sail spacecraft remain difficult to build [31+-33]. Transit times increase linearly
with sail mass loading, so any design significantly above 10 g/m? leads to mission
times which are on the order of dozens of years. The high cost of depositing such
a sail outside the Hill sphere of Earth is another limitation and the selection of
Earth escape trajectories is also limited by sail mass loading in that most proposed
trajectories require relatively fast maneuvers to maintain heading. At a sail mass
loading of 10 g/m?, leaving Earth orbit and transiting to near-Earth objects (NEOs)
both require roughly a year [34,35]. Such a mass loading also allows for more agile
maneuvers. Unfortunately, achieving such a low mass loading is a severe challenge for
conventional spacecraft. Even CubeSats, among the smallest of spacecraft, require
hundreds of square meters of sail area to achieve a mass loading of 10 g/m?. Missions
like New Horizons and OSIRIS-REx had a dry mass of hundreds of kilograms and
would require sail areas in the tens of thousands of square meters, the area of
many football fields, to achieve the desired mass loading [27,36]. Sails of this size
require sophisticated deployment design, and the difficulty of developing low-mass
sail-deployment hardware has played a role in their lack of use to date. The low mass
of consumer electronics enables a new class of spacecraft driven by solar radiation
pressure. These new capabilities have the potential to dramatically lower cost and
decrease mission duration for inner solar system reconnaissance and sample return.

Demonstration of the potential of the new small-scale spacecraft development
will proceed in phases. The first science mission we propose will be to image tens to
hundreds of NEOs. The second will be to collect pristine cometary materials from
thousands of Jupiter-family comets.

Missions to many celestial objects are within the capability of our 10 g robot, but
for an initial demonstration, choosing targets with orbits close to 1 astronomical
unit (AU) from the Sun simplifies the design of the power and thermal systems on
the spacecraft. There are roughly 20,000 known NEOs, roughly 1,000 of which are
believed to be asteroids greater than 1km in diameter. Only 10 of these NEOs have
been visited by spacecraft.

Beyond NEO reconnaissance, there are many potential applications of BLISS
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in solar system exploration and planetary science. Swarms of approximately 10g
interplanetary spacecraft would enable rapid sample return from dozens of Jupiter-
family comets. Comets contain the building blocks of the solar system, preserved
in deep freeze for 4.6 billion years. Sample return of pristine cometary material was
identified as a high priority in the most recent Planetary Decadal Survey [37], and a
comet sample return mission --- from a single comet --- was one of two finalists in
the most recent New Frontiers (1B-class) competition [38]. Even with an aggressive
schedule, cometary samples would be expected no earlier than the mid-2040’s with a
New Frontiers approach. However, a fleet of 10 g interplanetary spacecraft has the
potential to collect cometary samples from dozens of Jupiter-family comets within
the next decade. Because cometary materials are complex on the submicron scale,
large samples are not required for cometary sample return: the thousands of ~10 um
rocks and abundant organic materials would keep the cosmochemistry community
busy for decades.

1.2 Unifying Architecture and Research Intent

The projects presented in this dissertation are not intended to stand as isolated
MEMS devices or independent spacecraft concepts. Rather, they form a single
research direction centered on the question of whether MEMS mechanisms can
provide direct mechanical functionality for femtoscale interplanetary spacecraft. In
this framework, the Berkeley Low-cost Interplanetary Solar Sail (BLISS) is the
spacecraft architecture. It provides the mission context, the solar-sail propulsion
platform, the low-mass spacecraft body, and the system-level motivation for using
MEMS actuation in space.

Within that architecture, the MEMS Actuators for control of Solar-sail Tethers
(MAST) serve as the steering and tether-control mechanism for BLISS. The MAST
devices are designed to displace the carbon-fiber tether elements connected to the
solar-sail frame, thereby changing the relative geometry of the sail and spacecraft
body. This motion provides a means of shifting the relationship between the center of
pressure and the center of mass, allowing the spacecraft to generate steering torques
under solar radiation pressure. Thus, MAST is not merely a separate MEMS actuator
demonstration; it is the mechanical steering interface of the BLISS spacecraft.

The Self-righting Quadrupedal Inchworm Driven Spacewalker (SQuIDS) extends
the same architecture from spacecraft-level transport to surface-level exploration. In
the intended mission concept, a BLISS-class solar-sail spacecraft could carry a SQuIDS
rover as a microrobotic payload for on-asteroid or small-body exploration. Whereas
BLISS enables low-cost transport through the inner solar system and MAST provides
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sail steering, SQuIDS addresses what happens after arrival at a small body: local
mobility, surface interaction, and recovery from uncertain landing orientations. The
SQuIDS work therefore represents a first step toward pairing femtoscale spacecraft
transport with MEMS-based in-situ exploration.

The Transmission Gap Closing Actuator (TGCA) work provides a longer-term
actuation path that connects these systems at the motor level. The BLISS, MAST,
and SQuIDS concepts all depend on compact MEMS motors capable of producing
controlled displacement and useful force within severe mass, volume, and power
constraints. The TGCA architecture is intended to replace the conventional inchworm
motors used in these systems in a future design generation by providing bidirectional,
transmission-capable, and variable-output MEMS actuation. In this sense, TGCA
is both a motor contribution and a unifying actuator technology for the broader
platform.

Taken together, BLISS, MAST, SQuIDS, and TGCA define a linked MEMS-
enabled exploration architecture. BLISS is the spacecraft, MAST is the steering
controller for the solar-sail tether system, SQuIDS is the intended microrobotic rover
payload for asteroid-surface exploration, and TGCA is the next-generation motor
technology that could eventually replace and improve the motors throughout the
system. The work presented here establishes the mechanical concepts, models, fabrica-
tion approaches, and preliminary demonstrations needed to support that architecture.
However, several parts of the complete system remain intentionally open-ended:
BLISS requires further spacecraft-level integration and environmental qualification;
MAST requires additional tether-loaded and vacuum testing; SQuIDS requires further
assembly, locomotion, and deployment validation; and TGCA requires additional
refinement before it can replace the conventional inchworm motors throughout the
platform. Thus, this dissertation should be read both as a set of technical contri-
butions and as a roadmap for future work. A central purpose of the dissertation is
to define a coherent path that future students can continue toward an integrated
MEMS-controlled solar-sail spacecraft and microrobotic exploration platform.

1.3 Contributions

This dissertation describes a linked architecture for low-cost interplanetary missions
based on femto-scale solar sail spacecraft and MEMS-enabled mechanical control.
The central spacecraft is BLISS, which uses MAST as its tether-control and steering
mechanism and is intended to support small microrobotic payloads such as SQuIDS
for on-asteroid exploration. The TGCA work provides a future actuation path for
replacing the conventional inchworm motors used across these systems with a more
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versatile transmission-capable MEMS motor architecture. The major contributions
are:

1. The design and implementation of a steerable interplanetary femto-spacecraft
architecture, BLISS, using COTS components and solar-sail propulsion.

2. A mission architecture, including trajectory design and control laws, for low-cost
NEO imaging and cometary sample return.

3. The development of a novel, transmission-capable MEMS actuator architecture
intended to enable bidirectional, multi-modal force and displacement outputs.

4. The design and analysis of SQuIDS, a self-righting quadrupedal microrover
intended as a possible BLISS-carried payload for surface exploration in micro-
gravity environments.

5. The design and analysis of MAST, a MEMS inchworm-motor tether-control
system for direct actuation and steering of the BLISS solar sail.

1.4 Outline

Each chapter in this dissertation builds toward the same integrated concept: a
femtoscale solar-sail spacecraft that can steer itself using MEMS tether actuation,
carry MEMS microrobotic payloads for small-body exploration, and eventually use
transmission-capable MEMS motors as a common actuation technology across the
spacecraft and rover systems.

Chapter [2| discusses the prior literature, historical cases, and contemporary ad-
vances of similar work. This chapter reviews emphasized and similar works in the
sub-field of solar sails and chip-scale spacecraft.

Chapter [3| presents the design, fabrication, and dynamics of the Berkeley Low-cost
Interplanetary Solar Sail (BLISS) spacecraft, a nearly 10-gram vehicle built from
COTS components. It details the hardware architecture, including the integration of
computation, power, imaging, and propulsion subsystems, and establishes the physical
principles governing its motion along with the mechanical and thermal performance.

Chapter {4 presents the first of the MEMS-specific technical contributions, a novel
MEMS-based transmission for solar sail actuation. This chapter details the theory,
design, and experimental characterization of a bidirectional, transmission-capable
Gap Closing Actuator (TGCA) that provides the precise control authority required
for solar sailing.
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Chapter [p| presents the second MEMS-specific technical contribution: the Self-
righting Quadrupedal Inchworm Driven Spacewalker (SQUIDS). This chapter de-
scribes the design and analysis of a MEMS-based microrover capable of locomotion and
self-righting in microgravity environments found on asteroids and comets, enabling
in-situ surface science.

Chapter [6] represents the third MEMS-specific technical contribution: the MEMS
Actuators for control of Solar-sail Tethers (MAST). This chapter describes the design
and analysis of a MEMS actuator for direct steering of the BLISS spacecraft.

Chapter [7] provides a final summary, synthesizing the key findings and contri-
butions of the preceding chapters. It reiterates the potential for MEMS use in
femto-spacecraft to transform planetary science and discusses future directions for
research in this emerging field.

Because the full BLISS--MAST--SQuIDS--TGCA architecture is larger than any
single dissertation-scale demonstration, the chapters that follow should be understood
as connected stages of a broader research program rather than as a completed
flight-ready system.



Chapter 2

Literature Review

2.1 Small Spacecraft: The Frontier of Spacecraft
Miniaturization

The evolution of spacecraft over the past several decades has been marked by a
sustained trend toward miniaturization. What began as a transition from large,
monolithic spacecraft to smaller and more modular platforms has accelerated into
a broader redefinition of what constitutes a viable space system. This progression
extends beyond the now-mature CubeSat standard and into increasingly compact
classes of spacecraft, including picosatellites, femtosatellites, and attosatellites [39--41].
At these scales, spacecraft design is no longer governed solely by conventional mass
reduction; rather, it increasingly depends on new manufacturing paradigms, new
subsystem integration strategies, and new mission philosophies.

This trend toward ultra-small spacecraft is not merely an exercise in miniaturiza-
tion for its own sake. Instead, it reflects a fundamental shift in the economics and
architecture of spaceflight. The availability of highly integrated, low-cost commercial
electronics has enabled functions that once required multiple dedicated spacecraft
subsystems to be condensed into single boards, flexible circuits, or chip-scale pack-
ages [39]. As a result, classes of spacecraft that were once conceptual now occupy a
credible region of the design space, particularly for distributed sensing, short-duration
technology demonstration, and low-cost access-to-space missions.

At the same time, miniaturization changes the governing engineering constraints.
As spacecraft shrink, form factor and manufacturing method become increasingly
inseparable from system architecture. Planar fabrication methods such as printed
circuit board manufacturing, flexible substrate integration, and MEMS-compatible
processing do not simply reduce cost; they impose geometric constraints that influ-
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ence power generation, communications, structural behavior, and attitude control.
Consequently, the study of ultra-small spacecraft requires not only a mass-based
taxonomy, but also a classification by form factor and physical architecture.

2.1.1 The Path Forward
2.1.1.1 The COTS Revolution as the Primary Enabler

The gram-scale spacecraft revolution is almost entirely dependent on the availability
and performance of low-cost, highly integrated Commercial-Off-The-Shelf (COTS)
components [42,/43]. The development trajectory of these platforms is fundamentally
intertwined with the consumer electronics industry. An analysis of key projects
reveals that their core technologies are not products of bespoke aerospace research
but are rather opportunistic adoptions of components---microcontrollers, sensors,
radios, and power systems---originally developed for terrestrial mass markets such
as mobile phones, automotive systems, and the Internet of Things (IoT) [42}43].
This symbiotic relationship creates an agile but technologically dependent innovation
cycle, where advances in space capability are directly tied to the release schedules of
commercial hardware. This reliance on COTS technology introduces a critical duality.
On one hand, it radically lowers the financial and technical barriers to entry for
space access, enabling academic institutions, small companies, and even individuals
to develop and launch space missions for costs that are orders of magnitude lower
than traditional programs [1939,42]. On the other hand, it imports the inherent
vulnerabilities of non-space-grade hardware, particularly susceptibility to the harsh
radiation environment of space, which can lead to premature component degradation
and mission-ending failures.

2.1.1.2 Literature Review Scope and Structure

This section provides a technical review of solar sail spacecraft and related chip-scale
platforms developed or conceptualized for use in space. It begins by establishing a clear
taxonomy for this emerging class of spacecraft. It then presents a comparative analysis
of key projects, detailing their technical specifications, mission objectives, and flight
heritage. Following this, the report explores visionary concepts for interplanetary and
interstellar applications that motivate much of the research in this field. This review
does not present a fully comprehensive analysis of the enabling COTS technologies
or claim to present a definitive analysis of which architecture is preferable for a given
use case. Rather, it presents the prior works in their representative categorizations
as a catalog of the historical background of solar sails and chip-scale platforms to
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give context for the gap in technology that many others might benefit from by filling
that gap. It presents questions to be answered in many ways and poses the question
to the reader, where future contributions in this regard best benefit humanity?

In doing so, the author hopes to present the technological background in such a
way as to help the reader better answer the question and to help the reader see how
the author attempted to answer this question in his own right.

2.1.2 New Mission Philosophies

The emergence of gram-scale and ultra-small spacecraft has enabled mission concepts
that are impractical or uneconomical with conventional spacecraft. Because these
platforms can often be produced at far lower cost and in much greater number
than traditional satellites, they support a different philosophy of mission assurance.
Rather than relying on the near-zero-failure expectation associated with large flagship
missions, ultra-small-spacecraft missions may instead tolerate substantial unit-level
failure while achieving system-level success through redundancy, multiplicity, and
distribution [39]. In this framework, mission success is no longer defined solely by
the survival of each individual spacecraft, but by the collective performance of a
population.

Instead of the "zero-failure" tolerance required for a multi-billion-dollar flagship
mission, gram-scale missions can be designed with an expected high failure rate,
relying on mass redundancy to achieve collective objectives [39]. The successful
KickSat-2 mission, which deployed 105 ChipSats, and the conceptual Breakthrough
Starshot project, which envisions a fleet of a thousand interstellar probes, exemplify
this philosophy [19,44./45]. This statistical approach to mission assurance allows for
architectures that are collectively robust, opening possibilities for high-risk, high-
reward missions in hazardous environments, such as atmospheric entry probes or
planetary impactors, where individual survival is unlikely [39]. Furthermore, these
platforms are ideal for creating massively distributed sensor networks capable of
making simultaneous, multi-point measurements of phenomena like space weather or
planetary gravity fields, providing a level of spatial and temporal resolution that a
single satellite cannot achieve [46]. Additionally, the decrease in mass and volume
drastically cuts down on the prevalence of space debris, allowing for a cleaner and more
predictable future of spaceflight. Previous missions were inundated with concerns
about decommissioning and secondary use as the debris cloud could become larger
than the volume occupied by the deployed launch vehicle and its payload adapters
where smaller craft exist in the size regime of their individual debris components [47].
Individual particulate scale debris can cause catastrophic damage to any spacecraft
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or satellite and debris trajectories are often irregular and unpredictable and rely on
statistical models to characterize their spatial density [47--50].

Distributed missions also enable scientific capabilities that are difficult to achieve
with a single spacecraft. Large numbers of small vehicles can provide simultaneous,
multi-point measurements of spatially varying phenomena such as atmospheric
structure, space weather, magnetic-field topology, or local gravity-field variations [46].
For hazardous or short-lifetime mission environments, this architecture is especially
attractive because it allows high-risk measurements to be obtained without requiring
each individual unit to survive for extended periods.

However, the same characteristics that make ultra-small spacecraft attractive
also impose new limitations. Power generation scales unfavorably as characteristic
size decreases, communications margins narrow rapidly, and reliance on COTS
electronics increases vulnerability to radiation and other space-environment effects.
Consequently, the transition from demonstration missions to operational or science-
focused deployments depends not only on continued miniaturization, but also on
improvements in subsystem reliability, fault tolerance, and low-power system design
[39]. The long-term utility of these spacecraft therefore depends on the ability to
convert low-cost hardware into architectures that remain credible under realistic
mission environments.

2.1.3 Taxonomy of Small to Ultra-Small Spacecraft

A consistent classification scheme is necessary because the literature does not employ a
single universal taxonomy for small and ultra-small spacecraft. Mass-based definitions
vary somewhat across institutions, but NASA classifications and widely cited academic
reviews provide a useful basis for synthesis [39--41,/51,52]. In this work, the term
Smallsat is used broadly for spacecraft below 500 kg, while Ultra-SmallSat is used to
denote the lower end of that spectrum, especially picosatellites and below.

The following taxonomy is adopted primarily on the basis of wet mass:

« Minisatellite (MiniSat): spacecraft in the approximate range of 100kg to
500 kg. These systems often support commercial constellations, remote sensing,
or more capable scientific payloads, and occupy the upper end of the Smallsat
regime [53},54].

» Microsatellite (MicroSat): spacecraft in the range of 10 kg to 100 kg. This
class often includes Earth-observation platforms, scientific missions, and ad-
vanced technology demonstrations, where greater subsystem capability is re-
quired than in CubeSat-scale architectures [55].
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« Nanosatellite (NanoSat): spacecraft in the range of 1kg to 10kg. This
category includes the canonical CubeSat regime and has become the most visible
and widely adopted class within academic and commercial small-spacecraft
development [17]56].

« Picosatellite (PicoSat): spacecraft in the range of 100 g to 1kg. This class
includes architectures such as PocketQubes and ThinSats, and is often associated
with low-cost technology demonstration, education, and early-stage subsystem
validation [57,/58].

« Femtosatellite (FemtoSat): spacecraft in the range of 10g to 100 g. This
class is especially relevant to planar spacecraft, ChipSats, and other highly

integrated demonstrators that push miniaturization into the gram-scale regime
[39-441].

» Attosatellite (AttoSat): spacecraft in the range of 1g to 10g. This cate-
gory represents the lower boundary of currently plausible functional spacecraft

concepts and is associated with highly integrated, often experimental architec-
tures [59,/60].

» Zeptosatellite (ZeptoSat): a currently theoretical category for spacecraft
below 1g [61]. At present, this regime is best understood as a conceptual
extension of ultra-miniaturized spacecraft enabled by future developments in
nanoscience, materials science, and extreme subsystem integration.

This mass-based taxonomy is useful for framing the scale of a spacecraft, but it is
insufficient on its own. At the smallest scales, manufacturing approach and physical
geometry become equally important descriptors. A femtosatellite based on stacked
CubeSat-derived electronics differs fundamentally from a femtosatellite fabricated as
a planar, PCB-based, or chip-scale device. For that reason, a second classification by
form factor and architecture is also required.

This taxonomy is intended to define the mass regimes used throughout this
dissertation. The categories are not universally applied in the literature, but they
provide a practical framework for comparing spacecraft architectures across kilogram-,
gram-, and sub-gram-scale systems.

2.1.4 Classification by Form Factor and Architecture

Beyond mass, ultra-small spacecraft can be classified by their physical architecture.
This is especially important because, at small scales, spacecraft geometry is often a
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direct consequence of the manufacturing infrastructure used to produce it. In con-
trast to conventional spacecraft, which are generally assembled as three-dimensional
structures from specialized aerospace subsystems, many ultra-small spacecraft derive
their form directly from planar electronic manufacturing processes such as printed
circuit board fabrication, flexible-film assembly, or MEMS-compatible lithographic
methods.

These manufacturing choices are not merely economic. They define the structural
and functional character of the spacecraft. Planar or quasi-planar spacecraft generally
offer low cost, repeatability, and compatibility with mass production, but they also
introduce new challenges in structural rigidity, thermal control, attitude determination
and control, power generation, and packaging. Accordingly, form factor is not a
superficial descriptor; it is a primary architectural variable that shapes subsystem
performance and mission suitability.

2.1.4.1 CubeSat: The Standardized Small Spacecraft Bus

The CubeSat standard remains the dominant small-spacecraft architecture in the
nanosatellite regime. Based on modular units of approximately 10cm x 10cm X
10 cm, CubeSats established a common mechanical, integration, and deployment
framework that dramatically lowered barriers to access for universities, research
groups, and emerging space companies [17,/56]. The availability of a standardized
deployer, coupled with increasing access to low-cost launch opportunities, transformed
CubeSats from educational tools into credible scientific and commercial platforms.

CubeSat units (U) generally have a 1 kg weight and are 1,000 cm? stackable
from 1 —24 U in general usage, with 3 U being the most widely used (S764) [62], for
various proposed missions such as ionospheric sensing [63], asteroid close-proximity
imaging [64], analysis of radiation effects on biological samples during deep space
exploration [65], quantum communication [66], ice thaw mapping [67], and much
more. Even with cost savings from COTS components, CubeSat development for
specific mission uses usually ranges well above $10,000 USD and takes years to
develop [68].

The CubeSat ecosystem also normalized the use of COTS electronics in space-
system development, a design pattern that later enabled even smaller PCB-based,
ChipSat, and planar spacecraft architectures.

2.1.4.2 ChipSat: The Integrated Planar Spacecraft

The term ChipSat refers to a spacecraft in which the majority of functional subsystems
are integrated onto a single printed circuit board, flexible substrate, or chip-like
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platform, resulting in a flat and highly mass-efficient form factor. In the contemporary
literature, the term is often most closely associated with the Sprite and Monarch
lineages developed through Cornell-led efforts [5969]. These spacecraft represent
a significant departure from the CubeSat approach: rather than miniaturizing a
conventional bus architecture, they collapse much of the spacecraft into a nearly
monolithic planar device.

ChipSats are significant because they expose the extent to which spacecraft can
be reduced to a manufactured electronic object rather than an assembled vehicle.
This shift has major implications for cost, scalability, and mission design. The
rapid progression of gram-scale spacecraft is exemplified by the deployment and
launch of 105 Sprite femtosatellites by the KickSat-2 mission by Manchester et al. at
Cornell University [19,/45]. Manchester et al. [19] have deployed an orbital swarm
of more than one hundred ChipSats, spacecraft at the size scale of a system-on-
chip (often designed in the same processes as consumer electronics) weighing only
a few grams each. This progress, driven almost exclusively by the leveraging of
COTS microelectronics, has demonstrated the fundamental viability of building and
operating functional spacecraft with masses measured in single grams. However, the
transition from short-duration technology demonstrators to widespread deployment
for complex science and commercial missions faces several significant hurdles that
define the current research frontiers.

Despite this promise, ChipSats remain constrained by a set of tightly coupled
subsystem limitations. Power is the most immediate of these. Because available
surface area scales down more rapidly than many subsystem power requirements, ultra-
small planar spacecraft face a persistent power-density challenge. Communications is
closely related: transmitting useful data from low-power hardware with extremely
limited antenna volume remains difficult even in Low Earth Orbit, and becomes
far more restrictive in deep-space applications [43]44]. Additional barriers include
radiation tolerance, limited attitude control authority, thermal management, and the
absence of mature propulsion systems suitable for the gram-scale regime.

Accordingly, the present state of the field is best understood as a transition from
proof-of-concept demonstration to architecture maturation. The physical feasibility
of gram-scale spacecraft has been established, but their expansion into long-duration,
high-value science or commercial roles depends on the maturation of power systems,
communications strategies, radiation robustness, and low-mass control or propulsion
technologies.
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2.1.4.3 Notable Related Architectural Concepts

Several related terms appear in the literature and are useful for clarifying the archi-
tectural landscape surrounding ChipSats and planar spacecraft.

PCBSat (Printed Circuit Board Satellite): PCBSat is a broader architectural
category for spacecraft built primarily on standard printed circuit boards. The concept
emphasizes the use of industrial PCB manufacturing infrastructure to produce low-
cost, mass-replicable space systems. Whereas the term ChipSat often implies an
extreme degree of planar integration and very low mass, PCBSat may refer to a
wider range of architectures built around one or more boards with minimal structural
overhead [46].

PlanarSat (Planarized and Multi-Chip Based Satellites: PlanarSat is
a useful descriptive term for spacecraft with very large surface-area-to-thickness
ratios. This geometry is characteristic of many PCB-based, flexible, and chip-
scale spacecraft, and it introduces subsystem challenges that differ from those of
compact three-dimensional buses. For example, power generation becomes highly
surface constrained, thermal gradients can become pronounced, and attitude-control
solutions must often be adapted to a geometry with limited out-of-plane moment
arms [42,/70].

DustSats (Smart Dust-derived spacecraft): The term "DustSat" is not
a formally recognized class of spacecraft but is introduced here to represent the
"space-based Smart Dust" swarm concept. The term "Smart Dust" originated in
the 1990s from DARPA-funded research into terrestrial wireless sensor networks,
describing a system of tiny, millimeter-scale MEMS sensors, or "motes," distributed
in an environment to collect data [71]. In the context of space applications, the
term has been adopted to describe a conceptual, often propellantless femtosatellite.
This "space-based Smart Dust" would have a high area-to-mass ratio, allowing it
to use external forces like solar radiation pressure for propulsion and maneuvering,
typically as part of a communicating swarm [72,73]. The conceptual foundation for
autonomous planetary swarms was largely established by Barker [74], after the initial
proposed use cases by Warneke [75,76]. These concepts are especially relevant to
future work in distributed sensing, swarm autonomy, and ultra-low-mass sailcraft.

The significance of these related terms is that they show the field is not converging
on a single ultra-small-spacecraft architecture. Instead, it is diversifying into multiple
lineages defined by manufacturing strategy, form factor, and mission philosophy.
CubeSats, PCBSats, ChipSats, planar spacecraft, and Smart Dust-derived concepts
should therefore be understood not as competing labels for the same object, but as
overlapping categories that reflect different architectural priorities.
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2.1.5 Architectural Implications for Ultra-Small and Planar
Spacecraft

Taken together, the preceding taxonomies show that spacecraft miniaturization is not
governed by mass alone. As systems move from the kilogram scale toward the gram
scale, architecture becomes increasingly dominated by form factor, manufacturing
process, and distributed mission philosophy. This is particularly important for planar
spacecraft, where the same geometric features that simplify fabrication also intensify
engineering challenges in power, communications, structural reliability, and control.

These trends are especially relevant to solar-sail and other area-dominated space-
craft concepts. Planar and chip-scale spacecraft naturally possess large surface-area-to-
mass ratios, making them promising candidates for architectures in which propulsion,
structure, and geometry are tightly coupled. In such systems, the spacecraft bus is
no longer merely a platform to which propulsion is attached; rather, the physical
form of the spacecraft may itself become the dominant propulsive and structural
element. This observation motivates a more detailed examination of small solar
sails, where deployment mechanism, stiffness source, sail area, and steering approach
collectively define the relevant architecture. See Fig. for a comparison chart that
summarizes relative sizes, masses, operating orbits, and subsystem characteristics of
representative planar spacecraft.
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2.1.6 Propellantless Spaceflight: Small Solar Sails

Propellantless propulsion remains highly attractive for spaceflight because it de-
couples total delivered impulse from carried propellant mass. Although a range
of concepts have been proposed under the broader umbrella of propellantless or
quasi-propellantless flight, solar sailing remains the most mature and repeatedly
flight-demonstrated architecture for sustained propellant-free spacecraft propulsion
using solar radiation pressure [1,77]. The practical significance of this capability is
especially strong for small spacecraft, where onboard propellant mass and tankage
volume can dominate the system-level design space.

In parallel with the broader miniaturization of spacecraft, solar sail systems
have also undergone substantial reductions in mass, stowed volume, and subsystem
complexity. This trend has enabled a growing set of small solar sail missions and
technology demonstrations, ranging from CubeSat-scale boom-deployed sails to more
scalable spin-tensioned concepts [78--80]. However, the design space is not well
represented by a simple chronological list of missions. A more useful literature-review
framework is to classify solar sail architectures according to four coupled engineering
considerations: structural stiffness, sail area, steering mechanism, and deployment
mechanism [1].

These four considerations are not independent. The deployment mechanism
determines how the membrane is released, tensioned, and packaged. That choice
strongly constrains the source of structural stiffness, whether the deployed sail is
supported by booms, by centrifugal tension, or by a hybrid solution. The stiffness
architecture then limits the feasible sail area through buckling, thermal distortion,
wrinkle growth, and flexible-body dynamics. Finally, the steering mechanism must
operate within the structural and dynamic envelope created by the first three choices.
Accordingly, deployment and stiffness are the most upstream architectural decisions,
while sail area and steering are more mission-facing variables selected within those
upstream constraints [1,78].

2.1.6.1 Taxonomy by Stiffness Mechanism

The first major discriminator in solar sail architecture is the source of deployed
structural stiffness. At the highest level, small solar sails can be grouped into
structurally stiffened, centrifugally stiffened, and hybrid architectures. This
distinction is fundamental because stiffness is not merely a structural property; it
governs membrane shape fidelity, wrinkle suppression, flexible mode content, thermal
sensitivity, and control bandwidth.

Structurally stiffened sails (typically three-axis stabilized): These sys-
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Table 2.1: Solar Sail Form Factor Classification

Form Typical Sail Architecture Material Constraint

Factor Bus Area

ChipSat MEMS/ c¢m? —m? Monolithic ~ Stiction & Lithography: Sail is
Femto often the substrate itself. Requires

MEMS actuators for steering (e.g.,
electrochromic pixels). [81]

CubeSat 3U - 10m* — Boom- Stowage Efficiency: Membrane
120 100m? Supported thickness (< 5um) and boom pack-
ing efficiency are critical. Booms of-

ten bistable composites. [79]

SmallSat ESPA  100m* — Boom  or Buckling Load (Booms): Booms
Class 1000m? Spinner require high cross-sectional inertia
(TRAC booms) to resist solar pres-
sure without buckling. [82]
Large-  Custom > Heliogyro / Tensile Strength (Root): Cen-
Scale Bus 2000m? Disk trifugal loads dominate. Material
must withstand high tensile stress
at the root/hub interface. [1]

tems rely on deployable booms or masts to support the membrane and maintain
geometric tension. This is the dominant architecture for CubeSat-scale and near-term
small-spacecraft missions because it is compatible with three-axis attitude control,
deterministic pointing, and conventional payload operations [79,80,83].

In this regime, the sail behaves as a pre-tensioned membrane supported by long,
slender deployable members. The central engineering challenge is that the deployed
structure must remain sufficiently stiff to control out-of-plane deformation while
remaining light enough to preserve a favorable area-to-mass ratio. As the sail size
increases, boom mass, boom stability, thermal distortion, and post-deployment flexible
dynamics can become the dominant scaling constraints rather than membrane mass
alone [78,82,84].

These systems are therefore typically favored for missions in which pointing,
communications geometry, science observation, or navigation place a premium on
stable, non-spinning operation. In such cases, stiffness and steering are strongly
coupled, because the usable control authority depends directly on the structural
fidelity of the deployed sail.

Centrifugally stiffened sails (typically spin stabilized): These systems
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generate membrane tension through rotation and centripetal loading rather than
through long compression-bearing booms. This architecture is especially attractive
for larger sails because it avoids many of the mass and buckling penalties associated
with cantilevered support members [77,85].

Two important subclasses are commonly discussed:

o Spinning disk sails: A continuous membrane is tensioned by spacecraft spin,
often with distributed masses or peripheral devices. The canonical demonstra-
tion is IKAROS, which used centrifugal deployment and maintained sail shape
through rotation [77].

» Heliogyros: Rather than one continuous membrane, these systems employ
long, narrow blades deployed from a rotating hub. The heliogyro architecture
is attractive because it can reduce packaging complexity and, in principle,
provide rapid steering through blade-pitch variation, though it introduces
tightly coupled blade dynamics and control challenges [85].

In this class, stiffness is effectively replaced by rotationally generated tension.
This improves scalability in sail area, but at the cost of tighter coupling between
structural support, spacecraft angular momentum, and steering strategy.

Hybrid or gradient-stiffness architectures: A third class spans concepts that
combine deployable structural members with rotational tensioning, variable-stiffness
elements, or other distributed load-sharing approaches. These architectures are often
proposed to bridge the gap between the operational stability of boom-supported
sails and the scalability of spin-tensioned sails. Although less mature than the two
principal regimes above, they are important in the literature because they expose the
fact that stiffness is not a binary design choice but a continuum of load-path and
shape-control strategies [82,84].

From a systems perspective, the most important conclusion is that stiffness is
more upstream than steering and closely coupled to deployment. Once the
source of deployed stiffness is selected, the available sail sizes, control bandwidths,
and mission-compatible pointing modes become substantially constrained.

2.1.6.2 Taxonomy by Sail Area

Sail area is the most visible performance parameter in solar sail design, but it should
not be treated in isolation. The true mission-relevant quantity is the effective area-
to-mass ratio, since solar radiation pressure acceleration depends jointly on reflective
area and total spacecraft mass [1]. Increasing sail area raises the available thrust
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force, but it also amplifies packaging difficulty, deployment risk, membrane wrinkling,
boom loading, thermal sensitivity, and attitude-control complexity.

For this reason, sail area is best treated as a downstream consequence of the
selected deployment and stiffness architecture. Boom-supported three-axis systems
have historically occupied the small-to-moderate sail area regime, where structural
control and deployment reliability remain manageable. By contrast, spin-supported
architectures are more naturally extensible to larger sail areas because they avoid long
compression-bearing booms and instead use rotational tension to maintain membrane
shape [77,85].

At small scale, modest sail areas can be favored for robustness and operational
simplicity, particularly in technology demonstrations and Earth-orbit missions. At
larger scale, the design challenge shifts toward membrane flatness, boom or blade
stability, and tolerance to manufacturing and deployment asymmetries. Thus sail
area is not simply a sizing parameter; it is a systems-level stressor that reveals the
limits of the chosen stiffness and deployment approach [78}83].

2.1.6.3 Taxonomy by Steering Mechanism

Steering mechanisms provide the operational link between solar-sail architecture and
mission objectives. In practice, steering approaches may be grouped into several
recurring families: conventional spacecraft attitude actuators, center-of-mass / center-
of-pressure offset methods, tip-vane or flap-based control, and modulation of sail
optical properties.

« Conventional actuator-assisted steering: Small boom-supported sails
frequently rely on reaction wheels, magnetorquers, or small thruster systems to
maintain or reorient attitude. This is common when the sailcraft must support
conventional communications pointing, observation geometry, or navigation
operations [79,80].

« Center-of-mass / center-of-pressure offset control: A widely studied
method is to shift the spacecraft center of mass relative to the sail center
of pressure, thereby generating controllable solar torque. This approach is
especially attractive because it uses the sail force itself as the source of control
torque [80].

o Tip-vane or flap control: Small acrodynamic-analog appendages or vanes can
locally modify solar torque and allow steering without large bus reorientation.
These methods are particularly relevant for larger sails, though they introduce
additional deployables and hinge-like subsystems.
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« Reflectivity-control devices: IKAROS demonstrated steering via liquid-
crystal reflectivity control devices embedded in the sail, showing that optical-
property modulation can provide torque without conventional moving ap-
pendages [77].

Of the four classification variables considered here, steering is the most strongly
tied to mission-specific requirements such as maneuverability, target tracking, commu-
nications geometry, and permissible settling time. However, it is not fully independent:
the effectiveness of any steering law depends on structural stiffness, membrane shape
stability, and the deployment-induced symmetry of the sail. For that reason, steering
should be understood as a downstream architectural choice constrained by
stiffness and deployment, rather than as a primary independent driver.

2.1.6.4 Taxonomy by Deployment Mechanism

The deployment mechanism is the most upstream of the four principal considerations
because it defines how the launch-packaged system becomes a flight structure. It
determines the initial release sequence, the method of membrane extraction, the
buildup of sail tension, the deployment transients, and the stowed-volume efficiency
of the system.

At the broadest level, solar sail deployment methods can be divided into boom-
driven deployment and centrifugal deployment. Boom-deployed systems use
stored-strain or mechanically driven deployable members to extend the sail corners
or edges outward from the spacecraft bus. These systems are generally favored
for missions requiring non-spinning operation, but they face strong engineering
constraints in boom packaging, friction management, synchronization, and reliable
one-time release [79}80L83].

Centrifugal deployment instead uses spacecraft spin to extract and tension the
membrane. This can reduce the need for long, highly loaded structural members
and is attractive for larger sail geometries. However, it also couples deployment
directly to the spacecraft rotational state and can complicate payload operations,
communications, and post-deployment maneuvering [77,85].

For small solar sails, deployment reliability is often one of the dominant mission
risks because the sail system is highly packaged, mechanically nonlinear, and only
deployed once in flight. Consequently, deployment and stiffness are the most strongly
correlated of the four major considerations. In practice, the deployment mechanism
largely selects the admissible stiffness regime, which in turn bounds sail area and
steering options. This is why deployment is best treated as the most upstream
architectural choice in a subsystem-centered taxonomy of small solar sails.
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2.1.6.5 Notable Mentions

Planet Labs has shown that hundreds of 3 L spacecraft can support commercial
Earth-observation use cases and that spacecraft assembled using consumer-electronics
standards can survive in low Earth orbit (LEO).

The Breakthrough Starshot initiative hopes to show that similar spacecraft
can go to the nearest stars and return image data [86]. While many works detail the
use of solar sails, the continued use of specialized equipment that remains expensive
and massive contributes to a high moment of inertia restricting the possibility of high
agility maneuvers which remains a technological challenge.

Other work has described a smaller and similarly capable concept for deploying
the ubiquitous SmartDust [73,|75] as a femtosatellite, ChipSat, propelled by SRP as
described by Niccolai et al. [87] where the SmartDust femtosatellite is simulated as a
sun-facing particle of orbital dust using an Electrochromic Coating System (ECS)
for attitude control in various mission possibilities with onboard camera, solar cells,
computation, antennas, and batteries.

Fig. compares the size regimes of solar sails and related technology. In
particular the selections are chosen for their range of unique demonstrative missions
and physical characteristics as well as their chosen technology.
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Figure 2.2: Chart describing the approximate relative sizing, where ordering on the horizontal axis is by
side-length or diameter from largest to smallest. The vertical axes are shared, where the left-hand side depicts
year of project start and finish/cancel and the right-hand side depicts mass of the spacecraft. On the far
left-hand side in the red circle is a miniaturized image of NBA legend Shaquille O’Neal as depicted in the DC
movie, Steel, and on the far right of the horizontal axis is an image of the NBA legend Kobe Bryant for scale
comparisons. The acronyms for the Steering Tech row are as follows: rotating-wheel (RW), direct control vanes
(DCV), adjustable panel angles (APA), liquid crystal variable reflectivity (LCVR), magneto-torques (MT), and
micro electro-mechanical systems (MEMS), N/A means the systems were either passive or non-controlled.
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Chapter 3

The Spacecraft: Berkeley Low-cost
Interplanetary Solar Sail (BLISS)

3.1 Abstract

Leveraging advancements in micro-scale technology, we propose a fleet of autonomous,
low-cost, small solar sails for interplanetary exploration. The Berkeley Low-cost
Interplanetary Solar Sail (BLISS) project aims to utilize small-scale technologies to
create a fleet of tiny interplanetary femto-spacecraft for rapid, low-cost exploration of
the inner solar system. This paper describes the hardware required to build a ~10g
spacecraft using a 1 m? solar sail steered by micro-electromechanical systems (MEMS)
inchworm actuators. The trajectory control to a NEO, here 101955 Bennu, is detailed
along with the low-level actuation control of the solar sail and the specifications
of proposed onboard communication and computation. Two other applications are
also briefly considered: sample return from dozens of Jupiter-family comets and
interstellar comet rendezvous and imaging. The paper concludes by discussing the
fundamental scaling limits and future directions for steerable autonomous miniature
solar sails with onboard custom computers and sensors.

3.2 The Spacecraft

3.2.1 Structure and Function

This is where the structural considerations are introduced and levied against the
mission goals. Later we discuss the structural capabilities (after we have introduced
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Figure 3.1: Rendering of the BLISS spacecraft. Left: isometric view of the solar
sail craft with A) carbon fiber rods, B) spacecraft body, C) mylar main sail, and D)
mylar roll sail. Right-top:spacecraft body with E) HOPG radiator fin, F) MEMS
motor actuators, G) LiPo battery, and H) VoCore2 CPU. Right-bottom: spacecraft
body with I) smartphone-grade CMOS image sensor, J) optical 853nm Tx/Rx, and
K) solar panels.

the general structure itself and given some validation to why we chose that structure
and not some other one).

The proposed components for the BLISS spacecraft are listed in Table [3.1] along
with their masses and an illustration highlighting the components and their relative
positions is shown in Fig. None of the components listed have masses more
than a few grams, and most, such as the battery and motors, are a small fraction of
a gram.

With the core of the spacecraft weighing roughly 10 g and costing less than $1,000
USD, there are not many options for propulsion with the same order of magnitude
in size and cost. Traditional chemical propulsion does not scale well to small sizes
due to surface to volume issues with heat loss and low propellant burn rates [88].
Electric thrusters such as ion engines and electrospray engines are very promising,
but are still orders of magnitude too large . Until some other technique can be
reduced to a mass of grams, the best propulsion for a 10 g spacecraft is a solar sail.
The fundamental limits to this scaling are discussed in Sec. While Lozano et al.
has demonstrated spacecraft capabilities at the cm scale for 480 emitters using their
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Component mass(g)
Mylar Sail < 2
MEMS Motors + IMU < 0.3
Optical Tx/Rx 2
HOPG Radiator 1
LiPo Battery 0.33
Camera <1
VoCore2 PC 2.4
Alta Solar Cells 2
Total < 11.03

Table 3.1: List of Component Masses

electrospray devices [49,88,89], their work shows that the necessary thrust to mass
ratio is relatively higher than that of the solar sail described here while the power
utilization to thrust is still undefeated for the solar sail case, where the solar sails
power utilization is essentially infinite.

3.2.2 Solar Sail Sizing and Packaging

With this mass, a solar sail that is just over a meter in diameter is needed to accomplish
a sail loading of 10 g/m?. Aluminized mylar is available in 1.51m thickness, weighs
2¢g/m? and yet is strong enough to be handled, cut, folded, and thermally bonded. A
carbon fiber rod can be bent into a ring on the perimeter of the aluminized mylar sail
and is sufficiently flexible to be bent into a multi-turn flattened disk, and sufficiently
stiff to pop back to regular shape after release on orbit. Folds of three and five
would allow a square meter sail to be carried inside a 9U or perhaps 3U CubeSat
for early technology demonstrations [17,90]. In addition to the main sail, we will
append a small sub-sail called the roll sail to one edge of the main sail to achieve
control authority about all body axes. For a launch with one thousand spacecraft
after the technology has been proven, the sails may be stored stacked on top of
each other, with the spacecraft bodies arrayed around the perimeter. One thousand
spacecraft of this type will weigh roughly 10kg, and the stack of sails could be only a
few millimeters thick.
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3.3 Dynamics

In this section we detail the physical mechanisms that control the small solar sail
through its spaceflight.

3.3.1 Light Pressure

Photons have energy F = hc/\, and momentum p = h/A = E/c. A flux of photons
with power P being absorbed by a surface imparts a force equal to the change in
momentum, Fypoton = P/c.

A perfectly reflective flat sail of area A at an angle « from the solar flux of
G = 1.361kW /m? experiences a normal force of:

GSC
c
This is the same as the gravitational attraction between the sail and the Sun at a
distance of 1 AU if the mass loading of the sail is roughly 1.6 g/m?. Real sails will
have a reflection coefficient less than 1, some Lambertian reflection, and pressure
from black body emission from the back side, making the peak normal force somewhat
lower [1].
The radial (F,), tangential (F}), and normal (F}), components of the force then
become:

Fy=2""Acos’(a) = (9 uN/m*) A cos*(a) (3.1)

F, = Fycos(a), (3.2)
F, = Fysin(«) sin(9), :
F), = Fysin(a) cos(d). (3.4)

Taking ¢ to be 7, it can be observed that the behavior in the plane of the ecliptic
gives F; = Fysin(a) & Fj, = 0.

The tangential force is maximized at an angle sin~'(1/y/3) ~0.6rad, giving a
maximum tangential force of roughly 0.39Fy. For near-circular orbits this is the
force that maximizes the rate of change of orbital energy.

For a 10 g spacecraft with a 1m? sail at 1 AU, this maximum force corresponds
to an acceleration of roughly 0.3 mm /s2.

The sail force vector for an ideally reflective sail is always normal to the surface
of a flat sail, and the radial component is always positive (away from the Sun).
Nevertheless, a solar sail can still move toward the Sun by using the tangential
force making its orbital energy more negative while the SRP force vector opposes
the velocity vector while still increasing the amplitude of its tangential velocity
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Figure 3.2: Diagram showing the relative coordinate system used for the Sun-Earth
orbit over the earth escape trajectory showing coordinate, vector, and angle definitions.

component [31]. In a nautical analogy, the spacecraft tacks into the solar photon
flux by dipping its keel into the sun’s gravitational well. For elliptical orbits, the
desired force will vary in angle relative to the sun line. In general, the force in a
particular direction relative to the Sun line is maximized by a sail cone angle («) of
roughly one third of the desired angle [1], see Fig. [3.2]

3.3.2 Rotation and Steering

Achieving the desired cone angle requires utilizing shifts in the center of mass (COM)
relative to the SRP pointing vector creating a torque about the COM.

The main sail and the roll sail will be connected to the spacecraft body with four
carbon fiber rods, here labeled a-d, roughly 0.3 mm in diameter and 2m long.

The rods a-c will be connected at one end to the main sail with a designated as
the stationary rod and attached at the opposing end to the main body structure.
Rods b and ¢ are attached at their opposing end to MEMS linear inchworm motors
adjusting length to control the relative position and orientation of the main sail to the
spacecraft main body. Rod d will control the roll sail’s relative motion and is affixed
at one end to the roll sail and the other end to MEMS motors similar to the previous
two driven rods, b and ¢. The MEMS motors will be placed on the spacecraft body,
as seen in Fig. [91]. A schematic depicting the axis and relative positions of the
main sail, roll sail, carbon fiber rods, and the spacecraft body can be seen in Fig. [3.3]
not to scale.

Parallel and differential actuation of the first and second carbon fiber rods will
move the main sail relative to the craft’s payload, offsetting the COM from the SRP
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Figure 3.3: Illustrating the BLISS body centered reference frame and approximate
center of mass. Lengths not to scale. Left: x-y plane, Middle: y-z plane, and Right:
z-X plane.

pointing vector providing a moment about the COM of the system, allowing control
of rotation about z-axis (pitch) and about z-axis (yaw). A fourth rod, with the third
motor, will control the roll sail to generate a moment about the y-axis (roll). Here, a
decoupled rotation approach is chosen where the rotations about the z- and z- axes
neglect the contribution of torque due to the roll flag in the calculations below.

Coordinating movement of the inchworm motors gives an input acting on the
main body of the femto-spacecraft as:

7= da @ Gc Gy - (3.5)

where ¢; represents a linear movement, caused by the MEMS inchworm motors, of
the carbon fiber rod attached to the roll sail. Whereas ¢, and ¢, represent the linear
movement of rods b and ¢ which induces a positional change on the payload relative to
the center-line of the main solar sail; the axes are shown in Fig. [3.3] Such movement
will create a mirrored motion of the sail relative to the origin at the COM. Note, the
sail positions (s, Yss, 2ss) and payload positions (xp, yp, 2,) are all functions of the
inputs, ¢. Still, the notation is simplified for clarity to be distances in their relative
direction from the COM.

MEMS electrostatic inchworm motors have a step size that is typically designed
to be on the order of 1 pm, with a speed on the order of 1mms™~! [91], and Teal et al.
[92] has shown a range that has been demonstrated at nearly 8 cm. For this work, an
actuation range of <410 cm, a speed of 1 mm s, and a step size of 2 um is simulated
in Sect [3.6l The inchworm motors are powered by capacitive gap-closing actuator
(GCA) arrays and push a centrally aligned spine and pawl with high frequency,
electrically induced steps [93]. Applied to the meter-scale shroud lines of the sail, this
will generate an angular change in the sail center-line of roughly one microradian (0.2
arc seconds) per step. There may be significant low-frequency dynamics excited by
an abrupt step, so caution in motor design is necessary.
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In the body-centered frame the principal mass moments of inertia are:
1 2 2 2
Il = stsrss + mss<yss + Zss )
+ Lonpxx + mp(yp2 + sz) (3.6)
+ml (el + %)
12 - §mssr323 + mss<x552 + Zss2>
+ Lpyyy + mp(ah + 22) (3.7)
+mird”
1
13 - stsrgs + 7nss<xss2 + yss2)
+ Imp,zz + mp(xf) + y1:2)) (38)
2 2
+mi (el + %)
+ [zz,(b

where Inp s, Impyy, and Iyp ., are the inertial moment of mass for the spacecraft
body COM used to indicate positions of components within the spacecraft as related
to the parallel axis theorem in the Z, ¢, and Z body centered coordinate system.
Other cross terms exist and are negligible, but for early experiments these represent
the principal moments of inertia used in Sec. [3.6.1]

If the sail normal is moved about 1 mm from the COM in the Z-direction, the
resulting pitch or yaw moment will be a torque of around 60 nNm, and an angular

acceleration of:
Ty

Y
[ZZ

roughly 1 x 107%rad/s? if we take into account only the main sail giving a rough
estimate for I,, ~ I ,,. Note, due to the symmetry shown in Eq. and Eq.
the rotation about the Z axis behaves similarly to the rotation about the Z axis.
Rotations about the ¢ axis are substantially slower due to lower peak torque from the
smaller roll sail, but motions in this axis are primarily for thermal regulation and data
collection. These present a much smaller set of problems with much longer timescales
of motion than when compared to maneuvers needed to escape geosynchronous orbit

(GEO).

(3.9)

o =
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3.4 Mission profile

The mission profile entails orientation following an en masse launch, spiraling out
from GEOQO, interplanetary trajectory optimization, NEO approach, imaging, and
return to Earth for data transmission. Assuming that the spacecraft will be released
near GEO, atmospheric drag will be negligible, as any orbit with a perigee above
roughly 1,000 km [94] is high enough that the energy gained per orbit from the sail
is greater than the energy lost due to atmospheric drag. The return to Earth mirrors
the procedure to the interstellar object.

3.4.1 De-tumble and Orient

After release from the launch vehicle, the spacecraft will need to kill any residual
rotation imparted by release.

Orientation control of the spacecraft is provided by MEMS inchworm motors
pulling on shroud lines on the sail.

For rotation rates above 1°s™!, the on-board IMU will inform the control system’s
decisions. Low-cost MEMS gyros have thermal-noise-limited resolution and bias drift
of a small fraction of a degree per second. Below that rate, the camera will be used
in a time lapse exposure to find the axis of rotation and rotation rate. Once the
rotation rate is sufficiently low, a standard "lost in space" algorithm will be run on
the star images to accurately determine orientation [95]. If there is sufficiently low
magnitude and duration of tumbling on release, the IMU itself may be able to provide
fairly accurate initial orientation estimates. During this initial phase, communication
between spacecraft and the launch vehicle will be possible to a distance of a few
hundred meters using the integrated WiFi radio available in almost all embedded
LINUX platforms.

3.4.2 Spiral out

Once oriented, the spacecraft will begin the process of increasing its orbital altitude
until it crosses out of the Earth’s sphere of influence, utilizing a trajectory in the
Sun-Earth orbital plane.

A conservative estimate for escape time is given by [1]:

2800 days
lescape = —F———, 3.10
P BV63TI + I (3.10)
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Figure 3.4: Mclnnes orbit rate steering law showing direction of sail normal throughout
a full circular orbit around Earth. Adapted from [1]. Not to scale.

where h is the initial orbital altitude in km, and f is the sail lightness number, the
ratio of the maximum light pressure acceleration to the solar gravitation, which to
first order is independent of distance from the Sun.

For a sail mass loading of 10g/m?, 3 ~ 0.16. Starting from GEO this process takes
about three months. Imaging the Earth, moons, and stars provides the necessary
position input for the attitude control system to calculate the necessary sail angle
during this process. The chosen in-plane spiral-out trajectory is one adapted from
MeclInnes [1], where the cone angle («) traverses from 0° to 90° monotonically with
the mean anomaly (), switches relatively quickly from 90° to —90° at the top’ of
the orbit, and then proceeds monotonically sweeping from —90° to 0° throughout the
course of each orbit, as seen in Fig. more in Sec. |3.6.1} During this phase of the
mission, the spacecraft can be in periodic communication with ground stations on
Earth using its primary optical communication system.

3.4.3 Localization and Matching Orbits

There is a wide variety of NEO orbits, the majority of which will take between a few
months and two years to match given our sail mass loading [96] During this time,
the spacecraft may be in communication with many of its neighbors, and able to
use a combination of triangulation and optical time-of-flight (TOF) to determine its
location in the solar system as other works have shown is possible [97]. Round trip
TOF with a 1 Mbps optical communication system can easily achieve range errors
of less than a kilometer at distances of at least one million kilometers, and small
fractions of that error are possible with specialized hardware development. Pointing
accuracy in the communication system should provide angular position measurements
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of roughly 0.1 mrad, or 100 km lateral accuracy at 1 x 10°km range, with errors
accumulating the more hops the spacecraft is from a known reference point. If a fleet
of spacecraft leaves the range in which communication with Earth is possible, it may
have a reasonably accurate picture of the relative position of each member of the
fleet (kilometers of error or less), but a very poor estimate of where the fleet is in the
solar system (one hundred thousand kilometers).

For those spacecraft without communication to their neighbors, they will rely
on triangulation using the location of the planets against the stellar background.
Unmodified cell phone cameras are able to take pictures of stars down to visual
magnitude 5 through Earth’s atmosphere. With minimal effort the inner six planets
can be located in these images with an accuracy of roughly one milliradian. This will
allow a spacecraft to localize itself in interplanetary space to within a few hundred
thousand kilometers at a single point in time using several photographs. With better
image processing algorithms and fusion of sensor data taken over many days, it is
likely that this accuracy will improve by at least one order of magnitude. In either
case, once it is close to the target NEO the spacecraft will use its camera to do
terminal guidance.

3.4.4 NEO Approach, Image, and Return

The mission objective of asteroid imaging requires a down-selection to decide on an
asteroid for case study that can act as a representative example for the benefits of
the BLISS system in operation. As such, selection will be narrowed to include only
near-Earth asteroids with diameters of 1 to 2 km. There are roughly 400 asteroids
of 1 to 2 km diameter in near-Earth orbits [96,98]. Of these, the 101955 Bennu
asteroid is taken as a prime example of state-of-the-art asteroid rendezvous recently
accomplished. Images will be taken of Bennu from a parking orbit of 1 —3 km from
the surface. After the spacecraft has determined that it has sufficient images of the
NEOQO, it will begin the return trip to Earth, following inverse order outlined for the
trajectories specified in this paper. After the return trip, BLISS will transmit its data
down to receivers on Earth from GEO.

3.5 Components off the Shelf (COTS)

3.5.1 Imaging

Imaging will be accomplished with a cell phone camera from within 1km, so that the
asteroid fills the field of view (from an approximately 60 degree field of view angle
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the ideal distance away to fill the aperture is v/3 - rygo). This will provide imaging
with resolution on the order of 1 —10cm, enough to differentiate regolith or other
surface types on asteroids.

3.5.2 Communications

Communication between a spacecraft and earth will be achieved by a semiconductor
laser transmitter with a diffraction-limited 1cm aperture, and a modestly sized
single photon avalanche detector (SPAD) array with a receive aperture with a
10 cm diameter. This same hardware will allow peer-to-peer communication between
spacecraft at more than one million kilometers, enabling a mesh network to pass data
around the inner solar system.

Digital processing and storage will consist of an off-the-shelf VoCore2 embed-
ded LINUX computer running custom software. A micro-electromechanical system
(MEMS) inertial measurement unit (IMU) will provide high-rate rotation sensing,
and the CMOS camera will provide low-rate rotation sensing, star tracking, attitude
determination, and rough localization. Propulsion will be provided by a roughly 1 m?
solar sail, with MEMS motors controlling the sail and spacecraft orientation in 3 axes.
Power will be provided by a 10x10cm? primary solar panel, a small rechargeable
lithium battery, and a few small solar cells distributed around the structure to main-
tain power during maneuvers. Thermal control will be accomplished by control of the
orientation relative to the Sun of the primary solar cells, a small solar reflector, and
a highly-oriented pyrolytic graphite (HOPG) radiator fin, in addition to management
of the electronics power consumption.

3.5.3 Computation and Storage

Cell phones and the internet of things have led to a wide range of choices in energy
efficient, physically small computation platforms [99,/100]. The candidate platform
should have the computational capabilities to store and process high resolution images.
Other storage and processing requirements, such as guidance navigation and control,
and communication processing, place significantly lower demands on processing
and storage. Even the image processing task has relatively low requirements, with
allowable processing times on the order of minutes or perhaps even hours.

To solve this, the VoCore2 PC [101]is a $50 computer that runs Linux on a
580 MHz MIPS 24K processor with 128 MB of RAM and 16 MB of flash is selected.
The entire computer weighs 2.5 g, including connectors for camera and power, empty
board space, and a microSD card slot. Adding a 512 GB card to store images
and other data increases the system weight by roughly 0.25 grams. The processor
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burns roughly 1W peak, and has many power control modes and has a temperature
operating range from 0°C to 85°C.

Similar computational capability in a carefully designed board with commercial
off-the-shelf components could weigh roughly a gram, and operate from —40°C to
85°C. Custom designed silicon would drop the mass to well under a gram and increase
the allowed temperature range while allowing radiation hardening by design.

3.6 Trajectories

This section addresses trajectory considerations but does not claim to be a compre-
hensive analysis of all solar sail trajectories, particularly those controlled by MEMS
Inchworm Motors. It is meant to address a portion of the considerations and trou-
bleshooting largely associated with Solar sail as well as provide a discussion around
the specific uses for this style of femto-spacecraft.

3.6.1 Earth Orbit Maneuvers

The modified orbit rate steering law (MORSL) will be used to accomplish Earth
escape, which is adapted from Mclnnes [1], see Fig. In the original McInnes
orbit rate steering law (OgMORSL), described as an orbit in the plane of the ecliptic,
the spacecraft cone angle follows monotonically the mean anomaly in a prograde
orbit about Earth. The orbit, idealized as circular at onset, begins at the 3 o’clock
position in a 45° cone angle, where 12 o’clock is the direction of Earth orbit in the
projected heliocentric coordinate system. At the 12 o’clock position, the spacecraft
flips orientation, executing a rapid transition that is effectively instantaneous relative
to the orbital period and thereafter continues its cone angle rotation again matching
monotonically to mean anomaly. The crucial low-level control maneuver for a solar
sail orbiting around Earth in the plane of the ecliptic is the rapid switch of orientation
to maintain the required orientation of the reflective side of the sail facing the Sun,
assuming the 3 o’clock position is directly in the Earth’s shadow as the Sun will be
at the 9 o’clock position. Ideally, upon reaching the apogee, an ideal solar sail must
switch from a cone angle of +90° to —90° [1] as indicated in Fig. [3.4 Fig.[3.2] details
the coordinate system used for the Earth Escape Trajectory with initial conditions
listed in Tab. 3.2

3.6.1.1 Adjusted MclInnes Orbit Rate Steering Control Law

Using the ODE45 solver in MATLAB/SIMULINK, the set up for the problem is
offered in Eq. [3.11], transformed into the derivative form of the state space in Eq.
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Table 3.2: Initial conditions used for the Earth escape trajectory.

ICs Value Units
o 0.8613 rad
& 3.6459 x1075 rad s~!
r 42164 km
7 0.0000 kms™!
# 0.1519 rad
0 7.2919 x1075 rad s

37

3.12, and cast into the s; format that is required for the ODE45 solver in Eq.

7] [51] [51] 7] 52 ]
T S9 32 r 52
0 Sz | d/dt . S3 0 S4
s| = = —8l=1|"| = =1
15 0 54 2 54 0 54
a S5 S5 ! S6
L 1 56 _56_ « _56_
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7 m ] T 2462
p 0
; fo[— cos®(a) sin(8)+cos?(a) sin(a) cos(#)] 1 -nl
g =17 = } m 20,
0 a
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o L I(z)
Jolcos3(ss) cos(s3)+cos®(ss) sin(ss) sin(sz)] o T
m s%+slsi
S4
fo[— cos®(s5) sin(s3)+cos?(s5) sin(ss) cos(s3)] 1 1
= T e T sy
Se
fo cos?(s5)-x
I(z)
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(3.11)

(3.12)

(3.13)

where r = s1,81 =7 = $9;0 = 83,83 = 0 = sg;and a = s5,85 = & = sg. For
rotation rates above 1°/s, the on-board IMU will inform the control system’s decisions.
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The original McInnes Orbit Rate Steering Law [1] was used as a starting point
for the trajectory algorithm here. The original trajectory description can be seen in
Fig.[3.5] and Fig. [3.6 where the idealized in-plane 2D formulation began with a simple
instantaneous "flip" of 180° to track the solar sail with a monotonic function about
the Earth formulated in Eq. [3.14]

The orbital rate control law from McInnes [1] is used with a modification to limit
the maximum cone angle to +/ — 70° so that the spacecraft can always maintain
control authority ( Fig. [3.5)), above ||70°|| the SRP drops below 10% of the maximum.
The crucial low-level control maneuver for a solar sail orbiting around Earth in
the plane of the ecliptic is the rapid switch of orientation to maintain the required
orientation of the reflective side of the sail facing the Sun, a maneuver that would
be difficult for larger spacecraft due to high moments of inertia. Constraints on the
angular acceleration of the spacecraft body and the drop-off in force on a solar sail
with the sine of the cone angle, as well as motor speed, step size, and displacement
range are incorporated Fig. [3.7. With these constraints in mind, the flip is no longer
considered instantaneous and therefore must be re-evaluated for viability within the
confines of the orbital energy constraints, too low and the spacecraft will have a
premature landing and is also therefore renamed as a “Transition Slope” (Eq. .

T 0 s
Origl : — + = 0<0<—
T 0 s
Orig2: =42 -7, Z<h<om
rig 4+2 m, 5 < 2m
‘ T 0 -
OTZglIZ—Fi, 9<2asat_17
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Slope2 : — gy,
0

T .
07"@9231‘1‘5—”7 T—2 g —

g+00ffset§9<7r_2asat_% )

<0 < 2.

(3.15)

Based on preliminary tuning of the PD system and its effect on the stability of the
trajectory mapping we will take the upper limit of 7,,;,, = 60s, where 7, is the time
that the spacecraft spends during the 180° flip maneuver. The PD response is tuned
to maintain that the "real" time spent during the flip maneuver is below the desired
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Flip

Figure 3.5: Diagram of the conceptual orbit geometry / original McInnes flip maneuver.
The diagram shows the approximate angle, not to scale, that the three phases occur
in. The three distinct segments are indicated as the first part of the original trajectory
(Origl), the 180° instantaneous "flip" maneuver (Flip), and the second part of the
original trajectory (Orig2).
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Figure 3.6: Diagram of the cone-angle schedule for the original McInnes orbit-rate
steering law. Shows trajectory with three distinct segments indicated as the first part
of the original trajectory (Origl), the 180° instantaneous 'flip" maneuver (Flip), and
the second part of the original trajectory (Orig2).

upper limit (i.e., Typin > Topinrear). Through this tuning the effect on the overall sail
trajectory and orbital energy losses are small enough to consider the trajectory viable
with the given solar sail configuration, control stiffness, and damping.
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Figure 3.7: Diagram of the adjusted/saturated cone-angle schedule with finite transi-
tion slope. Shows trajectory with four distinct segments indicated as the first part of
the original trajectory (Origl); maintaining constant attitude with o = 70° (Flat1);
finite transition slope to the 180° orientation (Slope); maintaining constant attitude
with a = —70° (Flat2); and the second part of the original trajectory (Orig2).

3.6.1.2 Parameterization

This section presents a parametric analysis of the low-level control strategy used by
the BLISS femto-scale solar sail spacecraft to achieve Earth-escape trajectories. The
spacecraft is assumed to use MEMS inchworm motors to manipulate carbon-fiber
tethers connecting the sail to the spacecraft main body. Changes in tether length
modify the relative position of the sail and body, thereby changing the spacecraft
pitch and yaw angles and allowing the sail cone angle to follow a prescribed steering
law. Because the effectiveness of this strategy depends on both solar-sail performance
and initial Earth-orbit geometry, the analysis sweeps three primary parameters: the
lightness number, ; the initial angular position about Earth, y; and the initial
orbital radius or altitude parameter, hip;;.

Two trajectory models are compared throughout this parameter study. The first
is the nominal McInnes-style orbit-rate steering law, in which the sail orientation
follows an idealized prescribed trajectory and the transition maneuver is treated as
effectively instantaneous. The second is the augmented, or “Ideal,” trajectory model
used in this work, which includes the non-instantaneous 180° transition maneuver,
PD-controlled cone-angle response, MEMS motor speed and step-size limits, and
non-harmonic carbon-fiber tether flexing and bowing. All other swept parameters
are held the same between the two models so that the plotted differences isolate the
effect of adding these low-level actuation and structural constraints.
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The resulting parameter space is summarized in Figs. B.83.11] Figures [3.8
and show fine-grained sweeps of the scalar performance metrics, while Figs. |3.9
and show representative trajectory histories selected from those sweeps. In
the fine-grained plots, the black curve reports the ratio of the augmented trajectory
escape time to the Mclnnes trajectory escape time. Values below unity indicate that
the augmented trajectory is faster than the McInnes case, while values above unity
indicate a longer escape time. The red curves report the absolute escape time in
years on the right-hand axis, with the solid red curve corresponding to the augmented
trajectory and the dashed red curve corresponding to the Mclnnes trajectory.

Figure [3.8| shows the effect of initial angular position, 6, for four fixed values of
lightness number at hii = 4.5 x 10* km. Each subplot sweeps 6y from 0° to 359° in
1° increments. The figure shows that the relative benefit or penalty of the augmented
steering law is not uniform over initial angular position. Instead, the escape-time
ratio exhibits localized peaks and dips that depend on the initial phasing of the sail
trajectory relative to the Sun--Earth geometry. These variations are expected because
the finite transition maneuver can either align favorably or unfavorably with the
orbital energy-gain portion of the trajectory.
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Figure 3.8: Fine-grained sweep of Earth-escape performance as a function of initial angular position, 6y, for
four fixed lightness numbers, 3, at hi,;; = 4.5 x 10* km. The horizontal axis in each subplot is the initial
angular position about Earth. The black curve uses the left axis and gives the ratio of the augmented trajectory
escape time to the Mclnnes trajectory escape time. The red curves use the right axis and show absolute escape
time in years, with the solid red curve corresponding to the augmented trajectory and the dashed red curve
corresponding to the Mclnnes trajectory. Values of the black curve below unity indicate cases where the
augmented trajectory escapes faster than the Mclnnes reference, while values above unity indicate a longer
escape time.
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Figure [3.9| shows representative trajectory histories corresponding to selected
points from the angular-position sweep. Each column corresponds to a different
lightness number, 3, and each row corresponds to a selected initial angular position,
0o, with Ay fixed at 4.5 x 10* km. The red curves show the augmented trajectory and
the gray curves show the Mclnnes trajectory. The plotted paths show the spacecraft
spiraling outward from the initial Earth orbit and then escaping along a solar-sail-
driven trajectory. Increasing 3 generally produces stronger solar-radiation-pressure
acceleration, reducing the number of spiral-out loops required before escape. The
comparison also shows that the augmented trajectory can diverge noticeably from
the Mclnnes trajectory for some initial angular positions, especially where the finite
transition maneuver occurs at a dynamically important point in the orbit.
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Figure 3.9: Representative Earth-escape trajectories selected from the angular-position sweep in Fig. Each
column corresponds to a different lightness number, £, and each row corresponds to a selected initial angular
position, 0y, with hiy = 4.5 x 10* km. Red curves show the augmented trajectory including finite transition
and MEMS actuation effects, while gray curves show the Mclnnes reference trajectory. The plots illustrate how
increasing (8 reduces the number of spiral-out loops required for escape and how the augmented trajectory can
deviate from the idealized reference depending on initial orbital phasing.
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Figure [3.10] shows the effect of lightness number for three fixed initial orbital radii
or altitude parameters. In these plots, § is swept from 0.1 to 1 using a logarithmic
horizontal axis while 6 is held fixed. As expected, increasing 3 decreases the
absolute time to Earth escape because the sail experiences greater acceleration from
solar radiation pressure. However, the black escape-time ratio also shows that the
augmented model does not scale as a simple constant offset from the McInnes model.
Instead, the finite steering transition, tether response, and motor-limited actuation
introduce localized deviations in performance, producing regions where the augmented
trajectory is comparable to, better than, or worse than the idealized McInnes case.
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Figure 3.10: Fine-grained sweep of Earth-escape performance as a function of lightness number, 3, for three
fixed values of hj,;;. The horizontal axis is 5 on a logarithmic scale. The black curve uses the left axis and gives
the ratio of the augmented trajectory escape time to the Mclnnes trajectory escape time. The red curves use
the right axis and show absolute escape time in years, with the solid red curve corresponding to the augmented
trajectory and the dashed red curve corresponding to the Mclnnes trajectory. Increasing [ generally decreases
escape time, while deviations in the black ratio curve show where actuator-limited steering and finite transition
dynamics change the relative performance of the augmented trajectory.
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Figure shows representative trajectory histories corresponding to selected
points from the radius--lightness sweep. Each column corresponds to a different
value of 3, while each row corresponds to a different value of h;,;. The red curves
again indicate the augmented trajectory, and the gray curves indicate the McInnes
trajectory. The figure illustrates the coupled influence of initial orbital size and
sail acceleration on the Earth-escape path. Lower-3 cases require longer spiral-out
arcs before escape, while higher-3 cases escape more directly. Larger initial orbits
generally reduce the required orbit-raising burden, although the detailed path remains
sensitive to the interaction between cone-angle timing, transition maneuver duration,
and orbital phasing.
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Figure 3.11: Representative Earth-escape trajectories selected from the radius--lightness sweep in Fig. |3.10
Each column corresponds to a different lightness number, 5, and each row corresponds to a different value of
hinit- Red curves show the augmented trajectory including finite transition and MEMS actuation effects, while
gray curves show the Mclnnes reference trajectory. The figure shows the combined effect of sail acceleration
and initial orbital radius on the spiral-out path: lower-( cases require longer orbit-raising arcs, while higher-3
cases escape more directly.
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Taken together, these parameter sweeps show that the BLISS Earth-escape
trajectory is sensitive not only to sail performance, represented by [, but also to the
initial orbital geometry and the practical limits of the MEMS tether-actuation system.
The expected global trend is recovered: increasing 3 generally reduces escape time.
However, the local variations in escape-time ratio indicate that low-level actuation
dynamics can affect trajectory performance in ways that are not captured by an
instantaneous ideal steering law. This result motivates retaining actuator-limited
steering behavior in future BLISS trajectory studies rather than treating the sail
attitude as an immediately commanded state.

3.6.1.3 Results

Given the angular-acceleration constraints of the spacecraft body outlined in Sec. [3.3.2]
and the reduction in usable solar-radiation-pressure (SRP) force as the cone angle
approaches £90°, the cone angle is limited to maintain practical trajectory-control
authority. As the cone angle approaches £70°, the effective SRP force approaches
approximately 10 % of its nominal value, which is used here as the saturation limit
for commanded steering. The transition from +70° to —70° near the upper portion
of the Earth orbit is therefore a critical maneuver: it allows the sail to preserve the
desired sign of tangential work while avoiding both loss of control authority and
excessive orbital-energy loss.

The selected Earth-escape case is summarized in Figs. [3.12}43.16] Figure [3.12
shows the projected spiral-out trajectory over the full Earth-escape phase. Figure [3.13]
shows the corresponding time histories of the main orbital state variables. Figures
and show the low-level actuator command and resulting sail cone-angle command
over the full trajectory. Finally, Fig. [3.16] shows a one-day window that resolves the
finite transition maneuver and the corresponding motor displacement.

The downstream effect of inserting these practical non-idealities is an initially
slower and more eccentric spiral-out trajectory than the idealized McInnes orbit-rate
steering law. The augmented maneuver does not instantaneously reverse the sail
orientation; instead, it requires finite motor motion, finite angular acceleration, and a
controlled transition between the positive and negative cone-angle saturation limits.
This causes the spacecraft using the modified orbit-rate steering law (MORSL) to
trail the original McInnes orbit-rate steering law (OgMORSL) by approximately 47
days during the Earth-escape portion of the trajectory. Although this represents
a measurable loss in Earth-orbit-raising performance, it remains a relatively small
penalty in the context of the complete interplanetary mission and is overcome once
the spacecraft leaves the dominant influence of Earth’s gravity.
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Figure 3.12: Projected Earth-escape spiral-out trajectory for the selected 125-day
BLISS case. The main plot shows the spacecraft trajectory in the z--y plane over
the full escape maneuver, with axes scaled by 108 km. The inset magnifies the early
Earth-bound portion of the trajectory, where the repeated loops show the gradual
orbit-raising process before final escape. The increasing separation between successive
loops reflects the accumulation of orbital energy from solar-radiation pressure under
the modified steering law.

3.7 Technology Trends

The capabilities showcased here highlight the potential for swarms of low-cost space-
craft in the tens-of-grams mass range to perform observation, reconnaissance, and
possibly sample-return missions using primarily commercial-off-the-shelf (COTS)
components. In the Earth-escape trajectory presented above, the time to escape from
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Figure 3.13: Orbital state histories for the selected 125-day Earth-escape trajectory.
From top to bottom, the plots show radial distance from Earth, r; radial velocity,
7; accumulated angular position, ¢; and transverse velocity, viang, as functions of
time. The radial distance increases gradually during the early spiral-out phase and
then grows rapidly as the spacecraft transitions to escape. The oscillations in 7 and
Utang correspond to repeated Earth-orbit passes during which solar-radiation pressure
alternately adds or redistributes orbital energy depending on the sail orientation and
orbital phase.

near-Earth orbit is approximately 120--125 days. After escape, the spacecraft can
use the same solar-sail steering concept to perform interplanetary transfer maneuvers.
A representative Bennu transfer is summarized in Figs. [3.17143.19] which show the
required cone-angle history, the corresponding trajectory state variables, and the
Sun--Earth-frame rendezvous geometry.

For the representative Bennu case, the spacecraft reaches approximately 2 AU
in less than one year and completes the outbound interplanetary travel to intercept
Bennu near 1.3 AU in approximately 640 days. After a notional 346-day observation
period, comparable to the orbital observation period of OSIRIS-REx around Bennu,
the return to Earth orbit takes a similar amount of time. This gives a total round-trip
mission duration of approximately 5.1 years, or 1,866 days. Although OSIRIS-REx
included substantial additional time for proximity operations, site selection, sample
acquisition, and return-capsule operations, it remains a useful benchmark because
it represents the current state of practice for a near-Earth-asteroid sample-return
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Figure 3.14: MEMS motor displacement command over the 125-day Earth-escape
trajectory. The commanded motor position, x, represents the tether-control displace-
ment required to generate the prescribed sail cone-angle history. Large changes in
motor position occur during the finite transition maneuvers between the positive and
negative cone-angle saturation limits, while smaller changes correspond to gradual
steering during the orbit-raising portions of the trajectory.

mission.

Figure shows the cone-angle command required for the interplanetary sail
transfer. The cone angle remains within physically realizable bounds while changing
sign and magnitude as needed to shape the heliocentric trajectory. Figure [3.18
shows the corresponding state evolution, including heliocentric radius, radial velocity,
tangential velocity, and angular position. Figure shows the resulting trajectory
geometry in the Sun--Earth reference frame. Taken together, these figures show
that the same low-mass sailcraft architecture used for Earth escape can also support
interplanetary transfers when the sail attitude is controlled over mission-relevant
timescales.

For a spacecraft that returns to Earth orbit to communicate, the ultimate lower
limit on spacecraft size may be approximately an order of magnitude smaller than the
BLISS architecture proposed here. Major subsystems such as the camera, computation
and storage, communication, and power system can plausibly be engineered toward
masses on the order of 0.1 g each. For a total spacecraft mass near 1g, a sail area
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Figure 3.15: Sail cone-angle command, «, over the full 125-day Earth-escape trajectory.
The cone angle is bounded at approximately £70° to preserve usable SRP control
authority and avoid the near-zero effective force condition that occurs as the sail
approaches +90°. The repeated transitions between positive and negative cone angle
correspond to the steering-law reversals needed to maintain favorable tangential work
over successive Earth orbits.

of approximately 0.1 m?, with sail mass near 0.1g, would provide an area-to-mass
ratio suitable for rapid solar-sail maneuvering. This points toward a future class
of highly agile, low-cost spacecraft that could be customized for specific imaging,
sensing, reconnaissance, or sample-capture objectives.

Direct spectrography and microanalysis have long been central tools for under-
standing material composition. To that end, this work also proposes that BLISS-class
spacecraft could eventually retrieve cometary samples for analysis on Earth. Inner-
solar-system comets such as 107P/Wilson--Harrington are promising targets for such
missions, and the transfer geometry would be similar in structure to the near-Earth-
asteroid rendezvous case described above. The principal difference is that the science
value of even microscopic returned material is high, meaning that gram-scale sailcraft
may be able to provide useful sample-return capability without requiring the large
returned masses associated with conventional spacecraft missions.
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Figure 3.16: One-day time history of the sail cone angle and MEMS motor displace-
ment during the Earth-escape trajectory. The black curve uses the left axis and shows
the commanded cone angle, «, in degrees. The red dashed curve uses the right axis
and shows the motor displacement, x, in centimeters. The inset magnifies the finite
transition maneuver near the cone-angle reversal, showing that the commanded sail
angle changes from the positive saturation limit to the negative saturation limit over
a finite time rather than instantaneously. The red motor-position response during
this interval represents the tether displacement required to drive the sail through the
transition.
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Figure 3.17: Cone-angle command for the BLISS interplanetary transfer to Bennu,
reproduced with permission from [2]. The plot shows the commanded sail cone angle,
a, as a function of mission time in years. Changes in a modify the direction of the
solar-radiation-pressure acceleration relative to the Sun--spacecraft line, allowing the
spacecraft to shape its heliocentric orbit during the outbound transfer. The bounded
cone-angle profile reflects the practical requirement that the sail maintain usable
thrust and control authority throughout the maneuver.

3.8 Conclusion

This work presents a vision for the Berkeley Low-cost Interplanetary Solar Sail
spacecraft using micro-scale actuators and small solar sails to explore NEOs. The
initial actuation, control, communication, and computation tools required to realize
the BLISS project rely on privatization of spaceflight and the consumerization of
micro-technologies. The tools presented in this work represent the initially available
mechanisms, and with specific research the parameters for the spacecraft can be
improved substantially, which would move the progress of the project towards first
launch and allow exploration of more ambitious profiles for future missions. In
providing a large base of results demonstrating the feasibility of such technologies, we
hope that this opens further investigation into novel spacecraft and mission profiles.
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Figure 3.18: State history for the BLISS interplanetary transfer to Bennu, reproduced
with permission from [2]. From top to bottom, the plots show heliocentric radius,
r; radial velocity, u; tangential velocity, v; and angular position, a, as functions of
mission time. The solid and dashed curves compare the BLISS trajectory state with
the target/reference trajectory state used for the Bennu rendezvous analysis. The
evolution of r, u, and v shows how solar-sail steering changes both the orbital energy
and angular phasing of the spacecraft so that it can approach the target orbit.
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Figure 3.19: Sun--Earth-frame trajectory geometry for the BLISS transfer to Bennu,
reproduced with permission from [2]. The plot shows the heliocentric path of the
sailcraft relative to the target/reference trajectory in astronomical-unit coordinates.
This view illustrates the large-scale orbital phasing problem that the sail must
solve: the spacecraft must use continuous low-thrust SRP acceleration to change its

heliocentric radius, angular position, and velocity state until it reaches the desired
Bennu-intercept geometry.
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Figure 3.20: Rendering of the BLISS spacecraft showing (Left) isometric view of the
solar sail craft; (Right-top) spacecraft body as viewed from top-left; (Right-bottom)
spacecraft body as viewed from rear-right.
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Chapter 4

The Motor: Transmission Gap
Closing Actuators

4.1 Abstract

The A Motors are a type of MEMS motor that are powered by Transmission-capable
Gap Closing Actuators (TGCAs), designed to shift between predefined gear shift
inputs, or positions within the reconfigurable morphology. The A motors, a sub-class
of TGCAs presented here, are designed to produce varied force, velocity, and distance
outputs that are selectable and controllable.

The primary design features responsible for the motion of these motors are the
clutch, multi-modal pawls, spine, and GCA fingers. The clutch is designed to reach a
range of gear positions. The multi-modal pawls are designed to make gearing and
reverse capabilities possible. The spine is designed to transfer the force without
deformation from the fingers to the pawls. The GCA fingers are designed to produce
force through capacitive electrical input.

There are four dual-sided multi-modal pawl designs: slide-slot, rotary-slot, frictional-
rotation, and compliant mechanism.

The TGCA arrays demonstrate these capabilities at a small cost to footprint
and input power that is still less than that needed for previous standard solutions.
Previous standard solutions considered include but are not limited to doubling the
motor array, reversing it, and adding it in series with the original to offer the reverse
option. The uA Motors offer a significant increase in variety of optional outputs for
a single design.

This work presents the first bidirectional transmission motor using a MEMS gap-
closing actuator with a simple compliant beam bending mechanism. A continuous
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range of forward and reverse motions have been achieved by bending the pawl of the
mechanism with a force exerted perpendicular to a spine structure via the compliant
cantilever input gear shift, A. A study of the static loading and beam bending in
the critical stages of motor actuation is conducted to confirm the motor performance
criteria. Experimental results show an ability to impart output shuttle motion in the
range of [1.5,9.5]um/step and [—2.9, —5.9]um/step for a A = 25° configuration and
[4.2,12.2]pm and [—1.5, —6.6]um /step for a A = 47.5° configuration, with an input
force of 0.9375mN for a 4.7y m/step motor input and are corroborated by ANSY'S
simulation.

The puA’s increase the capability to engage multimodal actuation utilizing simple
changes to the design of Gap Closing Actuators directly changing the single-mode
motor to a true geared transmission motor with the same optimal outputs and a
whole range of high force, high speed, and increased range of actuation.

4.2 Introduction

In spaceflight, every gram matters. Reducing size and mass are design and manufac-
turing goals that have produced entire fields of study on their own and indeed entire
industrial benefits necessitating expertise and innovation where any improvement
might lead to the cutting edge. The same is true in femtoscale spacecraft design,
and to some extent might be considered more considerably weighted (pun intended).
Similarly, in MEMS actuation, significant technological advantage is placed on the
ability to produce high force density, low power, inexpensive units that often serve
a specific single purpose in a small package. Through this MEMS is both highly
efficient at reaching production in applications for particular use and achieving such
at scale. In this way, MEMS has often secured a position as the firmware of actuators,
in that it serves exactly the use case it is designed for with embedded speed and force
as outputs for its current and voltage inputs often with little relative spread in its
designated and calibrated use range. Giving a MEMS controlled spacecraft a way to
steer in both directions while reducing the mass and size of the device itself would be
highly sought after in any other methodology and the same is true here.

4.2.1 Background

The field of electrostatic MEMS actuators is a relatively young one with a deep
roster of advancements in the 20th century and broad range of applications. Mi-
croelectromechanical systems (MEMS) have revolutionized numerous technological
fields through their ability to integrate mechanical elements [102], sensors [103],
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Figure 4.1: Representative works from the Pister Group. a) Joseph Greenspun’s
energy storage and self-destructing MEMS multi-stage hammer ; b) Daniel Con-
treras’ hexapod walking microrobot [4]; ¢) Daniel Drew’s flying microrobot with
no moving parts, the Ionocraft ; d) Oliver Chen’s microelectrode array’s ﬂgﬂ; e)
Rachel Zoll’s carbon fiber pushers; f) Hani Gomez’s zero insertion force latches [7];
g) Mauricio Bustamante’s rotary inchworm for underwater propulsion [§]; h) Alex
Moreno’s integration of wireless systems with IoT sensors and microrobots ﬂgﬂ; i)
Craig Schindler’s jumping microrobot ; j) Daniel Teal’s multimaterial printing via
charged nanoparticle deposition ; k) Dillon Acker-James’ micro-taction device ;
1) Brian Kilberg’s MEMS acrofoil [13]; m) Nishika Deka’s portable field emission
device ; and n) Yichen Liu’s PV-powered MEMS differential capacitive sensor
integration on CMOS .
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actuators [104], and electronics [105] on a microscale, even branching to the nanoscale
in many respects [106,|107]. As seen in Fig. , even within the Pister group, MEMS
has been used in a variety of ways.

4.2.1.1 Penskiy Motors

Electrostatic GCAs have a relatively large force but small displacement compared
with comb-drive actuators. Electrostatic inchworm motors (EIMs) overcome the
small displacement by taking multiple, usually consecutive, small steps. The force
from the GCA is applied to a pawl which makes repeated contact with a shuttle,
moving the shuttle a small amount each time the GCA closes.

The first EIMs used two GCAs: one to engage the pawl shoe with the shuttle, and
one to drive the pawl forward [108]. Hollar et al. improved on this design by making
the drive GCA bi-directional, allowing the EIM to move the shuttle either forward or
backward using the same drive GCA [109]. Penskiy et al. improved on the original
EIM by using an angled arm, or pawl, to support the shoe [110]. This removed
the need for the pawl-engagement GCA, as the angled main drive GCA served to
both engage the pawl and move the shuttle forward. This was an improvement in
simplicity and reduced the number of control signals needed for the motor.

The main morphology of motor used for microrobots that the Pister Group works
with are the original Penskiy inchworm motors. They include a GCA array, some
alignment cantilever springs, closure stops, return stops, pawls, shuttle, shuttle return
springs, alignment buffers, electrical paths, electrical pads, as well as sometimes a
motion encoder, end-stop detector, and output end effector(s). These have the benefit
of transferring a capacitive potential energy to a transverse kinetic energy. The angle
of which was optimized by Penskiy as 67° from the horizontal [110]. See Fig. for
the Penskiy-derived GCA structure.

4.2.2 Problem Statement

In general, many silicon-based monolithic motors and actuators exhibit similar
practical limitations. They are often designed for a narrow set of predefined operating
modes, with limited provision for reconfiguration into alternative mechanical behaviors
that are not explicitly built into the electrical control scheme. In many cases, reverse
actuation or bidirectional operation also requires added structural duplication or
separate complementary mechanisms rather than arising from the native device
architecture. As a result, these systems frequently perform best within a specific
operating regime, while showing reduced capability outside that regime. Although
such specialization is common in optimized devices, the first two limitations can
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Vertical GCA Array

Figure 4.2: 2D design of the Penskiy-derived GCA structure used in the Pister group
showing transparent overlay boxes indicating the respective components of the main
pawl structure.

constrain broader design flexibility and complicate the mapping between intended
tool function and achievable mechanical behavior.
As such, the stipulated goals of this work is to show:

 Bidirectional actuation.
« Variable selection of actuation gearing.

o Increased performance.

4.3 Theory

This analysis will provide a balanced examination of theoretical aspects, mechanical
design considerations, simulation methodologies, and experimental results, offering
insights into both current capabilities and future directions for MEMS motor tech-
nologies. This work aims to address the need for a compact bidirectional transmission
actuator using the GCA system similar to that of Penskiy, see Fig. [4.3]

Among the most important developments in this domain are Gap Closing Actuator
(GCA) motor arrays, representing a significant advancement in utilizing electrostatic
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Figure 4.3: Depiction of the problem statement, showing on the left the prior Penskiy
work indicating a single unidirectional output and on the right a transmission capable
work indicating bidirectional and multi-modal continuous outputs.

attraction between charged Silicon beams to create motion in the perpendicular
direction of the beam length. In nearly every iteration of the MEMS GCA use case,
we find that as-fabricated performance is only controllable through the input Voltage
(Vin), Current (I;;,), and the dynamic control therein. Here we show that the range
of motion (RoM), gear ratio (G.R. = Zout/go), and output force (F,,;) are capable of
being altered after fabrication with greater versatility than just that of V, and I,
with minimal cost to planform area (Ay,,) and efficiency (1 = Poyut/Pin)-

The Transmission GCAs represent a fundamental shift from traditional actuation
mechanisms.

TGCA systems operate via electrostatic attraction between parallel plate capaci-
tors. When silicon beams are charged to the pull-in voltage (Vpr), they attract each
other, causing movement.

For a parallel-plate style gap-closing actuator, the most important quantities
are the initial electrode gap g, the displacement of the moving electrode x, the
instantaneous gap g(x), the effective electrode area A, the applied voltage V', and
the equivalent suspension stiffness k.
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4.3.1 Gap Geometry and Kinematics

Let the instantaneous electrode gap be defined as

9(@)=go—x (4.1)

where gy is the initial gap and x is the displacement of the moving electrode
toward the fixed electrode. For an ideal parallel-plate configuration, the capacitance
1S

eA
Jgo—
where € = gye, is the permittivity of the medium between the electrodes.

This capacitance relation is fundamental because it directly links actuator geometry
to charge storage, electrostatic energy, and force generation.

C(z) = (4.2)

4.3.2 Electrostatic Energy and Force

For voltage-driven operation, the electrostatic energy stored in the actuator is
1 2
Ues(z) = iC(x)V (4.3)

and the electrostatic force is obtained from the energy gradient,

1. ,dC
Fes(flf) = §V2% (44)

which, for the ideal parallel-plate case, becomes

1 cAV?
Fes(z) = 2 (g0 —2)? (4.5)

4.3.3 Mechanical Restoring Force and Suspension Stiffness

The electrostatic force must be balanced by the restoring force of the suspension.
Under a linear spring approximation,

F,, =kx (4.6)

where £ is the equivalent actuator stiffness. Static equilibrium is therefore governed
by
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1 eAV?
2 (g0 — x)?
The stiffness k is determined by the suspension geometry and material properties.
For bent clamped-clamped beams, as used in joiner members, the stiffness is

kx (4.7)

w
Espring = 2Et(z)2 (4.8)

where F is Young’s modulus, ¢ is the beam thickness into the plane, w is the
beam width, and L is the beam length.
For bent cantilever beams, as used in GCA motors, the stiffness is

Etg

kspring = Z(L)Q (49)
For axial members,
EA,
kaxial - T (410)

where A, is the structural cross-sectional area.

4.3.4 Pull-In Instability

A defining feature of voltage-driven gap-closing actuators is pull-in instability. Stable
equilibrium requires that the mechanical restoring stiffness exceed the magnitude of
the electrostatic negative stiffness:

dF,, dF.
—_ 411
dx - dx ( )
At the onset of pull-in,
dF,
k= = 4.12
Ir (4.12)

For the ideal parallel-plate actuator, this yields the well-known pull-in displace-
ment

Tpr = % (4.13)
and the pull-in voltage
8kgd
Vo= -0 (4.14)
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4.3.5 Emnergy and Mechanical Work

An energy-based perspective is often helpful for comparing actuator architectures
and estimating useful output. The electrostatic energy is

1
Ues = §CVQ (4.15)
while the mechanical strain energy stored in the suspension is
L,
The mechanical work delivered over a stroke is
W= Fdx (4.17)

4.3.6 Scaling Relations and Design Tradeoffs

Several useful scaling relations follow directly from the governing equations. The
electrostatic force scales as

2
Fos A7 (4.18)
g2
while the pull-in voltage scales as
kad
Vi % (4.19)

These relations show that smaller gaps strongly reduce the required actuation
voltage, larger electrode areas also reduce the required voltage, and softer suspensions
reduce voltage at the expense of robustness and resonant frequency. They also
emphasize the strong sensitivity of actuator performance to fabrication tolerances in
the initial gap.

4.3.7 Bidirectional Pawl

The upstream considerations for method of "gear" shifting is considered here.

Here the pawl itself was taken to be the same as that used within the Pister
group [92,/111-113], derived from the Penskiy work [110]. The pawl position, general
shape, thickness, and foot structure were not changed. Variations included length,
relative angle, and number of pawls.
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The goals for this work were to create a force transmission mechanism that was
bidirectional, capable of multi-speed selections, capable of multi-force selections, and
not much larger than the current structures already in use.

Having a pawl that is fully rotationally free would present a set of undesirable
issues for a force transmitting component. As such, the pawl was set to be constrained
within a range of motion and to achieve reversible force transmission from a vertical
direction to either the forward horizontal or reverse horizontal within the plane of
actuation. This constraint required that two opposing pawls were positioned at some
angular separation as fabricated and it necessitated an upper bound for the pawl
separation and relative shifting motion.

Additionally, it was surmised that there existed a singularity of angular orientation
where the drive motion was directly in-line with the pawl angle, necessitating an
angular offset. As such, the pawl was restricted from reaching this in-line orientation,
thereby creating a minimum angular separation of pawls.

4.3.8 Pin Tab and Clutch

The method of actuation needed for moving from one gear to another is considered
here. The 2D KLayout Rendering and the image from experimentation shows the
Pin Tab in its intended use, see Fig. [£.7

In initial designs, a manual gear selection method was chosen. Where a Pin Tab
was designed as a rectangular shaped cantilever-suspended Silicon surface with a
cut-out in it was selected. The Pin Tab is a structure that is connected to the pawl
to engage the gear selection by moving the Pin Tab under mechanical application of
force by probe tip. As such, the Pin Tab was sized to allow probe insertion. Through
moving the probe in the direction of gear selection chosen and leaving the probe in
that fixed position, the gear is fixed while the GCA engages.

In proceeding designs, the gear selection method was chosen to be a MEMS
comb-drive motor to allow for the precise selection of motion in the plane. The
shuttle of the comb-drive is then attached similar to the Pin Tab structure by a
long-thin cantilever structure.

4.3.9 Gear Mechanisms

There were four concepts selected for the gear shifting technologies which were drawn
upon from a large bank of possible morphologies, see Fig. [4.4] and Fig. [4.5] These
four concepts represent a pared down categorical sum of the themes and approaches
utilized in the banked morphologies and do not represent any optimal approach, only
a selection based on what the mechanisms did at their fundamental core.
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These designs are labeled as compliant mechanism (simple beam bending), Fric-
tional Rotary Joint (Pinned Revolute Joint), Slot-Slide (Binary Keystone Prismatic
Joint), and Rocker Smiley (combined approach).

Compliant Mechanism is a simple beam bending concept where the gear
selection motion is obtained by bending a cantilever beam to a desired position by
compression or tension on the driving beam.

Frictional Rotary Joint is a simple 2D pin-joint structure that uses friction,
and the driving beam as a secondary support, to restrict free rotation essentially
creating a lever action about the driving beam attachment joint to transmit force to
the shuttle from the GCA spine.

Slot-Slide utilizes a slider that allows for the pawls to maintain alignment with
the shuttle while enabling a key-stone structure, embedded into the pawl/gear shift
cantilever, to engage the pawl only during GCA closure (actuation). This maintains
the benefit of allowing the gear shift cantilever to remain as a monolithic structure.
The drawbacks here are a reduction in selection options for the gearing.

Rocker Smiley (Combined Rotary Joint/Slot-Slide) is a combined approach
that implements a rotary gear switching concept with a locking mechanism that is
similar to the method used in the key-stone structure but with slide locking occurring
at the pawl structure and constrained by the substrate by anchor pins. This approach
implements lessons learned from the prior components in an attempt at reducing the
drawbacks faced at each of the prior approaches. The implementation of springs at
the interconnects of the pawl structure aimed at implementing the benefits of the
compliant nature of the structures. The implementation of the pin joints acted to
enable translation about an axis while keeping the structure from losing its position
entirely. The implementation of the locking mechanisms is a direct call to the
Slide-Slot approach but improved by affixing the pin-locks to the substrate.
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Figure 4.4: Diagram showing the basic mechanism of each of the conceptualized
TGCA designs and their respective motion and engaging mechanism. a) depicts the
basic concept of the Compliant Mechanism design, b) depicts the Frictional Rotary
Joint design, and c¢) depicts the Slot-Slide design. The dotted lines represent engaged
gears possible with the respective design.

a) b)

A&

Figure 4.5: Diagram showing the basic mechanism of the Rocker Smiley concept for
the TGCA design. a) shows the Rocker Smiley in neutral state and b) shows one
aspect of the rotated/geared positions possible, another possible configuration would
be to push the device such that it rotates and engages the opposite direction gearing.

The variation of sizes and tolerances made the Rocker Smiley difficult to etch with
other designs, reducing the number of viably testable samples greatly. Similarly the
necessity of the tight tolerances on the Rotary Joint concept to ensure proper rotation
without the joint simply sliding out of place combined with the tight restriction on
space at the pawl level made the likelihood of proper etching lower than the other
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approaches, again restricting the number of viable samples. The Slot-Slide concept
lacked the functionality that was desired and was not used in future iterations. The
main successor of this line of approaches was the Compliant Mechanism design, as
discussed below. As a note, all designs above were designed, fabricated, and tested
but only the Compliant Mechanism approach was favorable. See appendix for details
on the other designs.

4.4 Mechanical Design

Fig. shows that by first actuating the transverse gear shift, A, the pawl structure
can be angled relative to the shuttle in either the forward or the reverse direction.
Then, while in this gear shifted configuration, the gap-closing actuator (GCA) can
be engaged, driving the pawl foot into the shuttle. While the pawl foot and shuttle
are interlocked by their respective interlocking teeth, the pawl arm undergoes elastic
deformation and loads elastic energy as a spring, driving the shuttle in either the
forward or reverse direction (depending on gear shifting) as the elastic energy from
the pawl arm is released during the rest of the GCA force travel and displacement.
Afterwards, the pawl springs back to its unactuated position, releasing the shuttle.

4.4.1 Compliant Structure Design

The effect of the corresponding compliances in the shape of the pawls can be seen in

Fig. [4.10]

4.4.2 Configuration-Dependent Stiffness With Shuttle
Contact

The linkage stiffness was modeled as a configuration-dependent tangent stiffness
rather than as a single constant stiffness. This distinction is necessary because the
mechanism is first displaced in the horizontal direction and is subsequently loaded
in the vertical direction. The imposed horizontal displacement changes the linkage
geometry, modifies the internal axial load state of each slender member, and therefore
changes the incremental stiffness experienced during the later downward loading step.
In the final contact-engaged state, the linkage is also constrained by a shuttle that
is assumed to be compliant only in the horizontal direction and immovable in the
vertical direction.
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Figure 4.6: Diagram of the mechanics for the A motor pawls with A = 25°. Top)
demonstrates the initial state of the motor prior to actuation, Bottom-left) shows

the gear shifted
angular sweep,
shuttle motion

position at a given distance, A, (orange arrow) with the deflection
7, (blue arrow). Bottom-right) demonstrates the GCA driving and
step with the bending behavior of the pawl upon contact with the

shuttle showing the force transmission from the axial direction (blue arrow) the
orthogonal shuttle direction (red arrow). Indicated on top is the forward and the
bottom the reverse gearing with bending indicated.
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The loading sequence considered in this model is divided into four states:

Step 1: reference/unloaded configuration, (4.20)
Step 2:  Ax applied, prior to downward force, (4.21)
Step 3:  Ax held, downward force applied, prior to shuttle contact, (4.22)
Step 4:  Ax held, downward force applied, shuttle contact engaged. (4.23)

Here, Ax is the prescribed horizontal displacement applied to the input node. The
downward force applied during Step 3 and Step 4 is denoted by

F, = —3 mN. (4.24)
The shuttle is modeled as having a finite return stiffness only in the x direction,
Fs,x = kshuttleusa (425>

where ug is the horizontal shuttle displacement and kgput10 S the shuttle return-spring
stiffness. The shuttle is assumed to be vertically fixed, such that

vs = 0. (4.26)

4.4.2.1 Element Geometry and Cross-Sectional Properties

For an element e with undeformed nodal coordinates (x;,v;) and (z;,y;), the unde-
formed element length is

L= (x;— xi)Q + (y; — yi)Q. (4.27)

The element orientation angle is

g = tan~t LY (4.28)
Tj— X
with direction cosines
Ce = COS Py = mj[j xi, (4.29)
Se = sin ¢, = Yi — Y (4.30)
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For a rectangular MEMS beam with in-plane width w, and out-of-plane thickness T,
the cross-sectional area and in-plane second moment of area are

A, = w,T, (4.31)
Tw?
I =>"—¢. 4.32
The effective Young’s modulus is written as
E
EFr=—— 4.33
L (13

where F is the Young’s modulus and v is Poisson’s ratio. This correction may be
used when a plane-strain approximation is appropriate. The corresponding axial and
flexural rigidities are

EFA, = FE*A,, (4.34)
El. = FE*I.. (4.35)
4.4.2.2 Elastic Beam Stiffness

Each linkage member is modeled as a two-dimensional Euler--Bernoulli frame element.
In the local coordinate system, the elastic element stiffness matrix is

L 0 0 —Z 0 0
€ e
O 12F1, 6FE1, O _12F1. 6FE1,
L3 L2 L3 L2
O 6F1. 4FE1, O __6FEI. 2FE1,
K = L2 Le L2 Le (4.36)
eel — | FEA. 0 0 FEA. 0 0 : .
Le Le
0 __12EI. _ 6EIL 0 12EI. _ 6EIL
L3 L2 L3 L2
0 6F1 2FE1, O __6FEI. 4F1,
i L2 Le L2 Le |

The axial terms scale with FA. /L., while the transverse bending terms scale with
EI./L3. This distinction is important for slender MEMS linkages because a change
in geometry can shift the load path from bending-dominated to more axial-load-
dominated behavior.

The local-to-global transformation matrix is

e S 0 0 0 O
—S. ¢ 0 0 0 O
0O 01 0 00
Te = 0 0 0 ¢ s Of° (4.37)
0 0 0 —s. c. O
L0 0 0 0 0 1
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The global elastic stiffness contribution of element e is therefore

k! = TV T.. (4.38)

e

4.4.2.3 Geometric Stiffness From Axial Preload

After the imposed displacement Ax is applied, each beam may carry an internal axial
force. For element e, this axial force is denoted by N,, where positive N, represents
tension and negative N, represents compression. A convenient estimate of the axial
force is A
Ne = Te (Le,def - Le,O) y (439)
e,0

where L, is the undeformed element length and L. 4ef is the deformed element length,

Le7def = [l"j + U; — (ZL’l + Ul)]Q + [yj + U5 — (yl + Ui)]z. (440)

The corresponding local geometric stiffness matrix is

o0 0 0 0 o0
0 36 3L. 0 —36 3L
N. |0 3L. 412 0 —3L. —L2
¢ _ e e e e e
ke =357 00 0 0 0 0 0 (4.41)
0 -36 —3L, 0 36 —3L.
0 3L, —L2 0 —3L, 4L2

This term captures the stress-stiffening or stress-softening contribution produced
by the preloaded configuration. Tensile axial force increases the transverse tangent
stiffness, whereas compressive axial force reduces it and may move the member closer
to an instability condition.

The global geometric stiffness contribution is

kS =Tk T (4.42)

€,8e0 e,geo —-€°

The global tangent stiffness of element e is therefore

kZ,T =k el + kg,geo' (443)

€,

4.4.2.4 Shifting Behavior

In this work, we demonstrate that by introducing a second displacement input, A, the
angle of the pawl can be changed dynamically during motor operation. Penskiy showed
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that there was a trade-off between shuttle output force and shuttle displacement
based on the angle of the pawl [110]. By changing the angle of the pawl, this work
allows that trade-off to be made dynamically, similar in mechanism to shifting gears
on a bike. In addition, we demonstrate that a dual-pawl head can be used on the
GCA in Fig. [4.11] enabling both forward and reverse motion of the shuttle.

In the test chip case, the gear shift is maneuvered by a pin tab, as seen in Fig. [4.7]
which is a structure that is meant to be shifted by a probe station probe. The gear
shift cantilever travels transversely and bends the pawl cantilever around the spine
structure, as seen in Fig. [4.6] This shows the basic geometric structure, where the
A shift is highlighted by using a design with a pawl structure consisting of two
cantilevers with a pitch angle, A, of 47.5° and 25°. An inverted "Y"-shaped holds a
pair of pawls with notched teeth at their ends for forward and backward motions,
respectively, while the other pawl idles.

Fig. and Fig. show the KLayout 2D model of the analog transmission
GCAs using a Compliant Mechanism Cantilever as the shift capable morphology in the
pawl-to-GCA connection. Fig. shows a zoomed in perspective of the attachment
at near the bottom of the connecting cantilever (top of the 2-pawl configuration),
away from the pawls, which are arranged in the wider 67° orientation. Fig.
shows a zoomed in perspective of the attachment at near the bottom of the connecting
cantilever (top of the 2-pawl configuration) near where the pawls connect, which are
arranged in the narrower 45° orientation. Fig. shows the 2D Klayout CAD with
the components called out.

Here we present a monolithic actuator with embedded compliant structures that
enable direct drive multi-force and -speed outputs in both forward and reverse
directions. These actuators offer the capability for increased range in actuation
displacement and output force for varied gear shift inputs. The sweep inputs, A,
can be shifted in micrometer ranges and the output shuttle movements have been
characterized.

In this work, each motor device is actuated both in forward and in reverse and
the data shown below reflects such actuation schemes and is confirmed by ANSYS
simulation. Fig. shows that through by first actuating the transverse gear shift,
A, the pawl structure can be angled relative to the shuttle in either the forward or
the reverse direction. Then, while in this gear shifted configuration, the gap-closing
actuator (GCA) can be engaged, driving the pawl foot into the shuttle. While the
pawl foot and shuttle are interlocked by their respective interlocking teeth, the pawl
arm undergoes elastic deformation and loads elastic energy as a spring, driving the
shuttle in either the forward or reverse direction (depending on gear shifting) as the
elastic energy from the pawl arm is released during the rest of the GCA force travel
and displacement. Afterwards, the pawl springs back to its unactuated position,
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Figure 4.7: (Top) Klayout 2D CAD showing the location and use of the pin tab
structure. (Middle) Four images showing the progression of the pin tab push by the
probe tip at the probe station where the probe tip also applies a horizontal force
and displacement in the +A-direction causing a +~ change in the pawl, which then
imparts (when actuated) a +dz change in shuttle motion where the +dz is in the
—A direction. The first of the four images shows the unshifted position but with the
probe tip hovering just above the pin tab prior to actuation. The three following
images show the probe tip engaging the pin tab and maneuvering it by applying a
forced displacement. Guiding lines have been added in dashed red to assist the reader
in viewing the changes in pin tab and pawl relative to their initial position, noted
in black dashed line. (Bottom) Diagram showing the +A and +v changes aligned
horizontally to depict their relative motion.
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(a) Compliant Mechanism, Short Connecting (b) Compliant Mechanism, Short Connecting
Cantilever, Wide (67°) Analog Transmission Cantilever, Narrow (45°) Analog Transmis-
2-Pawl Morphology. sion 2-Pawl Morphology.

Figure 4.8: Figure showing the two compliant mechanism design morphologies.

releasing the shuttle. The main mechanical design challenge is finding methods of
actuation that allow for gear shifting with minimal impact on the overall force transfer
from vertical to horizontal while maintaining control over release and grip timing.

The shuttles have 3 cantilever springs together with kg, .y = 0.928 N/m as drawn.
Each vertical gap closing array has 40 individual capacitive plate pairs attached to
a single spine which together can produce approximately 0.9mN of force under an
input bias voltage of 100V (N = 40, lo;, = 76.2um, go = 4.9um) [113,[114].

Each of the following experience simple beam bending loaded conditions: gear
shift, deflection, and pawl beams. The only beams which experience higher order
bending is the gear shift horizontal alignment and the pawl and spine return beams,
which are not discussed as they are simple bending beams which do not contribute
directly to the main compliant structures which influence the transmission capability
of the pA-motors. Within the proper working range of normal prescribed function,
simple beam bending can be expected in each of the components of the device.

4.5 Experimental Setup

The pin tabs are incorporated into the clutch mechanism as a method of manual
positioning for initial as described above. These are also incorporated into the
later devices and further iterations of the uA motors as a mode of manual start or
mechanically forcing the gear shifts. The pin tabs are used to manually actuate the
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Figure 4.9: Diagram showing the A motor (right). Left-top showing the pawl
separation half-angle A = 47.5° and left-bottom showing A = 25°. The forward pawl
of the A = 25° device has the same angular morphology of the Penskiy pawl with
the noted difference of having a reverse pawl and a gear shift cantilever attached at
the meeting of the forward and reverse pawls. The distance between the pawl top
and the pawl spring has been elongated for the insertion of a deflection cantilever for
rotation.

pawl through the sweep of dv as using the imparted motion of the probe, effectively
described as A.

Here the probe station is manipulated by micrometer stages with approximately
0.1pm resolution in their dial. While this is not the defining limit of the mecha-
nism itself, for experimentation purposes, this is taken as the resolution for these
experimental purposes.
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Figure 4.10: Diagram of small angle approximation for change in deflection angle, 6~
due to A; the pitch offset, p, that contributes to pawl/shuttle tooth misalignment;
pawl gap, g,, which decreases with increasing ¢-y; and shuttle motion, x5, which grows
with increasing work done on the shuttle due to the decrease in g,. From left to
right is the progression actuation of as fabricated, gear shifted, GCA drive input, and
shuttle motion. Not to scale. Interestingly at some 7’s the x5/dggca > 1. Shaded
gray images correspond to the previous action for reference.

Pitch alignment offsets can impart misalignment that together with the spring
load on the pawl contributes constructively or destructively to the overall compliance
of the pawl structure. In most cases, this causes the compliance in the pawl structure
to increase, in essence creating a stronger spring. Fig. shows the pitch offset
that contributes to the misalignment of the pawl tooth and the subsequent shuttle
movement. As the pawl gap, g,, increases with increasing A, the work done on
the spine (and pawl) by the GCA increases thereby increasing work done on the
shuttle. When taken together with the information from Fig. [f.11] this implies that
the pA-motors increase the range of GCA action on the spine and therefore the
pawl. Additionally the pA-motors increased A causes the relative distance between
the pawl foot and the shuttle teeth to decrease. This increases the range of motion
that the pawl is in contact with the shuttle adding to the range of work done on
the shuttle. These three mechanisms cause a byproduct of the overall action on
the shuttle to be increased in three ways: stiffer spring force, longer GCA action,
and increased pawl contact with shuttle. However, many of these byproducts can
work against the direction of motion in the reverse case, indicating that the reverse
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direction actuation does not enjoy the benefits that we see in the forward direction
gear selections.

Forward Net]'al Reverse

i=47.5°

1 TLLLLLLLLE
aasssmas

A=25°

Figure 4.11: Optical images of fabricated devices in their actuated positions for
representative display of the relative forward, neutral, and reverse positions for the
A =252 and A = 47.5° devices. In “forward gear”, the left pawl pushes the shuttle
left. In “reverse gear”, the right pawl pushes the shuttle to the right.

Fig. [4.11) shows the impact of the pin tab action on the initial pre-GCA-actuation
state of the pA motor. The two topologies show a range of capable gear selections
with the wider A = 47.5° structure having a smaller working range than the narrower
A = 25° The benefit of the wider topology is the reduced working stiffness through
the actuation step than the narrower one which may in effect actually weaken the
overall actuation power output.

For data collection, the main input variables were the indicated gear shift distance,
A, and the voltage, Vp;. First, a Vp; was found for the Neutral case. Then, A was
increased in the positive or negative direction until actuation halted. This halting
point was considered the next "natural gear" for the device. From here, Vp; was then
found again by increasing voltage until actuation occurred again. This was repeated
until the ultimate limit of the pawl was reached. The ultimate limit is determined
to be the point at which the pawl comes into contact with the shuttle even before



CHAPTER 4. THE MOTOR: TRANSMISSION GAP CLOSING ACTUATORS2

actuation takes place. There were no instances were the device fractured as a result
of actuation or gear selection.

In some cases, such as the wider A = 4.5°, there is a gap near A = 2.5um that is
unattainable due to the collision of the pawl with the shuttle. This gap in the range
was not present for the A = 25° devices.

Theoretically, the devices do not have inherent gear selections as the incremental
selection of positions is not inherent to the device itself but rather the resolution of
input displacement. As such, the gear input, or A, values were selected in such a way
as to better understand the natural spacing of the possible individual gears. There
are many different methods of choosing such a gear spacing and this work presents
only some of the possible gear selection frameworks.

4.6 Results

Fig.[4.12shows the ANSYS simulation results that correspond to the forward, between
1 to 10um, and parts of the reverse gear shifted, between 1 to 10um, actuation
performance. The magnitude of the shuttle motion increases as the gear shifting
displacement increases in both the forward and reverse directions. We observe an
asymmetrical change in shuttle motion near zero input as the gear shift overcomes
the as-fabricated forward state. Spine motion due to the rotation of the compliant
structure with increasing gear shift changes the initial gap of the GCAs in a linear
trend between 1 to 10um of displacement with its corresponding pull -in voltage.

The video analysis results are indicated in Fig. [4.16] where the software, indicated
in Fig. [4.15] is used to extract the relative positions of the individual components of
the critical structure. The observed pull-in voltage and shuttle displacement agrees
with the simulated value.

The GCA pull-in voltage variation is different for each A input, as seen in
Fig. 4.18] This variation is attributed to the shift cantilever compliant mechanism,
which increases the stiffness in the pawl imparting a decrease of GCA gap distance,
gGCA, prior to actuation in the reverse and an increase in the forward direction.

Mechanical characterization, indicated in Fig. shows a monotonic relationship
between pm-scale deflection angle, v, and the shuttle motion. While the shuttle does
not constitute a force test, the distance the shuttle is pushed corresponds to range of
output motion in the A shift for the given stiffness close to the no-load condition.
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Figure 4.12: ANSYS simulation of the narrow A = 25° compliant mechanism pAMotor
indicating the deflection magnitude in colormap.

4.6.1 ANSYS Simulations

Finite element analysis (FEA) using ANSYS represents a cornerstone of MEMS
motor design and optimization, enabling detailed prediction of mechanical behavior,
thermal characteristics, and electrostatic interactions. The simulation methodology
typically follows a structured approach: The end.

We conduct a finite element analysis on the compliant structure comprising
the gear shift cantilever, forward/reverse pawls, GCA spine, and shuttle system,
illustrated in Fig. [£.10] In the first stage of the simulation, the gears shift cantilever
displaces by 10um with a step size of 1um, while the rest of the system remains
anchored near the spine and pawl springs. The forward /reverse pawls deform under
the static load induced by the gear shift cantilever displacement. Subsequently, the
spine displaces by 3.8um in the vertical direction and returns to its neutral state at
each step of gear shifting displacement, simulating the GCA actuation. The forward
pawl’s tip moves toward the shuttle until contact occurs between the pawl teeth
and shuttle teeth. The shuttle displacement serves as the output of the compliant
structure.
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First, we examine the response of the complaint structure with gear-shifting
displacement only. As the input displacement increases at the end of the gear shift
beam, the system rotates counterclockwise. As a result, the GCA spine displaces
upward locally changing the effective initial gap and different pull-in voltage that is
needed at the simulation step.

The complaint structure is connected to four clamp-clamped springs along y-axis
in parallel: gear shifting beam, spine springs, and the pawl spring, as called-out in
Fig. [4.9

Therefore, the effective stiffness, ke, is the sum of the stiffness all four clamp-
clamp spring systems where individual stiffness is described by Eq. [£.9] The resulting
pull-in voltage versus input gear shifting displacement is shown in Fig. [4.18]

We then examine the system response to the GCA stride at each step of the
gear shifting displacement. Both the initial distance and attack angle between the
forward /reverse pawl and the shuttle change because of the gear shifting displacement.
The initial distance between the pawl tip and shuttle determines the effective travel
of the GCA that can contribute to the shuttle deformation. The attack angle
determines the ratio of GCA output force to shuttle. This output force is divided
between the components driving the shuttle along the x axis (transverse direction),
the normal force (or holding force) perpendicular to the shuttle (parallel direction),
and the friction force between the pawl tip and shuttle interface. As a result of
both factors, the maximum distance the shuttle travels changes at each gear shifting
displacement as shown in Fig. [£.13] When gear shifting angle input is low, shuttle
displacement is dominated by the initial gap between the pawl tip and shuttle teeth;
GCA displacement must overcome the large initial gap and not enough thrust is
converted to shuttle displacement. At a large gear shifting angle input, however,
the attack angle between pawl teeth and shuttle dominates the shuttle displacement.
Additionally, at high attack angle input, the interacting pawl can come near a near
perpendicular state with the shuttle which can cause non-stable bending in the pawl,
creating a direct compression in the pawl and cause fracture to the pawl. Similarly,
at very low attack angle or in a range of negative attack angle input there is a range
where the interacting pawl can be too far from the shuttle to effectively interact with
the shuttle and cause a dead zone.

Simulation results (Fig. demonstrate a behavior that closely follows the
simulated behavior. Experimental results show similar closely following behavior with
fringe behavior near the large positive, low positive, low negative, and high negative
edges of the attack angle input. This is likely a result of the trapezoidal shape of
the pawls due to the DRIE which causes the bottom end of the etch to be wider
than that of the top edge. These changes in shape, while not accounted for in the
theory or simulation, are likely to be the source of unaccounted for torsion and mixed



CHAPTER 4. THE MOTOR: TRANSMISSION GAP CLOSING ACTUATORS5

compression fractures or bending that occurs near the extremes of the actuation.
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Figure 4.13: (Top) ANSYS simulation data of the shuttle motion with respect to the
gear shift tab displacement. (Bottom) ANSYS simulation data of the spine motion
shift (pre-actuation) on left axis and effective pull-in voltage on right both as a
function of gear shift displacement.
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GCA Open

===

GCA Closed

Figure 4.14: Zoomed in single frame images captured from video showing the open
position of the GCA and the closed position of the GCA. Together with the diagrams
depicting each for clarity.

4.6.2 Video Averaged Analysis

These experiments were derived in the same way as in Sec. However, here the
devices were allowed to run for eight minutes while video was taken.
Postprocessing of the videos occurred to evaluate the dynamic motion of the
TGCA samples. A region of capture was manually selected by the user to indicate
what region of the video motion analysis would be performed on, this was done to
allow the software to more easily process the data available. Within the region of
capture, the user set sample points of the image to monitor for motion and named
each as well as indicating which direction within the given coordinate system, the
software should monitor for specifically. A region of capture was set for the GCA
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GCA Open

GCA Closed

0 05 1 15 2 25 3
Time (s}
Figure 4.15: Single frame images captured from video of the narrow A = 25° compliant
mechanism pAMotor with arrows indicating the pin-tab gear shift motion (A), spine
motion due to the closing gap of the fingers (dgspine), the motion of the pawls (drpguwi),
and the displacement of the shuttle in the x—, or transverse-, direction (dx). Insets
show the GCA in the open position and closed position with plots indicating the
video captured motion of the spine, pawl, and shuttle. Green overlays are to indicate
the automated region of capture where the "open" is considered a fully open GCA
below in red is the indicated fully "closed" GCA motion.
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Figure 4.16: Plot showing the Video Averaged data of the uA Analog Transmission
for both the A = 47.5° and the A = 25° designs in forward and reverse actuation.
Indicated are selected Gear Ratio, G.R. = x/¢,

fingers, spine, connection point of both pawls, pawl feet, and shuttle to capture the
behavior of each during the open and closed steps of the actuation phase, see for
an example of the open closed behavior of the GCA fingers and spine. See Fig.
for the data representation of the captured motion of the GCA fingers and spine.

Videos of the moving compliant system were captured for both narrow (A = 25°)
and wide (A = 47.5°) devices. A probe station pin was employed to manually switch
gears by displacing the gear shift cantilever. The vertical GCAs were driven at a
frequency of 10 Hz, and the resulting shuttle displacement was recorded. Positions of
points of interest were sampled for each device: the end of the gear shift cantilever, the
shuttle, the tips of the forward and reverse pawls, the junction of the forward/reverse
pawls, and the junction of spine deflection with the cantilever. See Fig. [4.16
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4.6.3 Single Stroke Analysis

These experiments were derived in the same way as in Sec. [4.5] However, while
the Video Averaged Analysis used an average over numerous actuation cycles, the
single stroke analysis used a hand tuned approach to verify the possibility of reaching
higher gearing ratios by careful selection and trial and error. Here the same process
was followed as above but instead of observing video of many actuation cycles, the
actuation was limited to one closure to observe the static holding and range of the
actuation cycle. Fig. shows the results of this approach. A higher range of
shuttle distances and achievable natural gears was observed.

Measurements of the pawl deflection angle () are used as a measure of responsive
compliance pre-actuation and post-actuation, shown in Fig. [4.18 Fig. offers
experimental analysis of the pawl gear change mechanism and its effect on the pawl
compliance during the GCA actuation phase. Here, the analysis shows the deflection
in the pawl both before (open) and after (closed) actuation and its relation to the
shuttle motion (dz) output.

4.7 Conclusions

The implementation of the uA motors imparts three benefits to the overall motor
performance.

1. Gear Selection: The compliant nature of the structure allows for selection of
a range of gearing options that allow for forward and reverse transmission of
force as well as a range of options for output displacement and force.

2. Increase in F,,; and ROM: Alternative configurations allow for higher force
output and, for some, higher output ROM.

3. Increase of work done to the shuttle: Decrease in the effective distance
between pawl and shuttle, thereby increasing the distance over which the pawl
is in contact with the shuttle.

This work demonstrates the capabilities for an analog microscale transmission
motor with the compliant beam-bending design. It presents a near-no-load condition
for a mechanism to shift between geared positions for varied force and distance output.
The output displacement of the shuttle is nearly three times that of the GCA travel
and more than twice that of the original Penskiy motors, indicating that the overall
gear shift mechanism has a high effective performance in the single-stroke case and
the continuous operation case, as depicted in Fig. [4.19]
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Figure 4.17: Plot of single-stroke data of (Top) gear shift position (A) vs pull-in
voltage (Vp;) and (Bottom) shuttle motion (dz) vs pull in voltage (Vp;) for the
A =47.5% and \ = 25° devices. The trend for change in pull in voltage is observed to
be influenced by the gear shifting motion. As the A increases, the compliant beam
bending shifts the GCA fingers more in the reverse direction and opens them more in

the forward direction.
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Figure 4.18: Plot of single-stroke experimental data of shuttle motion vs (Top) open
and (Bottom) closed deflection angle, . The plots show the shift in dz from the
open to closed position of the GCA fingers owed to the bending in the compliant
beams, showing the A = 25° and A\ = 47.5° configurations.

Fig. shows the placement and relative sizes of each level of the spacecraft
with scale bars for reference.

Future work will encompass dynamic analysis of the analog puA-motors, a recently
designed digital pA-motor, and design which mixes elements of the two, termed the
Digi-log uA-motor. This work will also encompass microrobot integration and overall
mechanical performance in an application specific goal-case.
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LiPo Battery

Roll Sail

Main Sail

Figure 4.20: Diagram with optical images. Right) BLISS Solidworks 3D CAD showing
relative size of modules with main body identified for inset and scale bar showing
approximate 10e¢m size on payload. Left Top) BLISS Main Body zoomed to show
relative placements of components with 10em scale bar for reference (approximate)
and MAST (MEMS for Actuation of Solar-sail Tethers) device identified for inset.
Left Middle) MAST device Blender 3D CAD (compiled from KLayout 2D CAD layers)
zoomed in and MEMS pA transmission motor pawl identified for inset with 10mm
scale bar for reference (approximate). Left Bottom) Optical image of TGCA on the
A motor zoomed in for reference with scale bar of 100um detailed (approximate).
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Chapter 5

The Rover: Self-righting
Quadrupedal Inchworm Driven
Spacewalker (SQuIDS)

Abstract

Millimeter-scale MEMS walking robots offer a path toward highly compact robotic
systems, but previous silicon walker architectures have been limited by actuator
count, assembly complexity, leg compliance, insufficient robustness, and the absence
of recovery mechanisms after overturning. This chapter presents the design evolution
of the Self-righting Quadrupedal Inchworm Driven Spacewalker (SQuIDS), a MEMS-
based walker architecture developed to extend the functionality of prior Pister-group
walking silicon robots while reducing mechanical and electrical complexity. The work
is motivated by the broader design space of DARPA SHRIMP-scale microrobotics,
where useful locomotion requires tight coupling between actuator force, linkage
geometry, structural stiffness, ground contact, assembly strategy, and eventual
autonomous recovery.

Several design paths are investigated. A cover-chip architecture is introduced to
improve structural alignment and post-assembly electrical access. A dual three-bar
linkage approach is then developed to reduce the number of motors required per
leg by replacing independently actuated two-degree-of-freedom leg motion with a
mechanically prescribed gait. Animal-inspired linkage variants are compared, and a
crab-inspired mechanism is modeled using body-frame and world-frame kinematics,
no-slip foot contact, frictionless body-floor contact, unilateral distal-joint behavior,
and first-order force and torque estimates. Fabrication and testing of this design
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demonstrated inchworm motor operation, but also revealed failure modes associated
with pin-joint return springs, oxide removal, linkage sticking, and assembly fragility.

A simplified prismatic-leg design is then introduced to improve robustness and
reduce linkage complexity. Substrate-layer and device-layer leg variants are evalu-
ated through geometric modeling, contact-based locomotion simulation, analytical
beam estimates, finite element analysis, and fabrication observations. These results
show that substrate-reinforced legs can improve structural robustness, but also intro-
duce center-of-mass and out-of-plane alignment challenges. Device-layer rectangular
legs provide a reduced-complexity alternative while maintaining millimeter-scale
compliance comparable to prior distal leg mechanisms.

A self-righting actuator concept is developed as a separate recovery mechanism
for overturned microrobots. A planar linkage model is used to evaluate whether a
single actuator-driven stroke can generate favorable body rotation under constrained
ground contact. The chapter concludes with a reduced-size walker redesign that
incorporates lessons from the linkage, prismatic-leg, fabrication, and self-righting
studies.

A reduced-size SQuIDS architecture is also proposed to consolidate these design
lessons into a more compact integrated platform. This version is intended to fit within
an approximately 1 cmx1 cmx2 cm envelope while retaining the core functional
requirements of quadrupedal locomotion, MEMS inchworm actuation, multi-chip
assembly compatibility, and self-righting capability. By reducing the overall robot
size while preserving the ability to recover from an overturned state, the reduced-size
design reframes self-righting not as an auxiliary feature, but as a necessary condition
for practical autonomy in millimeter- to centimeter-scale walking robots. This design
direction therefore serves as the chapter’s culminating architecture: a smaller, more
integrated MEMS walker that combines locomotion, structural robustness, and failure
recovery within a manufacturable silicon microrobotic platform.

5.1 Introduction

5.1.1 Background

This work builds on the conceptualization of an autonomous walker from Hollar et
al. [109] and design choices from Contreras et al. in Transducers 2017 [16]. Further,
the work done here was also depicted in the Ph.D. dissertation of Dr. Hani Gomez [7],
where Gomez designed and tested the hat chips for the leg chips described in this
work. The general use of hat chips in these works serves the use of an electrical
and mechanical connection between two opposing leg chips and houses the physical
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2017: D. Contreras 2018: aras 2015: H. Gomez 2020: H. Gomez
Single-Leg mm-Scale Walker 1 =] Single-Leg Walker + 7IF Socket Quedruped Walker + Double Zif Socket

Figure 5.1: This diagram shows the progression of the walker project within the
Pister group. The top row shows the walker chips themselves and the progression of
the sizing as well as the locomotion method. The bottom row shows how the hat/hub
chip itself has progressed. To the knowledge of the author, no previous work within
the Pister group addressed the self-righting problem or attempted a similar concept.

computational and power supply units. The work builds on a fabrication process
as reported by Teal et al. in Transducers 2021 . The ZIF socket design and its
performance analysis were detailed by Gomez et al. in MARSS 2017 .

Fig. shows the progression of the walker project on which this work is based.
Starting from the top-left, Hollar et al. showed the autonomous walking of a two-
legged solar-powered microrobot 8.5 mm on a side [109]. This work demonstrated
a sophisticated approach through the use of onboard power and control. However,
this was accomplished with a fairly large solar cell array with wire-bonded electrical
connections being dragged behind the walker itself. The legs in this first iteration
were rigid folded beams that moved end-over-end in an almost army-crawl fashion.

In 2017, Contreras et al. demonstrated a tethered walker measuring 9.6 mm wide,
7 mm tall, and 13 mm long. This design extended Hollar’s work by increasing the
available degrees of freedom through separate motors for lifting and forward motion
in a single-leg approach, while reducing the size of the robot . In 2019, Contreras
et al. combined these two-motor single legs to demonstrate hexapod locomotion with
a wired component to the hub chip affixed by silver epoxy bonds for electrical and
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mechanical connection [4,]116]. The clear advantage was that the majority of the
robot was no longer in contact with the walking surface.

Gomez et al. improved on the 2017 Contreras work by incorporating a socket
that required negligible or nearly zero insertion force while maintaining high holding
strength, introducing the zero insertion force (ZIF) chip |115]. This work allowed for
electrical and mechanical connectivity and stability from orthogonal planes, reducing
the reliance on wire-bonding and silver epoxy. Gomez et al. continued to improve
on this method, increasing to a double ZIF chip configuration and a quadrupedal
walker design, keeping the same two-motor per leg higher DOF approach [7,/111].
See Fig. for the 2D CAD of these prior works and Table for the actuation
envelope as determined from the 2D CAD.

Table 5.1: Representative geometric parameters for the prior work (Contreras and
Gomez) linkage-based leg mechanism.

Parameter Length (mm) Width (mm)
Distal linkage/end effector 3.000 0.120
Anchor linkage 0.995 0.062
Vertical input linkage/shuttle 1.380 0.032
Vertical medial linkage 0.496 0.062
Horizontal input linkage/shuttle 1.280 0.032
Horizontal medial linkage 1.250 0.062
Vertical input stroke distance 0.500 -~
Horizontal input stroke distance 0.320 --
Maximum distal-tip displacement in —y direction 0.720 --
Maximum distal-tip displacement in —x direction 1.138 -

Gomez later conceptualized the hat chip/ZIF chip combination for her dissertation.
This work was subsequently extended in the present dissertation.

5.1.2 DARPA SHRIMP as a Motivating Framework for
MEMS Microrobotics

As stated above, this work builds on prior works from the Pister group.

However, a broader programmatic motivation for this work is reflected in DARPA’s
SHort-Range Independent Microrobotic Platforms (SHRIMP) program, which was
launched to advance micro-to-milli robotic systems capable of short-range independent
operation in constrained, hazardous, or disaster-response environments. DARPA
framed the central challenge not merely as miniaturizing existing robots, but as devel-
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Figure 5.2: This diagram shows the 2D CAD of the prior design from Contreras et al.
and Gomez et al., where the leg is controlled by two independent motors ,.

oping the underlying actuator, power, control, and mechanical subsystems required
for useful robotic function under extreme size, weight, and power (SWaP) constraints.
In particular, the program emphasized actuator force generation, efficiency, strength-
to-weight ratio, work density, compact power conversion, and integrated mobility as
enabling requirements for autonomous microrobotic platforms .

Although the microrobotic platforms developed in this dissertation are not intended
to directly reproduce the SHRIMP program architecture, SHRIMP provides an
important conceptual benchmark for the type of system-level capability that motivates
this research. The program highlights a recurring limitation in millimeter- and
centimeter-scale robotics: locomotion mechanisms, actuator technologies, onboard
power, and structural transmission elements cannot be treated as independent design
problems. At these scales, actuator displacement, linkage stiffness, mechanical
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Figure 5.3: Diagram depicting the different event goals of the DARPA SHRIMP
program. The long-term objective is to develop a microrobot capable of completing
all of the listed events; demonstrating completion of one event would also satisfy a
meaningful program objective.

Lastaalastucl

amplification, ground interaction, and available electrical drive energy become tightly
coupled. As a result, seemingly local design choices, such as leg morphology, joint
compliance, shuttle stroke, or linkage geometry, directly affect the attainable gait,
payload capability, robustness, and eventual autonomy of the robot.

This dissertation adopts a more focused MEMS implementation of that broader
vision. Rather than attempting to realize a complete untethered robotic platform at
the outset, the work emphasizes the development of manufacturable microfabricated
locomotion mechanisms, mechanically robust linkage architectures, and actuator-
compatible transmission schemes. In this sense, SHRIMP serves as a useful external
reference point: it identifies the long-term target of independent, multifunctional
microrobots, while the present work addresses several of the enabling mechanical
and process-level questions that must be solved before such platforms can be reliably
implemented in a MEMS-based system. The resulting research therefore contributes
to the same broader design space by investigating how planar microfabricated struc-
tures can produce useful legged motion, how linkage geometry can be simplified
without eliminating functional displacement, and how actuator-limited motion can be
converted into repeatable locomotion-relevant trajectories. See Fig. for a depiction
of the applicable event goals for the DARPA SHRIMP Challenge and Table for a
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description of the categories and their corresponding performance targets.

Table 5.2: Named DARPA SHRIMP Olympic-style event goals and associated
performance emphasis. As defined by the DARPA SHRIMP documentation, the

events were separated into two categories: "Actuator / Power System' (A/PS) and
"Complete Microrobot" (CM).

Category Named Primary Performance Goal Reported Tar-
Event get
A/PS High Jump  Demonstrate vertical impulse genera- > 5 cm vertical

tion, actuator work density, and sur- jump
vivability after ballistic motion.

A/PS Long Jump  Demonstrate horizontal impulse gen- > 5 cm horizon-
eration, launch efficiency, and landing tal jump
robustness.

A/PS Weightlifting Quantify lift capacity, output force, > 10 g lifted
and useful mechanical work under se- mass
vere mass and power constraints.

A/PS Shotput Evaluate the ability of the actuator or > 10cmforalg
power system to transfer energy into payload
an external payload.

A/PS Tug of War  Measure blocking force and sustained > 25 mN block-
force output against an external load. ing force

CM Rock Piling  Demonstrate object interaction, trans- Stack 0.5--2.0 g
port, lifting, and stacking as an inte- weights in at
grated manipulation task. least two layers

CM Steeplechase Demonstrate obstacle traversal, loco- Two  obstacles

motion endurance, and autonomous over 5 m
mobility over a fixed course.

CM Biathlon Demonstrate waypoint navigation, mo- Two beacons
bility, and guidance using external or over 5 m
environmental beacons.

CM Vertical As- Demonstrate climbing or inclined- 10 m at 10°; 1 m

cent surface locomotion under challenging at 80°
surface-orientation conditions.
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5.1.3 Problem Statement

The initial goals of this work were to extend the functionality of existing systems
while reducing footprint, power requirements, and mass, with the broader aim of
supporting DARPA SHRIMP-like microrobotic challenges.

As observed in prior systems [4,/7], the use of thinner leg models produced
unexpected bending under load during actuation. These observations identified a
clear opportunity to improve leg robustness.

It was also observed that prior systems used two independently controlled inch-
worm motors to manipulate a single leg but did not significantly change the gait
or pattern of actuation in a way that clearly showed this two-DOF approach was
beneficial. To extend the functionality while reducing the mass, it was surmised that
there would need to be a reduction in the input signals and therefore a reduction
in the number of motors controlling specific aspects of the leg motion. From here,
the questions of the usefulness of both independent motion and predetermined gait
became apparent. It was surmised that both questions could be answered with fewer
than two motors per leg, thereby reducing a bottleneck in complexity, footprint,
power input, and mass observed in prior systems.

Prior systems also showed, as noted in Table that the overall gait displacement
was not significantly larger than the motor stroke, indicating that direct drive might
have sufficed without a loss of functionality.

Another goal was to increase walker functionality so that the robot could poten-
tially complete an obstacle course or traverse walking surfaces that were less than
ideally flat. In service of that goal, larger motors were incorporated to increase force
output.

As motor size increases, power generation becomes more important, and reducing
reliance on batteries becomes a design objective. Therefore, a power-recovery system
was considered beneficial, motivating the use of the Zappy solar cells [11§].

Later versions make use of the Zappy 2 as described in Moreno et al. [119] as an
optically powered photovoltaic and high-voltage buffer chip that provides low-voltage
supply rails for control electronics and a high-voltage rail for electrostatic MEMS
actuator drive, enabling untethered high-voltage actuation in millimeter-scale robotic
systems [118]. Moreno et al. demonstrated SARA, a 9.5 x 31.55 mm?, 285.9 mg solar-
powered wireless MEMS gripper, using the 3.26 x 3.5 mm? Zappy2 photovoltaic/high-
voltage-buffer chip to generate three voltage domains: Vgarpy = 1.8 V, Vppropy =
3.5V, and Vppupy = 119 V. At 100 mW cm~2, these domains produced short-circuit
currents of 280 A, 16 pA, and 2.4 pA, respectively, while 200 mW cm~? irradiation
provided 560 pA at 1.86 V for the processor/radio supply [119].
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5.1.4 Project Goals

From these observations, the design objectives were set:
o Decrease the number of motors used for each leg.

o Increase the structural integrity of the legs.

Integrate a spring-based energy storage or recovery system.

Integrate a self-righting mechanism.
e Decrease the overall size of the walker.
o Increase the force output of the motors.

While other objectives were also relevant, these objectives were used to define the
design paths that became the basis for this work. The work was developed through
several design versions, each addressing the design objectives in a specific way.

The Cover Chip (v0) protects the critical MEMS components. These cover chips
were designed for use with any of the proposed leg chips to reduce the likelihood that
dust or external obstacles would interfere with locomotion by damaging the MEMS
components.

The Dual Linkage Approach (v1) is a leg chip intended to provide a predetermined
locomotion gait. The chip is designed to operate from a single motor input attached
to two linkage systems, one for each leg on a side.

The Prismatic Linkage Approach (v2) is a leg chip intended to provide a one-DOF
mechanism for locomotion. In this approach, each individual leg is operated by a
single motor with no intermediate linkages.

The Self-Righting Approach (v3) is a separate chip intended as an add-on recovery
mechanism for the walker. It uses a simple dual-linkage approach attached to a single
motor and is similar in concept to the vl leg chip.

The Small Approach (v4) is a redesign that incorporates lessons from the preceding
approaches. It integrates a redesigned hat chip, self-righting chip, and leg chip.

All approaches incorporate the larger 15 mN force inchworm motors derived from
Schindler’s work [10].
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Figure 5.4: Depicted here is the 2D CAD of the Prismatic Linkage Approach cover
chip. The color scheme here is the same as in the prior 2D CAD layouts. This cover
chip is intended to provide through-chip electrical connection to allow for testing
after assembly and prior to affixing the hat-chip by connecting to the Primary Probe
Pads.

5.2 Cover Chip (vO0)

5.2.1 Silicon Cover Chip (v0.1)

For each leg chip, a cover chip was produced to improve structural integrity and
provide a method for aligning the legs during locomotion. See Fig. [5.4] for the 2D
CAD of the cover chip. See Fig. [5.5a] for an unassembled cutaway of the depicted
portion of the 2D CAD. See Fig. for the assembled depiction of the cover chip
and the leg chip from the same cutaway portion of the chips. These cover chips were
used for all of the leg chips and served as a standardizing feature for primary probe
pad placement.
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(a) Depicted here is a cutaway view of the
cover chip. (1) Substrate layer: 550 um
thick, minimum feature size = 40 pym, DRIE
through-layer etch; (2) Silicon Oxide layer:
2 pm thick, anhydrous Hydrogen Fluoride
(HF) vapor-phase timed etch expected at
4 pm; (3) Device layer: 40 pm thick, mini-
mum feature size 2 ym, DRIE through-layer
etch; (4) Chromium layer: 0.4 pm thick,
E-Beam Evaporation, minimum design line
width 5 pm, offset of at least 5 pm from
device layer etch edge, wet-etch lift-off pro-
cess, adhesion layer prior to Gold; (5) Gold
layer: 0.2 pm thick, E-Beam Evaporation,
minimum feature thickness 5 pm, offset of
at least 5 pm from device layer etch edge,
wet-etch lift-off process, conductive layer.

104

(b) Depicted here is a cutaway view of the
cover chip as assembled. This diagram de-
picts a cutaway of both the cover chip and the
leg chip showing bonding with Silver Epoxy.
(1) Substrate layer, (2) Silicon Oxide layer, (3)
Device layer, (4) Chromium layer, (5) Gold
layer, and (6) Silver Epoxy. Additionally, the
cylinder inserted represents the wire inserted
for electrical testing. In the leg chip, at the
Primary Probe Pads, the stack is much the
same as in the corresponding cover chip with
(5-1) layers. The main purpose of this dia-
gram is to depict the method for testing after
assembly should the hat chip connections not
be viable.

Figure 5.5: Diagrams showing (Left) the cover chip stack cutaway and (Right) the
assembled cover chip stack cutaway with the leg chip beneath it and a wire inserted.
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Figure 5.6: Array of SOLIDWORKS linkages depicting the relative shape and
actuation flow at three stages of actuation: (Top Row) as fully retracted and (Bottom
Row) showing the relative distances of each point of contact with the walking
surface and the leg where it would touch. The three columns represent different
linkage configurations named for their resemblances in gait or morphology to the
representative names: (Left) crab, (Middle) mantis, (Right) flea. Here, F,, is the
input force from the motor transferred through the initial dual linkage; rz; is the
projected distance from the vertical force vector and the anchor point of the first leg;
and r; is the projected distance from the anchor to the vertical vector of the force
on the walking surface R; for the first leg. Similarly, the diagram depicts the same
vectors and distances for the second leg, where the distance is specific to the position

that the linkage is in when it touches the walking surface during the driving stroke
of the motor.

T r.
f N R, F2 r, R, Iy Ty R, 2 R;

5.3 Dual Linkage-Based Locomotion Approach
(v1)

The first-generation linkage-based designs were developed as extensions of the leg-
linkage architecture introduced by Contreras et al. . In addition to the previously
stated design objectives, another objective was to reduce actuation and routing
complexity by decreasing the number of independent input signals and motors required
per leg. In the prior walker architecture, each leg required two independently driven
motors: one motor generated the vertical stroke required for ground engagement and
lift-off, while the second motor generated the horizontal stroke required for forward
translation.

In contrast, the linkage-based variants described here were designed to approxi-
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mate or expand the same functional gait envelope while using a single motor to drive
a coupled pair of legs. This architecture therefore trades independent leg control
for a mechanically prescribed gait trajectory, with the intended benefit of reducing
motor count, electrical interconnect complexity, and signal-routing burden.

5.3.1 Animal-Inspired Linkage Variants

Three initial linkage geometries were developed to explore distinct design spaces
and their trade-offs in quasi-static stability, stride length, foot trajectory, and gait
phasing, as shown in Fig. [5.6] Each design used the same general actuation principle,
but differed in linkage geometry and the resulting foot path.

« Crab-inspired linkage (v1.1): This design prioritized static stability by
increasing the fraction of the gait cycle during which the two legs on each chip
remained in contact with the walking surface. The resulting foot trajectory
was intended to maintain a larger effective support polygon and reduce the
likelihood of body pitching or rolling during the stance phase. This geometry
was therefore best suited for stable, conservative locomotion where continuous
ground contact was more important than maximizing stride length.

« Mantis-inspired linkage (v1.2): This design prioritized increased stride
length and more clearly separated gait phases. The prescribed leg trajectory
was designed to produce four distinguishable phases: (1) a relatively slow
lifting phase, (2) a faster forward-swing phase, (3) a relatively slow lowering
phase, and (4) a faster retraction phase. This gait structure was intended to
improve forward displacement per cycle while preserving controlled ground
engagement and disengagement. Compared with the crab-inspired design, the
mantis-inspired geometry introduced a larger vertical excursion and a more
aggressive forward stroke.

» Flea-inspired linkage (v1.3): This design emphasized maximizing forward
displacement by producing an elongated post-lift trajectory. The foot path was
designed to generate greater forward motion after the raising phase than the
other two variants. Its vertical step height was lower than that of the mantis-
inspired linkage, but higher than that of the crab-inspired linkage, placing
it between the two designs in terms of obstacle-clearance capability. This
geometry therefore represented a compromise between stride extension and
vertical excursion, with an emphasis on forward progression rather than stance
stability. While the previous two were named for their relative locomotion
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style, this design was named for the leg position image resembling a flea in
flight after jumping.

The three animal-inspired linkage designs were evaluated as alternative mechanical
gait generators. The crab-inspired design emphasized stability and extended ground
contact, the mantis-inspired design emphasized stride length and discrete gait phasing,
and the flea-inspired design emphasized forward displacement with an intermediate
step height. Together, these variants provided an initial design space for comparing
how linkage geometry influences foot trajectory, substrate contact timing, stride
length, and locomotion stability.

For clarity, it should be noted that each of the linkage variants was selected
based on their ability to maintain a holding force at any position throughout the
gait such that 1 < (Fy + Fy))/(Ry + Ry)), R represents the weight of the robot.
This relation shows that the cumulative sum of the force transferred to the linkage is
greater than the cumulative sum of the force parallel to the ground transferred to
the linkage from the walking surface.

At this stage of the design process, the focus was on maintaining upright locomotion
and stability rather than designing directly for self-righting. Additionally, at this
stage of the design the walker was intended to have a hat chip connected to the
two leg chips at approximately 70--80% of the body height above the bottom of the
robot. This high center of mass was the main consideration for stability being a
higher concern. As such, the crab-inspired designs were favored for progression to
the next stage of the design pathway.

5.3.2 Dual 3-Bar Linkage-Based Crab Inspired Approach
(vl.1)

The crab-inspired approach is constructed from a single double-bracket structure that
doubles as a shuttle and linkage and is attached to the two individual leg linkages on
a single leg chip. The two leg linkages are offset.

The linkage lengths and orientations are annotated in Table [5.3] Table [5.4] and
Fig. 5.8 The gait of the crab-inspired linkage design is shown in Fig. [5.7]

Each leg linkage is a combination of three device-layer pin-joints, three device-
layer linkages (one of which acts as an end-effector), and a single anchor pin-joint
that is adjoined to the substrate by the 2 um oxide layer and sits between pin-joint
two and three. These two leg linkage systems engage the walking surface through
actuation at different times throughout the stroke of the singular motor. For this
work, one stroke is defined as a full extension cycle of the inchworm-motor shuttle.

See Fig. for the design file schematic.
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Figure 5.7: Screenshot from the Linkage 2.0 CAD software detailing the gait of the
crab-inspired linkage approach, where dimensions from Table and Table [5.4] are

integrated.

Table 5.3: Linkage lengths, as designed, for the left and right leg mechanisms. Link

lengths are reported in microns.

Linkage Desc. Left Symbol Len. (um) Right Symbol Len. (um)
Dual connector Lo 3300 Lor 3300
Vertical ground Ly 3700 Lir 3700
Lower Loy 1, 2500 Ly g 2500
Upper coupler Lsp, 3000 Lsr 3200
Distal leg Ly 4500 Lyr 5900
Anchor Dimension Lar 1500 Lar 2200
Central input L 9800 - -
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Los Lor
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Figure 5.8: Diagram of the linkages for the crab-inspired design. All linkages are
device layer with 8 pm square etch holes and 14 pm spacing, center-to-center. The
Lo 1 and Lo g linkages are 525 pm wide, all other linkages are 40 pm depth, 300 pm
width, and have had the 2 ym oxide layer etched away from beneath them.

Table 5.4: Interior linkage angles, as designed, for the left and right leg mechanisms.
Angles are reported in degrees.

Angle Definition Left Symbol Angle (°) Right Symbol Angle (°)
/ (Ll, L2) 612’[/ 30 612,3 20
/ (Lo, L3) Ba3.1, 65 023 R 50
/ (L3, Ly) 041, 65 O34 R 60
/ (Lo, Ly) Oo1,1, 90 Oo1,r 90
/ (L, Lo) 0o, 90 Oo.n 90
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5.3.2.1 Planar Linkage Contact Model and Body-Motion Response

The crab-inspired linkage was modeled as a planar mechanism in which the internal
kinematic constraints are imposed in the robot body frame. In this formulation,
the shuttle, central input linkage, dual connector linkages, and vertical ground
linkages are constrained to translate along the body-frame vertical direction, while
the anchored and distal links rotate according to the prescribed linkage geometry.
The body-frame mechanism solution is then mapped into the world frame using a
rigid-body transformation that includes both translation and rotation of the robot
body. This separation between the body frame and world frame is necessary because
a linkage member that is constrained to translate vertically relative to the robot
body is not constrained to translate vertically relative to the walking surface once
the robot body rotates.
The planar body-to-world transformation is defined as

p" = r‘fgv + R(@B)pB, (5.1)

where p? is a point expressed in the robot body frame, p" is the corresponding
world-frame point, r%¥ = [z5,y5]|T is the world-frame translation of the robot body,
and 6p is the robot-body rotation relative to the world frame. The planar rotation
matrix is

cosflp —sinfp

R(05) = sinflp  cosfp

(5.2)
This transformation is applied to all body-fixed points, including the robot-body
outline, the center of mass, the fixed anchors, and the linkage joints.

The robot body was represented as a rectangular prism with a horizontal length
of 20 mm, a vertical height of 22 mm, and a thickness of 0.592 mm. The center of
mass was placed at the geometric center of the robot body, corresponding to the
first-order assumption of a uniform body mass distribution. If the body rectangle
is defined by horizontal bounds Z i, Tmax and vertical bounds ¥Yumin, Ymax, then the
body-frame center of mass is

Lmin + Lmax

rgOM - Ymin 42_ Ymax | (53)

2

The world-frame center of mass is therefore

réom =15 + R(0)réoy- (5.4)
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A rigid walking surface was placed below the initial distal endpoint of the left leg.
The walking surface is represented by the horizontal constraint
Y = Yfioor- (55)

Contact between the distal end-effectors and the walking surface was modeled using
a no-slip stance condition. If foot s is the active stance foot, the no-slip constraint is

pZV(q, 9371.2/) = p“;f/('), (56)

where ¢ denotes the shuttle stroke and PE,/O is the world-frame foot position at the
start of the stance interval. This condition is enforced only while the contact remains
physically admissible; the foot is allowed to release when the estimated normal force
becomes zero and/or negative.

Foot non-penetration is enforced by requiring

yz/vL > Yfloors yz/R > Yfoor, (57)

where y!'; and 3" are the world-frame vertical positions of the left and right distal
endpoints. The corresponding foot clearances are

Ce,L = yZVL — Yfoor, Ce,R = erE/R — Yfloor (58>
and the residual penetrations are
66,[/ = maX(07 Ytloor — ?JZE/L), é‘e,R = maX(()? Yfloor — yg/R)' (59)

In contrast to the no-slip foot contact, contact between the robot body and the
walking surface was modeled as frictionless. For a set of body vertices {vP}, the
body non-penetration condition is

m.in yz‘f Z Yfoor, (510)
with body clearance
¢p = min y}f — Yfoor, (511)
and residual body penetration
0p = max 0, Ygoor — Min yZ‘L_/ . (5.12)

Because the body-floor contact is frictionless, this condition prevents vertical pene-
tration but does not impose a tangential no-slip constraint on the body.
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The joint between L3 and L, was modeled as a unilateral rotational constraint. Let
T34 denote the moment about the Ls-to-L4 joint, with positive moment corresponding
to counter-clockwise rotation. The joint behavior was approximated as

134 >0 = free rotation, (5.13)

T34 <0 = Q4= @3+ Pa, (5.14)

where ¢3 is the orientation of L3, ¢4 is the orientation of L4, and 134 is the designed
relative angle between L3 and L,. Thus, positive counter-clockwise loading releases
the distal link, while zero or negative loading locks L4 at its designed relative angle.
In the free state, the distal link was assumed to transmit no moment about the joint,
giving
(pe - p34) X Fe = 07 (515)
where ps4 is the Ls-to-L, joint location, p, is the distal endpoint position, and F, is
the estimated endpoint force. This zero-moment condition prevents the model from
transmitting a nonphysical resisting moment through the distal link when the joint
is loaded in its release direction.
The approximate foot-force transmission was computed using the numerical end-
effector Jacobian. For each distal endpoint, the world-frame Jacobian with respect

to shuttle stroke ¢ is

op) _ Ap)
Je(q) = 90 S Ag (5.16)

For a single-input mechanism, virtual work gives

F.6q = FLép, = F1J.4q, (5.17)
so that
F,, =J'F.. (5.18)
Because this relation is underdetermined for a two-dimensional endpoint force, the
minimum-norm force estimate was used:
F,
= J..
JTJ,

F, (5.19)

This provides a first-order estimate of the force direction and magnitude transmitted
to the distal endpoint.

During stance, body rotation is driven by the moment generated by the active
ground reaction about the robot-body center of mass. If Fy, is interpreted as the
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force applied by the foot to the walking surface, then the corresponding ground
reaction applied to the robot is approximated as

0

Fg = _R(QB)Ffjiot + W/?’LC )

(5.20)
where W = myg is the robot weight and n. is the number of active contacts used in
the quasi-static support approximation. The moment contribution from contact ¢
about the center of mass is

T = pz — I'IéVOM X Fg,i7 (521)
where the planar cross product denotes the out-of-plane scalar moment,
a x b =a,b, — ayb,. (5.22)

The net contact moment is .
Tcontact — Z’ri- (523)
i=1

The quasi-static rotational update was modeled using an effective rotational stiffness,

k@ (QB - QB,ref) = Tcontact (524)

where ky is an effective rotational stiffness parameter and 0, is the previous or
reference body angle.

The stance-foot release condition was based on the estimated normal force at the
active contact. The stance normal force was approximated as the vertical component

of the ground reaction,
N, =e[F,,, (5.25)

where e, = [0, 1]7. The no-slip condition is maintained only when
N > 0. (5.26)

If Ny <0, the contact would require the walking surface to pull on the foot, which is
not physically admissible for unilateral contact. The stance foot is therefore released.

Figure [5.9| shows the linkage motion in the robot body frame. This plot verifies
the internal mechanism geometry independently from robot-body translation, robot-
body rotation, and floor-contact correction. Because this view is body-fixed, the
shuttle-guided members retain their prescribed translational constraints.

The physically relevant motion relative to the walking surface is obtained after
transforming the body-frame linkage solution into the world frame.
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Body-Frame Linkage and Body Outline Before Floor Contact Correction
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Figure 5.9: Body-frame linkage poses for the crab-inspired mechanism over the
prescribed shuttle stroke. The linkage geometry is shown before transformation into
the world frame, so the shuttle, input linkage, dual connector linkages, and vertical
ground linkages retain their body-frame translational constraints. The rigid walking
surface is included as a reference line, but contact correction has not yet been applied
in this frame.

Of note, many of the figures show a discontinuity at the approx. 1 mm motor
displacement mark which is owed to the contact of the front leg linkage distal end with
the walking surface. This is owed to the design goal of maintaining a walking gait that
mimics the prior work which showed individually controlled legs. This out-of-phase
linkage drive creates a walking pattern that is unique to each leg, emulating the
pattern attempted in the prior works.

Figure [5.10 shows the robot body and linkage poses after applying the rigid-body
transformation and the contact constraints. In this view, the shuttle-guided members
are no longer constrained to move along the global vertical direction; instead, they
translate and rotate with the robot body.

Figure verifies that the center of mass remains fixed relative to the robot-
body outline during the rigid-body transformation. This check is important because
an incorrectly placed center of mass can introduce artificial contact moments and
anomalous body rotations.

The corresponding rigid-body translation is shown in Figure |5.12| Horizontal
displacement occurs when a foot acts as a no-slip stance point and the internal
linkage motion moves the body relative to that fixed point. Vertical displacement is
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Wprld-Frame Linkage and Body Outline
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Figure 5.10: World-frame linkage poses and robot-body outline after applying the
rigid-body transformation and contact constraints. The body-frame linkage solution
is transformed into the world frame using the body translation and rotation generated
by contact with the walking surface. The feet maintain no-slip contact only while in
compressive contact, while the robot body is prevented from penetrating the walking
surface under a frictionless slip condition.
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Figure 5.11: Center-of-mass location relative to the robot-body outline during the
motor stroke. The center of mass is located at the geometric center of the rectangular
robot body, consistent with the assumed uniform body mass distribution.



CHAPTER 5. THE ROVER: SELF-RIGHTING QUADRUPEDAL INCHWORM
DRIVEN SPACEWALKER (SQUIDS) 116

introduced to satisfy rigid non-penetration of the distal feet and the larger robot-body
outline.

Central Body Translation

Xbody

ybody

Body translation (mm)
w

0 015 ‘; 115 é 215

Motor displacement Y (mm)
Figure 5.12: Central body translation as a function of motor stroke. The horizontal
translation results from the no-slip stance-foot constraint, while the vertical translation
enforces non-penetration of the feet and robot body with the walking surface.

Figure shows the predicted robot-body rotation during the shuttle stroke.
The sign and magnitude of this rotation depend on which foot is in contact, the
moment arm from the contact point to the center of mass, and the direction of the
estimated linkage-transmitted contact force.

The contact-state diagnostics are shown in Figure [5.14] The no-slip constraint is
enforced only while the foot remains in compressive contact with the walking surface.
This prevents the model from treating the stance foot as permanently attached to the
floor and permits liftoff when the estimated normal force no longer supports contact.

The unilateral joint behavior is summarized in Figure |5.15. The upper subplot
reports the torque about the Ls3-to-L, joint, where positive torque corresponds to
the free-rotation condition and zero or negative torque corresponds to the locked
condition. The middle subplot shows the resulting joint state, and the lower subplot
shows the updated distal-link orientation.

Figure separates the center-of-mass trajectory into horizontal and vertical
components. This representation is useful for evaluating whether the linkage produces
net forward body motion, vertical body lift, or oscillatory motion during the motor
stroke.
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Central Body Rotation Relative to World Frame
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Figure 5.13: Robot-body rotation relative to the world frame as a function of motor
stroke. Body rotation is driven by the moment generated by the active foot-ground
reaction about the robot-body center of mass.
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Figure 5.14: Contact-state and release diagnostics for the no-slip foot-contact model.
The stance state identifies whether the left foot, right foot, or neither foot is acting as
the no-slip contact point. The estimated stance-foot normal force is used to determine
whether the contact remains physically admissible. When the estimated normal force
becomes non-positive, the stance foot is allowed to release.
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Figure 5.15: Unilateral Ls-to-L, joint state and torque response. Positive counter-
clockwise torque about the joint releases the distal link and allows free rotation, while
zero or negative torque locks L, at its designed relative angle with respect to Ls. The
distal-link orientation is updated according to the locked or free joint state.
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Figure 5.16: Center-of-mass trajectory components as a function of motor stroke. The

center of mass is placed at the geometric center of the robot body and transformed
into the world frame using the computed body translation and rotation.
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The robot-body floor interaction is shown in Figure [5.17 This plot verifies that
the rectangular robot-body outline does not penetrate the walking surface. Unlike
the distal feet, body-floor contact is treated as frictionless, so it prevents vertical
penetration without constraining tangential motion.
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Figure 5.17: Robot-body clearance and penetration correction under the frictionless
body-floor contact condition. The body is prevented from penetrating the walking
surface, but body-floor contact does not impose a horizontal no-slip constraint.

The cumulative output-force components are shown in Figure The horizontal
component is associated with propulsion or resistance along the walking surface, while
the vertical component is associated with support, unloading, or lift. Comparing the
vertical output force with the body weight provides an approximate indication of
whether the linkage can maintain compressive contact.

Finally, Figure [5.19 shows the estimated moment contribution from each distal
endpoint about the robot-body center of mass. Differences between the left and
right torque contributions arise from asymmetric linkage geometry, foot position,
distal-joint state, and force direction. This torque is the primary quantity used to
interpret contact-driven body rotation.

Together, these plots show how the body-frame linkage motion is converted into
world-frame locomotion through contact with the walking surface. The body-frame
plots isolate the internal mechanism geometry, while the world-frame plots include
the rigid-body translation and rotation induced by no-slip foot contact. The unilateral
Ls-to-L, joint model further allows the distal link to transition between a locked
load-bearing configuration and a free-rotating release configuration depending on the
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Figure 5.18: Cumulative world-frame output force components from the left and
right distal endpoints. The horizontal component indicates the net fore-aft force
contribution, while the vertical component indicates the net lift or loading contribution.

The body weight is subtracted from the vertical force to show the approximate net
vertical support margin.
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Figure 5.19: Estimated torque about the moving center of mass from the left and
right distal endpoint forces. The total torque is obtained by summing the left and
right moment contributions about the center of mass.
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Figure 5.20: Depicted here is the 2D CAD of the crab-inspired linkage approach.
The yellow is the metal layer; red is metal removal to be done computationally prior
to fabrication; green is non-sacrificial SOI that is intended as anchors; dark blue
is non-sacrificial SOI intended as released SOI; medium blue lines are the etched
substrate layer; and the light-blue is the un-etched substrate layer. The hat chip
attachments / ZIF socket connections were designed by H. Gomez.

sign of the joint torque. The contact diagnostics confirm that foot constraints are
enforced only during physically admissible compressive contact, while the body-floor
plots verify that the larger robot body remains non-penetrating under a frictionless
slip condition. Finally, the force and torque plots provide a first-order estimate of how
motor input is transmitted through the linkage into distal endpoint forces, unilateral
joint states, and contact-driven body moments.

See Fig. for the 3D CAD of the fully assembled robot.
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Figure 5.21: Depicted here is the 3D CAD of the crab-inspired linkage approach in
full assembly with the hat chip. The radius of the circle on the walking surface is
2.5 cm.

5.3.2.2 Fabrication Outcomes (v1.1)

In initial testing, it was observed that of the six fabricated leg chips, see Fig. three
were viable for testing. Of the three that were not viable, two had been overlapped
in design with another chip’s substrate layer etch during the initial fabrication file
creation and the resulting etch destroyed the motor sections of these two chips.
The remaining nonviable chip was dropped during fabrication and was destroyed.
The three remaining chips displayed expected behavior with a pull-in voltage of
Vprave = 90 £ 10.1 V; their inchworm motor speed at 10 Hz was approximately
VIwM — 84+0.3 /LHI/S

While testing, it was observed that the pin-joint return springs on all three tested
chips were either etched away or broken during handling, although at different
locations. Further, the chips exhibited substantially different behavior in testing the
inchworm motor actuation under power than expected and than was observed in the
Prismatic Linkage Approach chips. The inchworm motors showed significant sticking,
and destructive inspection revealed a significant amount of oxide still present in the
peaks and valleys of the substrate beneath the SOI.
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Figure 5.22: Photograph of the Crab Inspired Chip as-fabricated. Outer dimensions
of the chip are 2.2 em by 2.0 em.

Upon assembly, the linkages for all three chips fell out of place and were destroyed
prior to testing in the assembled condition.

5.4 Prismatic Linkage Approach (v2)

These designs were developed to simplify the leg trajectory, improve mechanical
robustness, and reduce the number of actuators required per leg. Although this
approach was mechanically simpler than the linkage-based alternatives, it introduced
several important architectural trade-offs. The first major design decision concerned
the nominal leg angle relative to the substrate and walking surface. Several candidate
orientations were considered, including parallel, 30°, 45°, 60°, and perpendicular
configurations relative to the walking surface (see Fig. . The perpendicular and
parallel concepts were initially attractive because they represented limiting cases of
the design space; however, both were rejected after practical review.

The parallel-leg configuration was rejected because it provided limited body
clearance and produced a motion more closely resembling crawling or inchworm
locomotion than walking. A design requirement for this system was that locomotion
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Parallel 30° 45° 60° Perpendicular

Figure 5.23: Diagram showing the straight walker approach leg angles. (Top)
Simplified view of the walker robot assembly with two leg chips on either side and one
hat chip connected at approximately 75% the full height of the leg chips. (Bottom)
From left to right depictions of the leg orientations showing parallel, 30°, 45°, 60°, and
perpendicular. Each diagram contains two legs per leg chip as simplified rectangular
shapes in their respective orientations and are positioned as near to the ground
as their orientation and shape allow without protruding out of the bottom of the
chip. Notably, they all share similar sized legs to give an understanding that each is
expected to extend the same length out of the robot, here approximately half the leg
length. The leg lengths are approximately 60% of the robot height. As the leg width
was deemed a non-constraining variable, they are not considered here.

should not depend on dragging the body or maintaining a large fraction of the chip
surface in contact with the floor. This requirement was motivated by the desire to
preserve a walking-like gait, maintain ground clearance, and enable later evaluation
of obstacle clearance and graded-surface locomotion after assembly. The parallel
configuration also imposed an inefficient use of chip area. The lateral travel required
to generate useful forward motion consumed a large in-plane footprint relative to the
displacement produced. Consequently, the parallel concept was considered poorly
suited for a compact walking microrobot architecture.

The perpendicular-leg configuration was also rejected because it constrained the leg
motion primarily to vertical lifting. Although such a design could potentially support
a shuffling or stepping-in-place motion when combined with an appropriate actuation
sequence, it did not directly satisfy the intended walking gait defined by the design
objectives. In particular, the perpendicular configuration did not naturally generate
the coupled lifting and forward-placement motion required for efficient locomotion.
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The geometry was also restrictive from an integration standpoint. Motors oriented
for predominantly vertical leg motion would require substantial structural height
or extended in-plane support features, potentially exceeding the predefined design
envelope. For these reasons, the perpendicular configuration was not pursued as the
primary leg architecture.

To evaluate the remaining leg-angle options, the required leg-chip components
were blocked out to assess spacing and layout feasibility. While the 60° option allowed
for easy placement of the motors, probe pads, end-stop detection, and metal trace
routing, the 45° and 30° options did not and were not considered further.

5.4.1 Big-Foot Substrate Legs (v2.1)

This design iteration focused on addressing undesirable leg deflection during actuation
and walking, see Fig. [5.24]

The substrate was considered and implemented as a reinforcing element for the
walker legs. As the pawls are designed to engage with the Device layer of the opposing
shuttle, it was essential to retain this device layer on the shuttle itself. Further, the
shuttle itself has no mechanism for maintaining its opposing in-plane position with
the pawls and therefore requires an alignment mechanism. While the return springs
at the head of the shuttle would serve as an in-plane alignment mechanism locally, it
was not clear that this would be beneficial to incorporate at the base of the foot due
to spacing limitations. Here, a trim around the shuttle and walker leg/foot served
this purpose.

The legs themselves maintained a 50 pum trim of Device layer utilizing the sparse
filling of 8 pum square perforations spaced at 14 pum, center-to-center. As these
squares would allow exposure to the environment during HP vapor etch of the Oxide
layer timed for a 9.5 pm etch to ensure that the diagonal space between adjacent
perforations would be sufficiently reached by the HF vapor (with a 1 gm over-etch
adjustment). This trim can be viewed as a blue outline around the shuttle and foot
in Fig. [5.25

A simulation similar to that in Section was conducted with the parameters
shown in Table B35

5.4.1.1 Substrate-Cutout Prismatic Linkage Model (v2.1)

A linkage model was also developed to evaluate a reduced-complexity leg architecture
derived from the previous planar linkage contact model. The same body-frame to
world-frame transformation, contact handling, no-slip stance-foot constraint, body-
floor non-penetration correction, and quasi-static torque interpretation were retained
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Table 5.5: Simplified prismatic linkage geometry and actuation parameters.
Parameter Value Notes
Number of linkages 2 One linkage per leg
Linkage type Single prismatic Removed from substrate; con-

Linkage orientation
Bottom edge orientation
Top edge orientation

Top edge width

Right side length

Left side length

Left linkage lower-left corner

Right linkage translation

Linkage pair spacing
Linkage material role

Linkage structural assump-
tion

Actuator force per linkage
Actuator stroke

Actuation direction

Leg-to-leg geometry

substrate cutout
—60°

OO
30°

4.5 mm
4.0 mm

6.6 mm
(1.1, 0) mm
+7.0 mm in

7.0 mm
Substrate cutout

Rigid prismatic
geometry

15 mN

3.5 mm

Parallel to link-
age side direction

Identical shape
and orientation

tributes to COM shift

Relative to the bottom edge of the
robot body

Parallel to the bottom edge of the
robot body

Perpendicular to the —60° side
edges

Width of upper linkage face
Corrected dimension

Longer side of the prismatic
cutout

Measured from the bottom-left
corner of the robot body

Center-to-center offset relative to
the left linkage

Center-to-center separation

Subtracted from the robot body
area and mass

No slider-rocker kinematic chain

Applied independently to each leg
Along the linkage direction
Downward along the —60° linkage
axis

Right linkage is translated from
the left linkage
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Figure 5.24: Depicted here is the 2D CAD of the Prismatic Linkage Approach, using
a Big-Foot/-boot substrate leg. The yellow is the metal layer; red is metal removal
to be done computationally prior to fabrication; green is non-sacrificial SOI that
is intended as anchors; dark blue is non-sacrificial SOI intended as released SOI;
medium blue lines are the etched substrate layer; and the light-blue is the un-etched

substrate layer. The hat chip attachments / ZIF socket connections were designed
by H. Gomez.
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Figure 5.25: Diagram of the cutaway of the 2D CAD of the Prismatic Linkage
Approach, using a Big-Foot/-boot substrate leg. The diagram shows the SOI overhang
which is attached to the shuttle/foot structure and is a series of Device layer etch
holes designed to allow the HP vapor etch to release the SOI from the Substrate.
This allows the Substrate layer to fall away during etch and be removed. Shown here
is also the chip substrate that is affixed to the SOI and for which the overhang slides
across to maintain in-plane alignment with the rest of the chip device layer to within
+2 pm.

from the prior MATLAB model described in Section [5.3.2.1} However, the multi-link
slider-rocker mechanism and the unilateral Ls-to-L4 joint behavior were removed.
Instead, each leg was represented as a single prismatic substrate-cutout linkage
oriented at —60° relative to the lower edge of the robot body.

This model isolates the effect of a simpler leg geometry while preserving the same
contact-based locomotion framework used for the previous linkage study. In the
prior model, the distal endpoint motion was produced by a constrained multi-body
mechanism containing several rotating and translating members. In the present
model, the leg geometry is prescribed directly as a rigid prismatic cutout, and the
actuator stroke is applied along the linkage direction. This change removes the need
to solve the internal slider-rocker kinematics, while still allowing the simulation to
estimate the resulting body translation, body rotation, foot clearance, force direction,
and torque about the moving center of mass.

The linkage geometry used in the model is summarized in Table Each leg
linkage has the same geometry and orientation, with the right linkage translated
7.0 mm in the +z-direction relative to the left linkage. The lower edge of each linkage
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is parallel to the lower edge of the robot body, while the side edges are aligned with
the —60° linkage direction. The upper edge is oriented perpendicular to the side
edges, producing a prismatic cutout geometry. The left linkage is positioned such
that its lower-left corner is 1.1 mm from the lower-left corner of the robot body.

A key distinction of this model is that the linkages are treated as substrate cutouts
rather than separate device-layer linkage members. Consequently, the removed linkage
areas contribute directly to the mass-property calculation. The body center of mass
is no longer assumed to remain at the geometric center of the original rectangular
body. Instead, the center of mass is recomputed from the remaining substrate area
after subtracting the two linkage cutouts. If the original body area is denoted Ag,
the cutout areas are denoted A.; and A, g, and their centroids are denoted rf ; and
rf r, then the modified body-frame center of mass is approximated as

B B B
B Aprpo — Aertop — Acrlcr
COM — )
AB - Ac,L - AC,R

(5.27)

where r ; is the centroid of the uncut rectangular robot body. This correction is
important because the contact moment depends on the moment arm between the
active foot contact and the moving center of mass. Treating the substrate cutouts
as massless geometric features without updating the center of mass would therefore
introduce an inconsistent torque estimate.

Each linkage is driven independently by a linear translation actuator that applies
a force of 15 mN over a prescribed stroke of 3.5 mm. The actuator stroke is applied
parallel to the linkage side direction, so the body-frame actuation direction is

g cos(—60°)
Upet = sin(—60°) (528)

The resulting body-frame endpoint motion for each linkage is therefore prescribed by

pZ(q) = pZy + qul,, (5.29)

where ¢ is the actuator stroke. This representation intentionally removes the inter-
nal linkage amplification and joint-locking behavior present in the previous model,
allowing the simplified geometry to be assessed as a direct prismatic leg concept.

The same rigid-body transformation was then used to map the body-frame geom-
etry into the world frame. Thus, the endpoint, body outline, cutout-corrected center
of mass, and linkage geometry were all transformed using

p" =ry +R(05)p”. (5.30)
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This preserves the original separation between the internal body-frame motion and
the physically relevant world-frame motion relative to the walking surface. As in
the previous model, foot contact was treated as a no-slip stance constraint while the
robot-body floor interaction was treated as frictionless and non-penetrating. This
allows the simulation to distinguish between foot-driven body motion and incidental
body-floor support.

Figure [5.26| shows the linkage poses in the robot body frame. This figure verifies
that the two prismatic substrate cutouts retain identical geometry and orientation
throughout the prescribed actuator stroke. Because the plot is body-fixed, it is used
primarily as a geometric verification of the linkage layout, actuator direction, and
relative spacing between the two leg cutouts.

Figure shows the corresponding world-frame linkage and robot-body poses
after applying the contact correction. This plot provides the physically relevant
configuration of the mechanism relative to the walking surface. The figure also shows
how the apparent global motion of the linkages differs from their body-frame motion
once the robot body is allowed to translate and rotate in response to contact.

The resulting rigid-body translation of the robot body is shown in Figure [5.28|
As in the previous contact model, horizontal translation is generated when one of
the feet acts as a no-slip stance point and the prescribed leg motion drives the body
relative to that fixed point. Vertical translation is introduced by the non-penetration
correction applied to the distal endpoints and the robot-body outline.

Figure [5.29 shows the predicted body rotation during the actuator stroke. The
rotation is determined by the moment generated by the active contact force about
the cutout-corrected center of mass. This result is especially sensitive to the revised
mass distribution because the substrate cutouts shift the center of mass and therefore
alter the contact moment arm.

The contact-state diagnostics are shown in Figure [5.30] These diagnostics retain
the same interpretation as in the prior linkage model: a no-slip stance constraint is
enforced only while the estimated normal force remains positive. When the normal
force becomes non-positive, the stance condition is released to avoid imposing a
nonphysical tensile contact with the walking surface.

Figure |5.31| shows the world-frame endpoint trajectories produced by the linkage
motion. These trajectories represent the effective foot paths relative to the walking
surface and provide the main estimate of stride behavior for the prismatic cutout
design. Because the internal multi-link mechanism has been removed, the trajectories
are governed primarily by the prescribed actuator direction, body rotation, stance-foot
selection, and contact correction.

The center-of-mass trajectory components are shown in Figure [5.32, This plot
separates the horizontal and vertical components of the cutout-corrected center-of-
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Body-Frame Simplified Prismatic Linkages and Body Outline
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Figure 5.26: Body-frame poses of the prismatic substrate-cutout linkages over the
prescribed actuator stroke. The two linkages have identical geometry and orientation,
with the right linkage translated 7.0 mm in the +z-direction relative to the left
linkage. This view verifies the prescribed linkage geometry before contact correction
and transformation into the world frame.
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5 ‘World-Frame Simplified Prismatic Linkages and Body Outline
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Figure 5.27: World-frame poses of the prismatic linkage model after applying the
rigid-body transformation and contact constraints. The linkage motion is shown
relative to the walking surface, including body translation, body rotation, no-slip foot
contact, and frictionless body-floor non-penetration correction.

mass motion. It is used to evaluate whether the linkage produces useful forward
translation, excessive vertical oscillation, or primarily local rocking motion during
the actuator stroke.

Together, these figures show how the prismatic substrate-cutout linkage behaves
within the same contact-based locomotion framework used for the earlier slider-rocker
model. The main modeling difference is that the internal multi-link kinematic chain
is replaced by a prescribed rigid prismatic leg motion, while the substrate cutouts
are explicitly included in the center-of-mass calculation. This allows the design to be
compared against the prior linkage architecture using the same output quantities:
body-frame geometry, world-frame endpoint trajectories, body translation, body
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Figure 5.28: Central body translation predicted by the prismatic linkage model.
Horizontal motion results from the no-slip stance-foot constraint, while vertical
motion enforces non-penetration between the feet, robot body, and walking surface.

rotation, foot clearance, contact state, output-force components, and torque about
the moving center of mass.

See Fig. for the 3D CAD assembly of the big-foot substrate approach with
hat chip.

5.4.1.2 Fabrication Outcomes (v2.1)

The legs in this iteration were structurally robust and showed minimal deflection
during assembly and motor operation. As seen in Fig. these legs were also robust
in fabrication. The legs showed few fabrication issues and seemed robust relative to
other chips on the same wafers that experienced over-etch, PR bubbling, poor metal
adhesion, and small spring breakage.
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Central Body Rotation Relative to World Frame
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Figure 5.29: Robot-body rotation predicted by the prismatic linkage model. Body
rotation is driven by the ground reaction moment about the cutout-corrected center
of mass.
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Figure 5.30: Contact-state and release diagnostics for the prismatic linkage model.
The stance state identifies whether the left foot, right foot, or neither foot is enforcing
the no-slip contact condition. The stance foot is released when the estimated normal
force becomes non-positive.
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World-Frame Foot, COM, and Body-Center Paths
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Figure 5.31: World-frame distal endpoint, center-of-mass, and body-center trajectories
for the prismatic linkage model. The endpoint paths include the prescribed prismatic
actuation, rigid-body transformation, no-slip stance constraint, and contact-driven
body motion.
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Figure 5.32: Horizontal and vertical components of the cutout-corrected center-

of-mass trajectory as a function of actuator stroke. This representation separates
forward body motion from vertical lift and oscillatory motion.
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Figure 5.33: Depiction of the 3D CAD Assembly of the big-foot substrate legged
walker with hat chip. The radius of the circle on the walking surface is 2.5 cm.

In initial testing, it was observed that of the six fabricated leg chips, four were
viable for testing. The two nonviable chips had been overlapped in design with
another chip’s substrate layer etch during the initial fabrication file creation and the
resulting etch destroyed the motor sections of these two chips. The four remaining
chips displayed expected behavior with a pull-in voltage of Vpyave = 96 4.4 V; their
inchworm motor speed at 10 Hz was approximately vy = 6.6 + 2.1 um/s. While
testing, it was observed that near the mid-point of the shuttle extension the foot
structure would fall out of the alignment gap in the surrounding chip. This occurred
in three of the tested chips that were extended to this distance, the fourth was not
fully extended during initial testing to reduce the occurrence of this behavior. See
Fig. [5.35] Two of the three tested in this way were not testable afterward due to
destruction by mishandling.

Upon assembly, the remaining two chips were destroyed beyond repair.

As the Big-Foot approach had a failure mode associated with the location of the
leg/foot structure COM, subsequent versions would aim to produce a leg that was
more evenly distributed, allowing the COM to remain within the surrounding chip
gap and allowing the leg to be better supported by the substrate.
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Figure 5.34: Image of the as-fabricated Big-Foot Substrate-Layer Leg Chip.

5.4.2 Rectangular Substrate-Layer Legs (v2.2)

This approach used a design similar to the Big-Foot approach. The major change
implemented here was the shape of the substrate-layer leg. Here, the leg remains a
prismatic joint with no embedded revolute joint in the actuation mechanism, and
it retains positioning similar to v2.1. However, in this iteration the approach was
aimed at allowing the full length of the leg to act as a shuttle. Similarly, since the
leg itself was a substrate structure, the COM shift would have to be considered. See
Fig. for the 2D CAD and Fig. for the 3D CAD of the assembly.

Eight of these chips were fabricated, of which two were viable for testing. The six
that were nonviable were thought to be nonviable because of handling issues and poor
etching quality in and around the motors. This poor etching quality was thought
to be due to poorly developed or poorly baked PR at the onset of the frontside SOI
etch which propagated liquid and gas phase pockets of PR.

However, after much investigation and characterization, it was determined that
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Figure 5.35: Diagram of the Prismatic Linkage Approach, using a Big-Foot /-boot
substrate leg showing the out-of-plane motion. The diagram shows the shuttle/foot
structure falling towards the floor or into the surrounding chip structure gap when
being tested in a flat chip-face-up position because gravity acted on an off-center
leg/foot center of mass. The diagram also shows the return springs acting as a
stabilizing structure to keep the shuttle from completely losing alignment.

there were other contributing factors that are further discussed in Appendix [A]

The remaining two chips were evaluated and tested; however, motor function was
atypical and would cease after 4--5 tests. Additionally, the author was unable to
access the laboratory for an extended period, which contributed to further sample
contamination because the samples were not safely returned to the cleanroom before
the author’s absence from the lab.

See Fig. for the 3D CAD assembly of the big-foot substrate approach with
hat chip.

5.4.3 Rectangular Device-Layer Legs (v2.3)

This iteration used device-layer structures instead of substrate-layer structures as
the prismatic linkage for the legs. It retained the shape and outline of v2.2 while
reducing reliance on the substrate as structural support. The design hypothesis was
that the substrate could act as a better guide for the leg itself rather than acting as
the leg. This would improve assembly, and although it would reduce the structural
rigidity of the leg, it would still provide a valuable increase in structural support
relative to the prior work legs.

Table |5.6| summarizes the perforation geometry used for the perforated cantilever
approximation. The perforations are modeled as square through-holes arranged
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Figure 5.36: Depicted here is the 2D CAD of the Prismatic Linkage Approach, using
a rectangular substrate leg.

on a square pitch. The local ligament width, defined as the difference between
the pitch and the hole side length, is a critical dimension because it governs the
local compliance between adjacent perforations and determines the mesh refinement
required for explicit perforated-geometry simulations. The removed-area fraction
provides a first-order estimate of the reduction in effective bending rigidity, while
the large number of periods along the beam length and width supports the use of a
homogenized stiffness correction as an initial approximation. However, because the
bending strain energy is largest near the fixed boundary, the actual perforation layout
near the anchor should be preserved or explicitly documented in any reduced-domain
finite element model.

5.4.3.1 Analytical Estimation of Perforated Beam Bending

The analytical estimate was used to frame the proposed SOI device-layer leg as
a relative compliance comparison against the distal linkage/end-effector geometry
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Figure 5.37: Depiction of the 3D CAD assembly of the rectangular substrate-layer
legged walker with hat chip. The radius of the circle on the walking surface is 2.5 em.

reported in prior linkage-based leg work. The objective of this analysis is to determine
whether the current 3 mm long, 2 mm wide device-layer leg remains within the same
millimeter-scale compliance regime as the distal linkage/end-effector structure from
the prior work [7,[16].

The prior work comparison is restricted to the distal linkage/end-effector element,
which had a length of 3.000 mm and a width of 0.120 mm, as summarized in Table [5.1]
This is the most appropriate comparison feature because it represents the output
linkage responsible for transmitting distal motion. The present model is therefore
evaluated using a nominal 3 mm leg length so that the comparison is not dominated
by length scaling.

For a rectangular fixed--free beam loaded in bending, the small-deflection tip
displacement is given by

FL3
= — 31
o Yol (5.31)
where F' is the applied transverse load, L is the beam length, F is the elastic
modulus, and [ is the second moment of area about the bending axis. For thickness-

direction bending of a rectangular SOI device layer,
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Table 5.6: Perforation geometry details for the perforated SOI cantilever model.

Perforation Characteristic Value Units Notes

Perforation shape Square - Square through-hole pat-
tern.

Perforation side length (a) 8 pum  Each  perforation is
8 pm X 8 pm.

Perforation pitch (p) 14 pm Center-to-center spacing
between adjacent holes.

Ligament width 6 pm Calculated as p — a.

Perforation depth 40 pam Through the full SOI
device-layer thickness.

Unit-cell area (At 196 pm?  Calculated as p x p.

Removed area per unit cell 64 pm?  Calculated as a X a.

(Aunit, rem)

Removed-area fraction (¢) 0.327 -- ¢ = Aunit. rem/Aunit-

Remaining silicon area frac- 0.673 -- na=1—¢.

tion (n4)

Approximate periods along 250  periods 3500 pm/14 pm.
full beam length

Approximate periods across 143 periods 2000 pum/14 pm.
full beam width

bt?
I =— 5.32
. (53
where b is the in-plane leg width and ¢ is the SOI device-layer thickness. Sub-
stituting Eq. into Eq. shows that, for fixed material, thickness, loading

condition, and boundary condition,
FL3
0 X —. 5.33
X 43 (5.33)
Because the current comparison uses a 3 mm current leg and the 3.000 mm
prior distal linkage/end effector, the length term is approximately the same for both
structures,

Lcurrent ~ Lprior = 3.000 mm. (534)
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Thus, the cubic length term is approximately unity, and the first-order geometric
comparison is governed primarily by the width ratio. For two beams of the same
material, thickness, length, loading mode, and boundary condition, the relative
deflection may be approximated as

5current ~ F, current bprior ( 5 35)
~~ 9 .
5prior F, prior bcurrent

and the corresponding relative stiffness may be approximated as

kcurrent ~ bcurrent' (536)
kprior bprior
This indicates that if the current leg is wider than the prior distal linkage, the
current solid leg would be expected to be proportionally stiffer before accounting for
perforations. However, this width-based estimate is only a first-order approximation.
It does not include local ligament compliance, stress concentrations near perforation
corners, geometric nonlinearity, or differences in the actual loading and support
conditions.
The perforation pattern modifies this comparison because the perforated SOI leg
does not retain the full stiffness of the corresponding solid silicon structure. For
square through-holes with side length

a =8 um (5.37)

arranged on a square center-to-center pitch of

p =14 pm, (5.38)

the removed-area fraction of a periodic unit cell is

a® (8 pum)?
= - =—- ~0.327. 5.39
P= (14 pm)? (539)

The corresponding remaining silicon area fraction is

na=1—¢~0.673. (5.40)

As a first-order homogenized estimate, the perforated stiffness may therefore be
approximated as

kperforated ~ 77Aksolida (541)



CHAPTER 5. THE ROVER: SELF-RIGHTING QUADRUPEDAL INCHWORM

DRIVEN SPACEWALKER (SQUIDS) 143
or, equivalently, the perforated deflection under the same load may be estimated
as
6so i
5perforated ~ id . (542)
na

Using the area-fraction correction alone, the perforated structure is therefore
expected to be approximately

1 1
e x1.49 5.43
na  0.673 (5.43)

times as compliant as the corresponding solid structure. This correction does not
represent a complete mechanical model of the perforated beam because it neglects
local ligament bending, corner stress concentration, and spatial variations in strain
energy. Nevertheless, it provides a useful first-order estimate of the stiffness penalty
introduced by the perforation pattern.

The analytical comparison therefore supports the following interpretation: the
current 3 mm device-layer leg should be assessed relative to the prior 3.000 mm distal
linkage/end-effector geometry, not relative to an arbitrary displacement threshold.
Beam theory provides the expected stiffness trends, while the perforation area fraction

provides a preliminary correction for the reduced effective stiffness of the perforated
SOI layer.

5.4.3.2 Finite Element Estimation of Device-Layer Leg Deflection

Finite element analysis was used to estimate the bending response of the current
3 mm SOI device-layer leg under representative loading and to compare the result
against the displacement scale reported for the prior distal linkage/end-effector design.
The simulation was performed in SolidWorks using a nonlinear static analysis, as
shown in Fig. [5.38 The current full-size model was loaded with a transverse force of

F =10 mN. (5.44)
Under this loading condition, the distal end deflected

Spea = 0.7269 mm. (5.45)

The corresponding effective secant stiffness is

F

OFEA

(5.46)

kFEA -
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Substituting the applied load and simulated displacement gives

0.010 N
kppa = ————————— &~ 13.76 N/m. A4
FEA = 0007260 m 170 N/m (5.47)
Equivalently,
krga =~ 0.01376 N/mm. (5.48)
The corresponding compliance is
URES {mm})

7.26%-01

l 6.542e-01

- 5.B15e-0
_ 5.082%-01

| 236201

' 3.6352-01

L 2.908:-0

_ 218e-01

1.454e-01
7.269e-02
1.000e-30

ERPiot step: 13EE)

Figure 5.38: Depicted here is the screenshot of the resultant deflection heatmap of
the nonlinear static analysis from the SolidWorks 3D CAD of the non-perforated
device-layer leg. The colorbar shows a maximum deflection of 0.7269 mm and a
minimum of 1 x 1072 mm where the colors correspond to the distal end and the fixed
end, respectively.
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Crpa = 7 = 1omN "~ 0.07269 mm/mN. (5.49)

This result is directly relevant to the comparison with the prior distal linkage /end-
effector mechanism. The prior work distal linkage/end effector had an estimated
distal-tip flexure of

Oprior,—> = 2.5 mm (5.50)

in the —z direction and

dprior,+2 = 0.5 mm (5.51)

in the +z direction as observed from video footage |120]. The current finite
element result of 0.7269 mm under a 10 mN transverse load is therefore within the
same order of magnitude as the prior —z-direction distal-tip displacement.

The ratio between the current simulated deflection and the prior —z-direction
displacement is

5FEA . 0.7269 mm

~ 0.29. 5.52
Oprior,—z 2.5 mm ( )

Thus, the simulated current leg deflection is approximately 70% smaller than the
prior reported —z-direction displacement.

This places the current leg within the same millimeter-scale compliance regime as
the prior distal linkage/end-effector design. This comparison is significant because it
is made against the distal linkage geometry alone rather than the entire prior linkage
mechanism. The finite element result therefore suggests that the current 3 mm SOI
device-layer leg is capable of reaching displacement magnitudes comparable to those
demonstrated in the previous perforated linkage-based leg work.

If the finite element result in Eq. corresponds to the non-perforated current
geometry, then the perforated version would be expected to deflect more under the
same load. Using the first-order area-fraction correction from Eq. [5.40] the estimated
perforated deflection is

0 erforated,est. =~ = ~ 1.08 . 5.93
perforated,est a 0673 mm ( )

Thus, the perforated version of the current leg is preliminarily estimated to deflect
approximately 1.08 mm under the same 10 mN load. This estimated value lies
between the prior estimated —z-direction and +z-direction distal-tip flexure.
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The finite element result therefore supports the central design argument: the
current 3 mm SOI device-layer leg is not being evaluated against an arbitrary dis-
placement threshold, but against the displacement regime demonstrated by the prior
distal linkage/end-effector. The simulated non-perforated deflection of 0.7269 mm,
together with the estimated perforated deflection of approximately 1.08 mm, suggests
that the current leg geometry remains mechanically compatible with millimeter-scale
motion.

See Fig. for the 3D CAD assembly of the rectangular device-layer approach
with hat chip.

4 >

Figure 5.39: Depiction of the 3D CAD assembly of the rectangular device-layer legged
walker with hat chip. The circle on the walking surface has radius 2.5 e¢m.

5.4.3.3 Fabrication Outcomes

During this fabrication cycle, approximately eight chips were produced using the same
fabrication approach as the prior designs. However, due to unforeseen circumstances,
this author was unable to test, validate, or characterize the chips in person.
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5.5 Self-Righting Approach (v3)

5.5.1 Motivation

This work began as a separate project aimed at producing locomotion through
controlled flipping of a cubic robot while retaining self-righting capability. This
work was also inspired by the DARPA SHRIMP initiative in the ways described in
Table and further by the work of the Lin Lab [121] and the Full Lab [122], as
well as other works on robotic self-righting [123}/124].

5.5.2 Problem Statement

The DARPA SHRIMP Challenge designated the robot envelope as less than 1 cm?
with a mass below 1 g while maintaining power and autonomy.

Here, the primary focus was not autonomy or power, but the mechanical capability
required for the robot to overturn, or self-right, within the prescribed envelope.

First, the initial design considerations assumed a simple cubic structure with the
COM at the geometric center of the robot body and negligible COM change during
actuation. To accomplish this, the robot would be restricted to actuation via the
device layer SOI because it represented a significantly smaller fraction of the total
mass than the substrate layer, making it reasonable to neglect actuator-induced COM
shifts under a quasi-static, non-inertial assumption.

Second, it was assumed that given the mass of 1 g as the upper limit, larger
15 mN motors would be used. This confined the design space significantly as the
motor itself has minimum dimensions of 3 mm by 4.765 mm, not including probe
pads, secondary metal traces, silicon buffer stand-offs, or the shuttle. This reduces
the usable design space by approximately 1/8.

Third, concern existed that the 3D structure would tip onto its face if an asym-
metric approach was taken. As such, a simplified approach using multiple chips with
symmetric self-righting mechanisms was selected.

Depicted in Fig. is the simplified concept for self-righting using an end-effector.
See Fig. for the 3D model of the SRA robot and Fig. for the conceptualized
final robot design as a self-rolling die.

5.5.3 Mechanical Design

The self-righting robot utilizes a linkage-based design. The linkage layout is shown
in Fig. with the corresponding linkage parameters summarized in Table [5.8 and
the angle definitions summarized in Table |5.9]
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Table 5.7: Relationship between self-righting capability and DARPA SHRIMP
microrobotic performance goals.

SHRIMP Capabil- Relevance of Self-Righting
ity Area

Survivability — after High-jump and long-jump maneuvers require landing

jumps after impulsive motion. If the robot lands inverted or
in an unusable posture, self-righting enables recovery
without external reset.

Obstacle traversal Steeplechase-style locomotion can induce rollovers,
pitch instabilities, or partial inversion when the robot
contacts obstacles. Self-righting improves robustness
after failed traversal attempts.

Vertical ascent Climbing or inclined locomotion increases the probabil-
ity of falling, slipping, or rotating into an unfavorable
body orientation. Self-righting provides a recovery mode
after such failures.

Untethered auton- A core feature of SHRIMP-scale systems is operation

omy without human intervention. Self-righting supports this
objective by allowing the robot to resume locomotion
after inversion.

Field robustness Disaster-recovery and confined-environment applica-
tions involve irregular terrain, rubble, and unpredictable
contact conditions. Self-righting helps preserve mission
continuity in these unstructured environments.

Object  interaction Tasks such as rock piling require repeated contact with

and manipulation external objects. These interactions can destabilize
the robot, making self-righting useful as a secondary
recovery behavior.




CHAPTER 5. THE ROVER: SELF-RIGHTING QUADRUPEDAL INCHWORM
DRIVEN SPACEWALKER (SQUIDS) 149

Figure 5.40: Diagram showing the conceptual progression of the self-righting robot
showing simplified versions of the required motion. The diagrams show (Top) the
robot upright with arrow depicting the direction of the top/head of the robot and a
rectangle representing the end effector. (Bottom Row) Four diagrams showing the
progression of the self-righting mechanism as seen from the front of the robot. From
left to right the depictions start from the robot being overturned on its side, the
next showing initiation of self-righting by rotating out the end-effector linkage, then
showing the robot at approximately 45° angle with the end-effector still engaging
the ground surface, and on the far-right, showing the robot fully returned to its
right-side-up position with end-effector linkage returned to its resting position.
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Figure 5.41: Image of 3D CAD Blender showing the self-righting device overturned
on the left and self-righting on the right. Top row shows front-facing perspective and
bottom row shows a perspective view.
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Figure 5.42: Depiction of the 3D CAD of an assembled self-righting actuator within
a die. (Left) Actuators extended with the die face cover on. (Right) Actuators
extended with die face cover removed.

—>

Figure 5.43: Depicted here is an overlay of the linkage structure on the 2D CAD
KLayout screenshot. This image corresponds to Table



Table 5.8: Self-righting linkage model parameters used in the MATLAB simulation.

Parameter Value Description

Ly 5.000 mm Vertical actuator/shuttle linkage

T Lo 5.000 mm Fixed body-frame x position of Lg

Initial bottom of L 0.250 mm Initial y position of the Lg--L1 joint

Initial top of Lg 5.250 mm Initial y position of the top of Ly

Actuator stroke 4.000 mm Imposed upward shuttle stroke

Ly 5.130 mm Main linkage from bottom of Ly to central joint
Lanchor 2.542 mm Linkage from fixed body anchor to central joint
Lo 2.100 mm Distal linkage rigidly coupled to L

L3 5.000 mm End-effector linkage with frictionless floor contact
Linkage width 0.300 mm Common linkage width

Initial anchor position in world
frame

Body contact condition
L3 contact condition

Non-contacting members
Number of stroke steps

Body-angle search window

(2.235,1.528) mm

No slip
Frictionless

LO-; le Lanchory L2
151

35.0°

Prescribed initial anchor coordinate before body-
floor correction

Body contact point fixed in the world frame

Vertical floor constraint with horizontal sliding
allowed

Ignored for floor-contact interaction

Number of evaluated actuator-stroke configura-
tions

Search window used in the contact solve

(saIn®s) YAMTVMAD VIS NIATHA

IWHOMHONI TVAAdNYdvVNO HONILHOIY-ATAS “4IAOY HHL ¢ YALJVHD
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Table 5.9: Self-righting linkage angle definitions. Angles are measured counter-
clockwise from the positive horizontal axis of the robot body frame unless otherwise
stated.

Angle Symbol Value Description

Input linkage orientation 0o 90.0° Ly remains parallel to the
body-frame y axis

Main linkage orientation 0, 64.3°  Orientation of L; relative
to the body-frame horizon-
tal axis

Anchor linkage orientation 04 114.4°  Orientation of L, relative
to the body-frame horizon-
tal axis

Horizontal distal linkage ori- 03 0.0° L3 remains parallel to the

entation body-frame horizontal axis

End-effector relative angle O34 90.0°  Nominal rigid angle between
L3 and L4, assuming Ly is
vertical

End-effector absolute orien- 0, 90.0° Nominal absolute orienta-

tation tion of L4 in the body frame

Body-frame to world-frame  fyoay.0 90.0°  Initial condition placing the

rotation robot side parallel to the
ground

5.5.4 Self-Righting Linkage Model

A planar linkage model was developed to evaluate the first-stage self-righting motion
of the robot during the imposed actuator stroke. The model intentionally reduces the
mechanism to the minimum set of geometric constraints needed to study whether
the linkage sweep can generate a favorable body rotation while preserving the
experimentally relevant contact assumptions. The robot body is modeled as a
rigid square body with a fixed center of mass at the geometric center. The linkage
assembly is represented by a set of rigid line segments connected through ideal
revolute or rigidly coupled joints. This abstraction omits elastic deformation, joint
compliance, and out-of-plane effects, but it provides a useful first-order visualization
of the body-linkage geometry during the self-righting stroke.

The coordinate transformation used in the simulation maps the robot-frame
positive y-axis into the world-frame positive z-axis, while the robot-frame positive
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xr-axis maps into the world-frame negative y-axis. This orientation corresponds to
the robot initially resting on its side in the world frame. The lower body contact
point is treated as a no-slip contact with the ground, while the distal end of Ls is
treated as a frictionless contact point. Thus, the body contact point remains fixed in
the world frame, whereas the L3 end-effector is constrained vertically by the floor but
is allowed to slide horizontally. All other linkage elements are excluded from ground
contact in the model. This contact structure was selected to isolate the intended
self-righting interaction between the body and the distal end-effector while avoiding
artificial reaction forces from intermediate links.

The actuator linkage L is constrained to remain on the robot-frame centerline
at x = 5.000 mm. The L; linkage is connected to the bottom of Ly, and the initial
bottom point of Lg is shifted upward to match the current linkage layout. The
imposed input is a vertical stroke of Ly, which drives the Lo--L; joint upward in the
body frame. The central joint location is then solved using the geometric closure
between L; and the fixed body-anchor linkage. The distal links L, and L3 are treated
as a rigidly coupled output chain: Ls rotates with Ly, and L3 rotates with Ly. This
representation captures the current design intent that the distal linkage assembly
behaves as a single rigid output member after the main rocker motion is established.

The simulation output is presented as static sweep plots rather than as an
animation. Each sweep overlays a finite set of configurations sampled across the
actuator stroke, allowing the evolution of the linkage and body pose to be inspected
directly. The robot-frame sweep in Fig. shows the internal linkage motion
relative to the body. This plot is useful for verifying that the prescribed L centerline
constraint, the bottom connection between Ly and L, and the rigid coupling between
Ly, Lo, and L3 are represented consistently in the body frame.

The corresponding world-frame sweep is shown in Fig. [5.45] In this view, the
ground line, no-slip body contact point, and frictionless L3 contact samples are shown
together with the transformed body and linkage configurations. This plot provides
the clearest visual interpretation of the modeled self-righting interaction: the body
remains constrained at its no-slip floor contact while the distal L3 tip maintains a
vertical floor constraint and is allowed to slide horizontally. The overlay also shows
how the imposed body-frame linkage stroke translates into world-frame body rotation
and center-of-mass motion.

The center-of-mass trajectory is isolated in Fig. [5.46] This plot is used to assess
whether the actuator stroke moves the body center of mass in a direction favorable
for self-righting. Since the model is restricted to the actuator-driven stroke and
does not include a second gravity-driven phase, the trajectory should be interpreted
as the kinematic and contact-constrained motion produced directly by the linkage
actuation. A useful design outcome is indicated when the COM is displaced toward
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Ro&:oot-Frame Linkage Sweep During Actuator Stroke
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Figure 5.44: Robot-frame linkage sweep for the self-righting model. The body outline,
fixed body anchor, center of mass, Ly centerline constraint, and sampled linkage
configurations are shown in the robot frame. The plot verifies the imposed actuator
path and the rigid distal-link coupling during the prescribed stroke.

a configuration in which gravity can continue the turnover or reduce the required
additional actuation.

The coordinate history in Fig. [5.47|separates the world-frame z- and y-components
of the COM displacement as functions of actuator stroke. This representation is
useful for comparing future linkage variants because it converts the sweep into a
more quantitative measure of body motion. In particular, the world-frame vertical
COM coordinate indicates whether the linkage raises or lowers the body mass during
the stroke, while the horizontal coordinate indicates the corresponding lateral shift
caused by the no-slip body contact and frictionless L3 contact constraints.

Finally, Fig. summarizes the body rotation, estimated angular velocity, and
gravity-torque measures over the actuator stroke. These plots should be treated as
diagnostic outputs rather than a complete dynamic prediction, because the model uses
geometric contact constraints and a pseudo-time stroke parameter rather than a fully
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ame Sweep with No-Slip Body and Frictionless L3 Contact
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Figure 5.45: World-frame sweep of the robot body and linkage assembly during the
actuator stroke. The body has no-slip contact with the ground, while the distal Ls
end-effector is modeled as a frictionless ground contact. The overlay illustrates the
body rotation and linkage-ground interaction generated by the full actuator stroke.

resolved multibody contact simulation. Nevertheless, the summary provides a compact
way to evaluate whether the linkage stroke produces monotonic or discontinuous body
rotation, whether the contact solve remains smooth, and how the gravity moment
changes relative to the no-slip body contact and the instantaneous frictionless Ls
contact.

Overall, this model provides a compact design-screening tool for comparing self-
righting linkage geometries before higher-fidelity dynamic simulation or fabrication.
Its primary value is not in predicting exact transient dynamics, but in revealing
whether a proposed linkage architecture produces the desired contact-constrained
body motion over the available actuator stroke.
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World-Frame COM Trajectory During Actuator Stroke
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Figure 5.46: World-frame center-of-mass trajectory during the actuator stroke. The
start and full-stroke COM positions are marked to show the net displacement gener-
ated by the self-righting linkage under the specified body and L3 contact constraints.

5.5.5 Fabrication Outcomes

Of the sixteen fabricated devices, six were viable for initial testing. The ten chips
which were not viable had varying issues: two had over-etched the motors and four
were dropped, destroying the devices and the rest had an incomplete oxide etch
beneath the shuttle. The remaining six showed varying degrees of functionality with
some of the linkages contorting out of the plane in various cycles of the run. Of these
only two were capable of running the full sweep of their linkage folding capability.
During an attempted repositioning for improved microscope visibility, the devices
were accidentally dropped and destroyed. See Fig. and Fig. [5.50]

5.6 Small Approach (v4) and Future Work

While the above work was a systematic approach developed as multiple different
experiments to test and solve for interconnected issues, here the overall approach was
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Figure 5.47: World-frame center-of-mass coordinate histories during the actuator
stroke. The upper and lower plots show the COM z- and y-positions, respectively, as
functions of the imposed Lg stroke.

to start from a more centralized theme. The centralized theme is an overall reduction
in size while maintaining benefits of prior designs. As no clear better design won out
with respect to the linkage approach vs the straight-legged approach, it was decided
that both would be kept.

From lessons learned on the previous set of Quadrupedal Walkers from simulation,
experimentation, fabrication, and hand calculations it was clear that the chips were
too large and too tall overall for a nimble and robust walker robot and to be stowed
aboard the BLISS spacecraft as a rover.

As such, the small approach was employed.

As shown in Fig. [5.51] the reduced size architecture includes smaller versions of
all components: hat chip, with ZIF chip integration for the two side leg chips and the
two front and aft self-righting chips. While this work does not sufficiently show that
this work fully addresses the need for a smaller robot /rover, as full simulation and
experimentation are still necessary, this does serve as a motivation for future work.
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Body Rotation with No-Slip Body and Frictionless L3 Contact
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Figure 5.48: Summary of the actuator-driven self-righting stroke. The plots show body
rotation, estimated angular velocity across the stroke, and gravity-torque measures
about the no-slip body contact and the frictionless L3 contact.



CHAPTER 5. THE ROVER: SELF-RIGHTING QUADRUPEDAL INCHWORM
DRIVEN SPACEWALKER (SQUIDS) 160

Figure 5.49: Photograph of the SRA device in the vacuum pick and place station
through microscope taken with phone camera during removal of sacrificial SOI. (Top)
Left eyepiece and (Bottom) right eyepiece.
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Figure 5.50: SRA on a penny.
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Figure 5.51: Image of the 3D CAD Blender model for the small approach. Of note,
the smaller hat chip shown here is not sufficiently mapped out and only contains
placeholders for the necessary components, as laid out by Gomez , and a reduced
size version of the ZIF architecture.
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Chapter 6

The Helm: MEMS for Actuation
and Control of Small Solar Sail
Tethers (MAST)

6.1 Introduction

The objective of this chapter is to develop and evaluate a microelectromechanical-
system (MEMS) actuation approach for direct mechanical control of small solar-sail
tethers. The broader spacecraft architecture motivating this work is the Berkeley
Low-cost Interplanetary Solar Sail (BLISS), in which a lightweight sail, carbon-fiber
support structure, and miniature spacecraft payload are integrated into a compact
propellantless spacecraft concept [2,[125]. In that architecture, small changes in tether
length or tether position can be used to alter the geometry of the sail-frame system and
thereby provide a mechanism for shape control, trim, or steering authority without
conventional reaction wheels, cold-gas thrusters, or other macroscopic attitude-control
hardware.

The device developed in this chapter is referred to as MEMS for Actuation
and Control of Small Solar Sail Tethers (MAST). The MAST concept uses MEMS
inchworm motors to produce controlled, incremental, bidirectional linear motion
of a silicon shuttle. The shuttle mechanically interfaces with a carbon-fiber tether
connected to the solar-sail frame. In this configuration, tether displacement is
produced directly by the MEMS device rather than through an intermediate macro-
scale transmission. This approach is attractive for small solar-sail spacecraft because
MEMS actuators provide high lithographic repeatability, compact form factor, batch
fabrication, and the possibility of direct integration with on-chip electrical routing,
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end-stop sensing, and shuttle-position control.

This work builds on three prior technical foundations. First, Zoll et al. demon-
strated MEMS-actuated carbon-fiber manipulation, establishing a precedent for using
MEMS motors to control filament-like structural elements [126]. Second, Teal et al.
developed related silicon MEMS inchworm-motor fabrication processes and robot-scale
implementations [92]. Third, Rauf et al. modeled and experimentally characterized
the nonlinear dynamics of gap-closing actuators (GCAs) and MEMS inchworm motors
in different fluidic environments [113]. The present work differs from those prior
demonstrations in the intended application, shuttle geometry, loading condition, and
environmental objective. Here, the actuator is designed as a tether-control mechanism
for a solar-sail spacecraft, with emphasis on loaded actuation and eventual operation
under reduced-pressure, space-analogous conditions.

The chapter proceeds as follows. Section defines the tether-actuation require-
ments that motivate the MAST device. Section [6.3] summarizes the relevant GCA and
inchworm-motor operating principles. Section describes the mechanical evolution
from the substrate-shuttle design to the SOI-shuttle design. Section introduces
the pull-in/pull-out and inchworm-speed test structures used to evaluate actuator
behavior. Section describes the vacuum and Earth-analog testing approaches.
Section [6.§] summarizes the experimental observations and design lessons. Section
concludes the chapter.

6.2 Design Requirements and System Role

6.2.1 Solar-Sail Tether-Control Objective

The MAST device is intended to provide linear actuation of carbon-fiber tethers
connected to the perimeter structure of a thin-film solar sail. In the motivating
spacecraft concept, the sail is supported by a carbon-fiber ring, while the sail membrane
is made from a thin polymer film such as colorless polyimide (CP1). The tether-
control problem is therefore mechanically simple in its local form: a tether must
be advanced or retracted along a single axis with sufficient force, resolution, and
repeatability to modify the boundary condition imposed on the sail-frame system.
At the device level, this requirement leads to a linear shuttle architecture. A
carbon-fiber tether is placed on or mechanically coupled to the shuttle, and the shuttle
is displaced by MEMS inchworm motors. The desired output motion is bidirectional,
quasi-static or low-speed, and compatible with electrical probing during laboratory
characterization. Because the sail-scale structure is orders of magnitude larger than
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the MEMS actuator, the tether interface must also be tolerant of modest alignment
errors, local friction, and mechanical compliance in the carbon fiber.

6.2.2 Actuator-Level Requirements

The principal actuator-level requirements are:

1. Bidirectional linear motion: the device must push or pull the tether along
the axis of the carbon fiber.

2. Incremental displacement control: the inchworm architecture should allow
displacement to be accumulated in discrete steps.

3. Tether compatibility: the shuttle must provide a mechanically robust in-
terface to the carbon fiber without causing premature fracture, slipping, or
excessive parasitic rotation.

4. Electrical accessibility: probe pads must be available for GCA drive signals,
locking-tab actuation, shuttle drive signals, and end-stop detection.

5. Reduced-pressure compatibility: the actuator should be testable under
vacuum conditions relevant to the reduction of gas damping and eventual
spacecraft operation.

6. Fabrication compatibility: the geometry must remain compatible with the
available SOI MEMS fabrication process, release process, metallization, and
probing constraints.

These requirements motivate a design in which opposing MEMS motor banks are
arranged around a central shuttle. The motor banks provide push--hold--push--hold
actuation in opposite directions, allowing tether displacement to be accumulated in
either direction along the shuttle axis.

6.3 Operating Principle

6.3.1 Gap-Closing Actuator Behavior

The primary force-generating elements in the MAST device are electrostatic gap-
closing actuators. A GCA consists of interdigitated or adjacent silicon fingers
separated by a lithographically defined gap. When a voltage is applied between the
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moving and fixed electrodes, electrostatic attraction reduces the gap and produces
lateral motion of the moving structure. The resulting force depends on the electrode
geometry, the applied voltage, the instantaneous gap, and the mechanical restoring
stiffness of the suspension.

In the MAST implementation, the GCA does not directly drive the spacecraft
tether over the full travel range. Instead, each GCA is used as a local actuator within
an inchworm motor. This arrangement converts small, repeatable GCA strokes into a
larger accumulated shuttle displacement. The GCA pull-in voltage, pull-out behavior,
and dynamic response are therefore critical because they determine the voltage range
over which the motor can be reliably stepped.

6.3.2 Inchworm Motor Stepping Sequence

The inchworm motor architecture uses a sequence of clamp and drive actions to
produce net shuttle displacement. In a simplified forward step, one locking or holding
element constrains the shuttle while another actuator advances the shuttle by one
stroke. The first holding element is then released, the second element holds position,
and the drive actuator resets. Repetition of this sequence produces net translation.
Reversing the order of the holding and drive sequence produces motion in the opposite
direction.

For MAST, the motor banks are arranged in opposing configurations so that
the shuttle can be driven bidirectionally along the tether axis. This architecture
is beneficial for solar-sail tether control because it provides a mechanically direct
means of increasing or decreasing tether displacement. In the present design, the
actuation concept targets approximately micrometer-scale incremental control, with
the intended shuttle step size set by the inchworm-motor geometry and the local
pawl/shuttle engagement behavior.

6.4 Mechanical Design

6.4.1 Overall Device Architecture

The MAST device consists of a central shuttle, opposing GCA-driven inchworm motor
arrays, probe pads, return springs, end-stop structures, and carbon-fiber mounting
or tether-interface regions. The central shuttle forms the mechanical output of the
chip. GCA arrays are placed adjacent to the shuttle, and their motion is rectified by
pawl-like or locking features that engage the shuttle during the inchworm stepping
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sequence. Return springs restore moving elements after actuation, while end stops
limit travel and provide a potential electrical trigger for end-of-travel detection.

The design evolved through two main device generations. The first generation
used a substrate-shuttle architecture intended to maximize structural stiffness. The
second generation used an SOI-shuttle architecture that improved integration with the
released silicon device layer and reduced the alignment and fragility issues observed
in the first implementation.

6.4.2 Substrate-Shuttle MAST Design (v1)

The first MAST implementation used a substrate-based shuttle, see Fig. for the
2D CAD and Fig. for the 3D CAD. This design was initially selected because a
substrate-supported shuttle provides high bending stiffness and a mechanically robust
platform for coupling to the carbon-fiber tether. The high stiffness was expected to
reduce shuttle deformation during tether loading and probing.

However, initial testing revealed important practical limitations. The return
springs were susceptible to fracture, and once the springs failed the shuttle could
become misaligned. After misalignment, attempts to restore the shuttle position
frequently damaged the motor pawls, limiting the ability to continue testing the
same die. Thus, although the substrate-shuttle design provided desirable structural
rigidity, it was mechanically unforgiving during handling, probing, and post-failure
recovery.

Twelve substrate-shuttle MAST chips were fabricated, see Fig. [6.3] Of these,
eight were viable for testing. At a drive frequency of 10 Hz, the measured inchworm-
motor speed was approximately vrwy = 5 + 2 pm/s with pull-in voltages ranging
from 84 V to 98 V. The large uncertainty in the measured speed indicates that
device-to-device variability, intermittent stepping, stiction, or test-fixture limitations
likely dominated the measured response. These observations motivated the transition

to the SOI-shuttle design described in Section [6.4.3]

6.4.3 SOI-Shuttle MAST Design (v2)

The second MAST implementation replaced the substrate-shuttle approach with an
SOl-shuttle architecture. This redesign was motivated by the failure modes observed
in the v1 devices. By placing the shuttle and compliant suspension features within the
SOI device layer, the v2 design reduced the dependence on substrate-level realignment
and improved compatibility with the released MEMS structures, see Fig. for the
2D CAD and Fig. [6.5] for the 3D CAD.
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Figure 6.1: Two-dimensional KLayout layout of the substrate-shuttle MAST v1
design. The design uses a stiff shuttle structure intended to interface with a carbon-
fiber tether while opposing MEMS inchworm motor banks provide bidirectional linear

actuation.

Figure 6.2: Three-dimensional rendering of the substrate-shuttle MAST v1 design.
The rendering illustrates the intended mechanical relationship between the shuttle,
actuator banks, probe regions, and tether-interface geometry.

The SOI-shuttle design retains the same functional objective as the v1 device:
bidirectional linear displacement of a carbon-fiber tether. However, the mechanical
layout is better matched to the MEMS fabrication process and the expected motion
of the released structures. The shuttle is positioned between opposing GCA arrays,
with probe pads and metal traces routed to support electrical actuation. Carbon-fiber
mounting regions are included so that a tether can be positioned along the shuttle
axis.

In the v2 design, the motors are arranged as two opposing groups of four motors
each. This arrangement enables push--hold--push--hold stepping in both the forward
and reverse directions. End-stop detectors are placed near the travel limits of the
shuttle so that the device can, in principle, provide an electrical indication when
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Figure 6.3: As-fabricated substrate-shuttle MAST v1 device shown on a U.S. penny
for scale. The image highlights the chip-scale footprint of the actuator relative to a
common macroscopic reference object.

Figure 6.4: Two-dimensional KLayout layout of the SOI-shuttle MAST v2 design.
The design places the shuttle and actuation features in the SOI device layer and
arranges opposing motor banks around the tether-actuation axis.

the shuttle reaches the end of its available stroke. This feature is important for
automated or semi-automated operation because it provides a direct mechanism for
terminating motor drive before mechanical over-travel occurs. See Fig. for the
as-fabricated device.

6.5 Test Structures

6.5.1 Pull-In and Pull-Out Test Chips

Pull-in and pull-out (PIPO) test chips were designed to characterize GCA behavior
independently of the full MAST shuttle. These structures are conceptually similar
to the test devices used by Rauf et al. for GCA and inchworm-motor dynamic
characterization [113]. The purpose of the PIPO chips was to evaluate how GCA
pull-in voltage depends on finger geometry, particularly finger overlap length.

The PIPO array contains GCA test structures with varying finger lengths. The
layout arranges the test cells so that the finger length increases across the array,
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Figure 6.5: Three-dimensional rendering of the SOI-shuttle MAST v2 design with a
carbon-fiber tether positioned on the shuttle. The rendering illustrates the intended
tether-routing path and the mechanical interface between the fiber and the MEMS

output stage.

Figure 6.6: As-fabricated SOI-shuttle MAST v2 device shown on a U.S. penny for
scale. The device includes a central shuttle, opposing MEMS GCA arrays, probe
pads, carbon-fiber mounting regions, and mechanical rails that guide the shuttle
motion.
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allowing multiple geometries to be fabricated and inspected on a single die. This
approach provides an efficient means of identifying voltage ranges and geometries
that are compatible with the available probing equipment and desired actuation
behavior.

The fabricated PIPO structures included arrays of GCA fingers with nominal
finger lengths spanning approximately 25--100 um, see Fig. [6.7} In the fabricated
structures, pull-in voltage decreased as the finger overlap length increased, consistent
with the expected increase in electrostatic actuation authority for longer engaged
electrode geometries. The measured trend is shown in Fig. [6.11] The data indicate
that shorter finger overlaps required pull-in voltages in the approximate range of
70--76 V, while longer overlaps produced pull-in near the mid-30 V to low-40 V range.

Metallization was also considered because the released silicon structures require
sufficient electrical conductivity for reliable electrostatic actuation. TiN coatings
with varying nominal thicknesses were investigated; however, the tested samples did
not demonstrate the desired improvement in conductivity. As a result, further PIPO
testing with that coating approach was not completed. This outcome suggests that
future test structures should include a more systematic metallization study, including
sheet resistance measurement, contact resistance measurement, and verification of
coating continuity across released GCA fingers.

The PIPO structures require an electrical readout from the two end-stop structures.
In this design, the corresponding readout nodes are routed to the top and bottom
probe pads, as shown in Fig. [6.8f Because the end-stop structures must remain
mechanically separated prior to actuation, they cannot be fabricated as permanently
connected electrical nodes without eliminating the intended switching function or
relying on a destructive release process. A post-fabrication connection mechanism
was therefore incorporated into the layout. This function is provided by the wedge
and locking-tab structure.

After fabrication and release, the locking tab is displaced laterally using a probe-
station micromanipulator. In the orientation shown in Fig. [6.8] the locking tab
is pushed to the left until it drives the wedge downward and the two features
mechanically interlock. Once engaged, the wedge and locking tab form a mechanically
stable contact path. Because the wedge is electrically connected to the upper probe
pad, shown in yellow in Fig. [6.8] this post-fabrication engagement establishes an
electrically conductive connection between the upper end-stop structure and the
upper readout pad. This approach allows the end-stop and probe-pad structures
to remain electrically isolated during fabrication while enabling a stable electrical
connection to be formed during device preparation. The as-fabricated PIPO devices

can be seen in Fig. and Fig.
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Figure 6.7: KLayout layout of the PIPO GCA test-chip array. The array contains
multiple GCA cells with increasing finger length, enabling pull-in and pull-out behavior
to be compared across geometries on a common die.
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6.5.2 Inchworm Motor Speed Test Chips

In addition to the PIPO structures, inchworm motor speed test (IWMST) chips were
designed to evaluate complete motor stepping behavior. Whereas the PIPO devices
isolate GCA pull-in and pull-out behavior, the IWMST structures incorporate the
shuttle, pawls, return springs, GCA fingers, probe pads, metal traces, and end-stop
features needed to evaluate motor-level displacement, see Fig. |6.12

The IWMST chips were designed with an end-stop detection feature at the end
of travel, see Fig. Two testing modes were considered. In the first mode, an
electrical feedback loop would use the end-stop signal to terminate actuation when
the shuttle reached the end of travel. This approach would require integration with
a microcontroller or data-acquisition system, such as an Arduino-based trigger loop.
In the second mode, the motor would be driven feedforward for a specified number
of steps at a specified frequency, and the final shuttle position would be measured
optically. The feedforward method is experimentally simpler, while the feedback
method is more representative of an autonomous or instrumented device.

Although these IWMST devices were designed and fabricated (see Fig. ,
the full speed-characterization sequence was not completed in the present work.
Nevertheless, the structures provide a useful design bridge between isolated GCA
characterization and full MAST tether-control testing. They also identify the required
infrastructure for future testing: synchronized high-voltage actuation, end-stop
detection, optical displacement measurement, and automated image-based tracking
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Figure 6.8: Zoomed KLayout layout of a single PIPO test cell. The labeled features
include the locking-tab probe gap, locking-tab cantilever, wedge, end stop, spine,
GCA stator anchor, GCA fingers, probe pads, return springs, and return-spring
anchor.
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Figure 6.9: As-fabricated PIPO test chips shown before full separation from the
break-away tabs. The array layout permits multiple GCA geometries to be inspected
and tested from a single fabricated chip.

of shuttle travel.

6.6 Experimental Setup

6.6.1 Vacuum Test Motivation

The experimental validation strategy was motivated by prior work on GCA and
inchworm-motor dynamics in different environments [113]. For the present application,
the relevant environmental question is whether MEMS inchworm motors can operate
under reduced-pressure conditions appropriate for a space-analogous test environment.
Vacuum testing is particularly important for MEMS because gas damping, squeeze-film
damping, surface adhesion, and electrical breakdown behavior may differ substantially
between ambient laboratory conditions and reduced pressure.

The vacuum objective in this work is not to reproduce the full radiative, thermal,
plasma, and contamination environment of deep space. Instead, the near-term
objective is to reduce gas damping and demonstrate that the MEMS actuator can be
driven in an environment more representative of spacecraft operation than ambient
air. This distinction is important because different spacecraft qualification objectives
require different pressure ranges. Thermal-vacuum testing, outgassing evaluation,
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Figure 6.10: Optical micrograph of an as-fabricated PIPO test structure. A single
GCA PIPO cell is visible within the array. The etch-hole spacing is approximately
14 pm center-to-center, providing a scale reference for the released silicon features.
Also shown is the engaged wedge and lock tab structures.

aerodynamic damping studies, and deep-space environmental simulation do not
impose identical vacuum requirements (see Tab.

Table 6.1: NASA Space-Like Vacuum Requirements by Component Test Category

Test Category Pressure (torr) Primary Physical Effect
Thermal Considerations 107> to 107° Elimination of air convection
Electronics / Outgassing < 1075 Corona arcing & material loss ||
Aerodynamic Damping 1072 to 10~ Structural damping dominance ||
MEMS / Microscale 107! to 1073 Squeeze-film damp. reduction

Deep Space Fidelity 1077 Full radiative environment [131]
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Figure 6.11: Measured pull-in voltage, Vp;, as a function of finger overlap length,
Lor, for the GCA PIPO test structures. The data show a general reduction in pull-in
voltage with increasing finger overlap, consistent with increased electrostatic force for
longer active electrode engagement. Also depicted is the static and dynamic finite
time pull in voltage for the same finger overlap lengths. Possible explanations for the
deviation from theoretical calculations are differences in undercut not accounted for
or the presence of oxidized surfaces.

6.6.2 Vacuum Chamber and Electrical Interface

The vacuum chamber used for these tests consists of an aluminum chamber body,
an acrylic viewing cover, electrical feedthroughs, and a pump capable of reaching
approximately 10 mTorr. This chamber is similar to the system described in Teal’s
dissertation [11]. A standoff adapter and printed-circuit board were used to mount
the MEMS devices and route electrical signals from the chamber feedthroughs to the
probe or bond-pad interface.

The experimental configuration must satisfy three constraints simultaneously.
First, the chip must be mechanically secured without constraining the shuttle or
tether interface. Second, high-voltage signals must be routed to the GCA and locking
structures with low leakage and sufficient isolation. Third, the device must remain
optically visible so that shuttle displacement, pull-in events, and failure modes can
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Figure 6.12: KLayout layout of the IWMST array. The test cells are arranged so
that the finger length varies across the array, enabling motor-level performance to be
compared as a function of GCA geometry.

be observed during testing.

While the vacuum chamber (see Fig. [6.15)) was assembled, pressure checked, and
electrically verified for the use under the described conditions to test the chips in
space-like conditions, no chips were tested.

6.7 Earth-Analog Tether-Loading Setup

Earth-analog testing was performed to evaluate whether the MAST v2 device could
actuate a tether connected to a full-scale sail-like structure. In the initial configuration,
one end of a carbon-fiber tether was attached to the SOI shuttle, and the other end was
attached to the side of a circular aluminized Mylar sail at approximately half-height.
The test used a full-size circular sail with area

Ags =1 m?,
and a carbon-fiber tether of length

LCFZQHI
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Figure 6.13: Zoomed KLayout layout of a single IWMST device. The labeled features
include the inchworm shuttle, spine, GCA fingers, pawls, return springs, metal traces,
probe pads, and end-stop probe pad.

and diameter
Decp = 300 pm.

Because the tether applied a load to the MAST device, the chip was suspended
by a fishing line with radius approximately 0.14 mm and length approximately 10 in,
equivalent to 0.254 m. The fishing line was tied to a metal rod approximately 2.2 m
long, affixed above the probe station and oriented horizontally using external clamps
and supports.

The initial ambient-air test revealed that the full-scale sail was highly sensitive
to environmental disturbances. Motion caused by nearby personnel, breathing, and
room-scale airflow produced sail displacements on the order of centimeters. Tarp
separators were then placed around the setup, and a camera was used to monitor
the residual swaying motion. Although this reduced the disturbance amplitude,
HVAC-induced airflow still caused millimeter-scale motion even after long settling
periods. This residual motion was large compared with the intended MEMS-scale
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Figure 6.14: Optical image of an as-fabricated IWMST die. The device provides a
compact test platform for measuring inchworm stepping behavior independently from
the full tether-control assembly.
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Figure 6.15: Vacuum-chamber test configuration for MAST device evaluation. The
chamber provides reduced-pressure operation, electrical feedthroughs, and optical
access for observing MEMS shuttle displacement during actuation.
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tether displacement.

For this reason, the full sail was not an ideal first test article for tether-actuation
validation in ambient air. A more appropriate intermediate test article is a full-size
ring with a moment of inertia matched to the sail-frame system but with substantially
reduced aerodynamic area. Such a ring preserves the inertial loading relevant to low-
frequency rotational response while suppressing the dominant ambient-air disturbance
mechanism. This approach provides a more controlled path toward evaluating MAST-
driven tether manipulation before returning to full-sail testing in vacuum or a more
isolated environment.

6.8 Results and Discussion

6.8.1 Substrate-Shuttle Device Performance

The substrate-shuttle MAST v1 devices demonstrated that the basic inchworm
actuation concept could be implemented in the MAST geometry, but they also
exposed several practical weaknesses. The measured pull-in voltage range of 84--
98 V was compatible with high-voltage MEMS probing but higher than desirable for
spacecraft integration. The measured motor speed at 10 Hz,

vrwM = 5 £ 2 um/s,

indicates that the tested devices did not yet provide robust or repeatable shuttle
translation.

The dominant limitation was mechanical reliability. Spring fracture and shuttle
misalignment frequently prevented continued testing. Once the shuttle moved out
of its intended alignment, the pawls were vulnerable to damage during attempts to
reset the device. This failure mode is especially important for space-oriented MEMS
actuators because a tether-control system must tolerate handling, packaging, and
launch-induced mechanical uncertainty. The v1 results therefore motivated a design
shift away from substrate-dominated shuttle mechanics and toward an SOI-shuttle
architecture with improved compatibility between the released device layer and the
moving shuttle.

6.8.2 SOI-Shuttle Device Assessment

The SOI-shuttle MAST v2 design addressed several of the mechanical integration
concerns observed in vl. By moving the shuttle architecture into the SOI device
layer, the device became more consistent with the released MEMS structures and less
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dependent on recovering a misaligned substrate-supported shuttle. The optical images
in Figs. and related callout figures show the key functional regions: electrical probe
pads, MEMS GCA arrays, shuttle, carbon-fiber mounting region, device railings, and
end-stop trigger.

The v2 architecture is also more appropriate for tether experiments because
the carbon fiber can be routed along the shuttle axis while the opposing motor
banks remain accessible for probing. This layout improves the separation between
mechanical tether handling and electrical actuation. However, the design still requires
further work before it can be considered a complete spacecraft actuator. In particular,
future iterations should quantify shuttle displacement per step, maximum tether load,
hold force, reverse stepping reliability, electrical leakage, lifetime under repeated
cycling, and vacuum-dependent changes in pull-in and pull-out behavior.

6.8.3 GCA Pull-In Voltage Scaling

The PIPO test data provide the clearest quantitative trend observed in this chapter.
As shown in Fig. the measured pull-in voltage decreases with increasing finger
overlap length. This trend is consistent with the expected scaling of electrostatic
actuation: longer active finger overlap increases the electrostatic force contribution
for a given voltage and therefore reduces the voltage needed to reach pull-in.

The measured data also show scatter, particularly at intermediate and long
finger overlaps. This scatter may arise from fabrication variation, release variation,
local stiction, probe contact differences, metallization nonuniformity, or geometric
differences in finger bending. The data nevertheless provide a useful design rule for
subsequent MAST devices: increasing finger overlap can reduce the required drive
voltage, but the geometry must be selected while also considering finger stability,
pull-out reliability, lateral compliance, and the possibility of unintended finger contact.

6.8.4 Limitations of Ambient Full-Sail Testing

The Earth-analog testing effort showed that a full-scale 1 m? sail is not a well-
conditioned ambient-air test article for MEMS-scale tether actuation. The sail area
is large enough that small air currents produce displacements much larger than the
MEMS shuttle stroke. Even after the setup was partially isolated using tarp barriers,
residual airflow produced millimeter-scale motion. This made it difficult to attribute
observed sail motion to MEMS actuation rather than environmental disturbance.
This limitation does not invalidate the tether-control concept; rather, it identifies
a mismatch between the first ambient-air test article and the actuator scale. A staged
validation sequence is more appropriate. First, isolated GCA and IWM test structures
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should be characterized under microscope observation. Second, the MAST shuttle
should be tested with known micro- to milli-newton-scale tether loads. Third, a
reduced-aerodynamic-area inertial surrogate should be used to represent the full sail’s
rotational inertia. Finally, full-sail testing should be performed in a controlled airflow
or vacuum environment where aerodynamic disturbances are sufficiently reduced.

6.9 Conclusions

This chapter presented the design and preliminary evaluation of MAST, a MEMS
inchworm-motor architecture for direct actuation of small solar-sail tethers. The
motivating application is the BLISS spacecraft concept, in which tether displacement
can provide a compact mechanism for sail-shape control or steering authority. The
MAST approach uses lithographically defined MEMS GCA arrays and inchworm
motor sequences to produce bidirectional linear motion of a silicon shuttle mechanically
coupled to a carbon-fiber tether.

Two MAST device generations were developed. The v1 substrate-shuttle design
provided high structural stiffness but suffered from return-spring fracture, shuttle
misalignment, and pawl damage during testing. Eight of twelve fabricated v1 devices
were viable for testing, with measured pull-in voltages of 84--98 V and an approximate
motor speed of 5+ 2 pm/s at 10 Hz. These results demonstrated the feasibility of the
layout but also showed that the substrate-shuttle architecture was not sufficiently
robust for repeatable tether-actuation experiments.

The v2 SOI-shuttle design was introduced to improve mechanical compatibility
with the released MEMS structures and to provide a better tether-interface geometry.
The SOI-shuttle architecture places the central shuttle, motor banks, return springs,
probe pads, and end-stop structures in a configuration more suitable for bidirectional
tether actuation. This design is better aligned with future vacuum and loaded-tether
experiments, although additional characterization is still required to quantify step
size, hold force, lifetime, and vacuum-dependent behavior.

Dedicated PIPO and IWMST test structures were also developed. The PIPO
devices showed that GCA pull-in voltage decreases with increasing finger overlap
length, with longer-overlap structures pulling in near the mid-30 V to low-40 V range.
This result provides a useful design direction for lowering MAST drive voltage in
future revisions. The IWMST devices provide a motor-level test platform for future
speed, displacement, and end-stop-feedback characterization.

Finally, preliminary Earth-analog testing with a full-scale 1 m? sail showed that
ambient-air disturbances dominate the motion of large-area sail test articles. The
observed centimeter- to millimeter-scale environmental motion was too large relative
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to the intended MEMS-scale actuation. A more suitable intermediate validation article
is therefore a moment-of-inertia-matched ring with lower aerodynamic area. This
surrogate would preserve the relevant inertial loading while reducing airflow sensitivity,
allowing the MAST device to be evaluated under more controlled conditions before
returning to full-sail testing.

The main conclusion is that MEMS inchworm motors remain a promising actuation
mechanism for small solar-sail tether control, but reliable system-level operation
requires careful co-design of actuator geometry, shuttle mechanics, tether interface,
electrical routing, test environment, and inertial loading. The results in this chapter
establish the first design path and experimental framework for MAST while identifying
the key improvements needed for future flight-relevant tether-control demonstrations.
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Chapter 7

Conclusion

This dissertation has presented a framework for femtoscale, MEMS-controlled solar-
sail spacecraft intended for low-cost interplanetary exploration, asteroidal imaging,
and cometary sample capture. The central spacecraft architecture developed in this
work is the Berkeley Low-cost Interplanetary Solar Sail (BLISS), a gram-scale solar-
sail spacecraft that uses solar radiation pressure as its primary source of propulsion
and MEMS-based mechanical actuation as its steering authority. Rather than
treating miniaturization as only a reduction in spacecraft mass, this dissertation
has treated miniaturization as a system-level design problem in which propulsion,
steering, sensing, computation, surface mobility, and fabrication must be co-designed
around the constraints of gram-scale spacecraft.

The BLISS concept demonstrates how a small spacecraft can use a thin-film solar
sail, carbon-fiber structural members, commercial-off-the-shelf electronics, and MEMS
actuation to form a plausible architecture for distributed interplanetary science. The
spacecraft is designed to exploit the high area-to-mass ratio of a lightweight sail while
using low-mass onboard systems for computation, imaging, communications, and
attitude control. The trajectory and control analyses presented in Chapter [3| show
that a spacecraft in the BLISS mass regime can, in principle, execute Earth-escape
spiral trajectories and interplanetary transfers relevant to near-Earth asteroid imaging
and small-body reconnaissance. These analyses do not by themselves constitute a
flight-qualified spacecraft, but they establish the physical and architectural basis for
using femtoscale solar sails as a serious platform for future planetary-science missions.

The actuation architecture developed in this dissertation is equally central to
the overall concept. BLISS is not simply a passive sailcraft; it requires controlled
steering through relative motion between the spacecraft body, carbon-fiber support
structure, and solar-sail surface. The MEMS Actuators for control of Solar-sail
Tethers (MAST), presented in Chapter @, are the intended steering mechanism for
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this spacecraft. In the BLISS architecture, MAST functions as the tether-control
system: it displaces carbon-fiber tethers connected to the sail-frame system and
thereby changes the relative geometry of the sail and spacecraft body. This enables
the center-of-pressure and center-of-mass relationship to be modified for attitude
control and steering under solar radiation pressure. In this sense, MAST is the
helm of the BLISS spacecraft. It provides the direct mechanical interface between
MEMS-scale motion and spacecraft-scale steering.

The second major extension of the BLISS architecture is the Self-righting Quadrupe-
dal Inchworm Driven Spacewalker (SQuIDS), presented in Chapter . SQuIDS is
intended as a MEMS-based rover payload that could be carried by a BLISS-class
spacecraft for on-asteroid or small-body surface exploration. The motivation for
SQulIDS is that asteroid and comet environments present mobility challenges that dif-
fer fundamentally from terrestrial locomotion. Low gravity, uncertain surface contact,
and unpredictable orientation after deployment require a rover architecture that can
tolerate tumbling, recover from overturned states, and use small controlled motions
to interact with a surface. The SQuIDS designs, linkage models, and self-righting
concepts presented here provide a first step toward that capability. As with BLISS
and MAST, the SQuIDS work is not presented as a completed flight rover, but rather
as a mechanical and analytical foundation for a future MEMS microrover that could
extend the BLISS mission concept from flyby imaging to in-situ surface exploration.

The Transmission Gap Closing Actuator (TGCA) work in Chapter {4 provides
a third enabling technology and a longer-term path toward unifying the actuation
strategy across the spacecraft, steering mechanism, and rover. Conventional MEMS
inchworm motors are effective but are often specialized for a narrow range of motion,
directionality, or output force. The TGCA and puA motor concepts developed
here address that limitation by introducing a transmission-capable MEMS actuator
architecture with bidirectional and variable-output behavior. The TGCA is therefore
not only a standalone motor contribution; it is a proposed future replacement for
the more conventional inchworm motors used in BLISS, MAST, and SQuIDS. Once
further matured, TGCA-based motors could provide a common actuator family for
sail steering, tether control, rover locomotion, self-righting, sample interaction, and
other MEMS-driven spacecraft functions. This would reduce architectural complexity
while increasing mechanical versatility across the broader femtospacecraft platform.

Taken together, the four technical thrusts of this dissertation form a linked
system rather than a set of unrelated projects (see Fig. . BLISS defines the
spacecraft and mission architecture. MAST provides the steering and tether-control
mechanism needed for BLISS to maneuver as an active solar sail. SQuIDS provides
the conceptual rover payload that a BLISS-class spacecraft could deliver for small-
body surface exploration. TGCA provides the next-generation actuator technology
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that could eventually replace the motors throughout the BLISS, MAST, and SQuIDS
systems. The long-term vision is therefore a MEMS-enabled exploration architecture
in which a low-cost solar-sail spacecraft carries and deploys microrobotic instruments,
with both spacecraft steering and surface mobility powered by related families of
lithographically fabricated actuators.

A central outcome of this work is the identification of what remains incomplete.
The dissertation establishes feasibility arguments, mechanical designs, simulations,
fabrication outcomes, and preliminary experimental demonstrations, but it does not
complete the full integrated system. The BLISS architecture requires additional
work in integrated flight packaging, closed-loop attitude determination and control,
communications, radiation tolerance, and environmental qualification. The MAST
devices require further testing under controlled tether loads, reduced-pressure envi-
ronments, and closed-loop end-stop or position feedback. The SQuIDS rover requires
continued mechanical refinement, assembly validation, locomotion testing, and inte-
gration with a realistic deployment and payload interface. The TGCA motors require
additional design iterations to improve repeatability, manufacturability, lifetime, and
compatibility with autonomous electrical control. These limitations are not incidental;
they define the natural boundary between the foundational work completed here and
the next stage of the research program.

For this reason, the work presented in this dissertation should be understood
as both a contribution and a roadmap. It establishes a set of designs, models, and
experimental lessons that make a larger program possible, but the resulting systems
remain open for substantial continuation. A future student could productively
advance this work by treating BLISS, MAST, SQuIDS, and TGCA as an integrated
platform rather than as separate devices. A particularly valuable next phase would
be to redesign the MAST and SQuIDS motor banks around TGCA-based actuators,
fabricate a unified generation of test chips, and evaluate the resulting devices under
realistic mechanical loads and vacuum conditions. Such a project would directly
connect the actuator-level advances of the pA motor to the spacecraft-level goals of
BLISS and the surface-mobility goals of SQuIDS.

The broader implication of this dissertation is that MEMS can do more for
spacecraft than provide sensors. MEMS mechanisms can become primary spacecraft
actuators, steering elements, transmission systems, deployment mechanisms, and
mobility platforms. At the femtoscale, where conventional spacecraft hardware
becomes too massive, too power-intensive, or too mechanically complex, MEMS offers
a path toward integrated mechanical intelligence. The same fabrication methods
that produce small, repeatable, low-mass structures can also produce the mechanisms
needed to steer a sail, manipulate a tether, drive a rover, or reconfigure a spacecraft.
This is the central technological argument of the dissertation: that MEMS actuation
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can extend the reach of small spacecraft by giving them controlled mechanical
interaction with their own structures and with their surrounding environment.

Ultimately, this dissertation has advanced the concept of a MEMS-controlled
femtoscale solar-sail exploration platform. It has shown that BLISS is a plausible
spacecraft architecture for low-cost interplanetary exploration, that MAST provides
a direct MEMS tether-control approach for steering such a spacecraft, that SQuIDS
offers a path toward carried microrobotic surface exploration, and that TGCA motors
provide a future actuator architecture capable of replacing and improving the motors
across these systems. The work is necessarily incomplete because the vision is larger
than any single dissertation-scale demonstration. Nevertheless, the designs, models,
fabrication results, and experiments presented here provide a coherent foundation for
the next generation of MEMS-enabled spacecraft and microrobotic explorers.
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Figure 7.1: Image showing the combined project starting from upper right in the
counterclockwise direction: full BLISS 3D CAD, zoomed in 3D CAD of the BLISS
components, 3D CAD of the MAST device, image of the TGCA test chip, and 3D
CAD of the small approach SQuIDS. Here the SQuIDS robot is depicted as being
attached to the underside of the BLISS main body.
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Appendix A
MEMS Fabrication

A.1 SOI Fabrication Stack and Process Rationale

The primary fabrication sequence was developed around a silicon-on-insulator (SOT)
wafer consisting of a 550 pm thick single-crystal (100) silicon handle layer, a 2 um
buried silicon dioxide layer, and a 40 pum thick single-crystal (100) silicon device
layer. The device layer defined the released mechanical structures, while the handle
layer provided wafer-level mechanical support during frontside lithography, metal
patterning, and device-layer etching. The buried oxide served both as an etch-stop
layer during silicon DRIE and as the sacrificial release layer during the final HF vapor
etch.

The fabrication process is broken up into specific structure layers: Metal (MET),
Device layer (SOI), Buried Oxide (BOX), and Substrate (SUB). Each of these layers
has its own set of fabrication steps and in addition there are Chip Removal, Nitride
Layer, and Glass Cover Layer processes that have their own fabrication steps. While
Nitride Layer and Glass Cover Layer steps are not usually done for all processes here,
the rest are what is considered the normative process workflow.

The frontside device and metal lithography steps used 2 pm MiR701 without
edge-bead removal. This choice preserved resist coverage near the patterned wafer
perimeter, but it also required care during subsequent handling because edge-bead
retention can increase local topography and may affect contact during lithography
or bonding. The metal layer was deposited by e-beam evaporation using chromium
followed by gold. Chromium was used as an adhesion layer to the silicon surface,
while gold provided the conductive layer for electrical routing and actuator contact
pads. Following deposition, the excess metal was removed using a lift-off process.
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Table A.1: Nominal SOI wafer stack and process materials used in the fabrication
sequence.

Layer or material Nominal thick- Function in process

ness

(100) Si handle layer 550 pm Mechanical support layer; removed
locally by backside DRIE.

Buried SiO, layer 2 pm DRIE etch stop and sacrificial re-
lease layer.

(100) Si device layer 40 pm Structural layer for actuators, link-
ages, and released micromechanical
components.

MiR701 photoresist 2 pum Frontside device-layer etch mask
and metal lift-off lithography resist.

A7 12XT photoresist 10 pm Thick backside photoresist mask for

handle-layer silicon DRIE.

Cr/Au metallization 0.04 pm/0.02 pm  Chromium adhesion layer and gold
conductive layer deposited by e-
beam evaporation.

A.2 Process Notes

Step 1 (picotrackl) uses the picotrackl tool to perform Spin PR. The specific recipe
employed is "T1 __OiR906_ 1.2um’. Key operational notes include: Disable TEBR.

Step 2 (mlal50) uses the mlal50 tool to perform Expose PR. The specific recipe
employed is ’Approx 210mJ/cm2, defocus of -2. Use defoc +4 for pneumatic.’.
Alignment marks are needed here and should be taken from the MLA150 standard
manual.

Step 3 (picotrack2) uses the picotrack2 tool to perform Develop PR. Step 4 (axcelis
UV bake) uses the axcelis UV bake tool to perform Hardbake. The specific recipe
employed is 'program J’.

Step 4 (cha) uses the cha tool to perform Evaporate Cr and Au.

Step 5 (asap liftoff) uses the asap liftoff tool to perform Lift off excess Au. The
specific recipe employed is 'Recipe 17°.

Step 6 (picotrackl) uses the picotrackl tool to perform Spin PR.

Step 7 (mlal50) uses the mlal50 tool to perform Expose PR. The specific recipe
employed is "Approx 210mJ/cm2, defocus of -2. Alignment mode here. Use defoc +4



APPENDIX A. MEMS FABRICATION

210

Table A.2: Itemized representation of approximate normative tool usage and timing.
Shows the process flow and reservation system requirements. Each tool requires
passing a required quiz and some others like primaxx, ptherm, cha, sts-2/-oxide,
picotract 1/2, mlal50, and all sinks require in-person training and qualification

verification by a process engineer.

Step  Duration Duration Tool Needs  Process
(mins) (hours) RSVP?
Metal 1 5.00 0.08 picotrackl N Spin PR
2 90 1.50 mlal50 Y Expose PR
3 5 0.08 picotrack2 N Develop PR
4 10 0.17 axcelis UV bake N Hardbake PR
4 180 3.00 cha Y Evaporate Metal
5 15 0.25 asap liftoff N Lift-off
Frontside 6 5 0.08 picotrackl N Spin PR
7 90 1.50 mlal50 Y Expose PR
8 5 0.08 picotrack2 N Develop PR
9 5 0.08 axcelis UV bake N Hardbake PR
10 60 1.00 sts2 Y DRIE Si
11 10 0.17 msink18 Y Strip PR
Backside 12 5.00 0.08 picotrackl N Spin PR
13 120 2.00 mlal50 Y Expose PR
14 5 0.08 picotrack?2 N Develop PR
15 60 1.00 oven N Hardbake PR
16 5 0.08 cool-grease N Bonding Wafers
17 20 0.33 hotplate N Cure Cool-Grease
18 300 5.00 sts-oxide Y
DRIE 19 180 3.00 sts2 Y DRIE Si
Si02
20 20 0.33 msink18 N Strip PR
21 5 0.08 coolgrease N Wafer De-
Bonding
22 60 1.00 primaxx Y Vapor HF Etch
Si09
Total 1260 21.00




APPENDIX A. MEMS FABRICATION 211

0. Starting Wafer 1. Spin PR (picotrack1) 2. Expose PR (mla150)

0.2um Au

0.2um A

3. Develop PR (picotrack?2) 4. Evaporation (cha) 5. Liftoff {asap-liftoff)

Figure A.1: Diagram showing the metal layer fabrication process. Displayed here are
six sub-figures: (0) Starting wafer with SOI, BOX, and SUB layers at 40/2/550 pum

for pneumatic.’.

Step 8 (picotrack2) uses the picotrack2 tool to perform Develop PR.

Step 9 (axcelis UV bake) uses the axcelis UV bake tool to perform Hardbake PR.
The specific recipe employed is 'recipe U (it takes 5 minutes to run). This is the
same as in the NanoLab$ example MiR701 process’.

Step 10 (sts2) uses the sts2 tool to perform DRIE.

Step 11 (msink18) uses the msink18 tool to perform Strip PR if picotrackl/2 is
down. Key operational notes include: Email Joanna to see if she can help..

Step 12 (picotrackl) uses the picotrackl tool to perform Spin PR. Key operational
notes include: Disable TEBR.

Step 13 (mla150) uses the mlal50 tool to perform Expose PR (immediately after
soft bake). The specific recipe employed is ’Approx 1200mJ/cm2, defocus of -2.
Alignment mode here. HA Mode. Use defoc +4 for pneumatic.’.

Step 14 (picotrack2) uses the picotrack2 tool to perform Develop PR.

Step 15 (oven) uses the oven tool to perform Hardbake PR. The specific recipe
employed is "120C for 1 hour’. Key operational notes include: This step is bad
because it re-flows the resist. Might need to find alternative in future..
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Figure A.2: Image of the wafer as fabricated after completing the metal layer phase.
Image shows the metal structures with PR removed after metal liftoff.

Step 16 (countertop) uses the countertop tool to perform Bond to Oxidized Handle
Wafer. The specific recipe employed is "bond wafers with Cool Grease dollops’. Key
operational notes include: Be careful with where we put the cool grease, it kills
motors and deposits film.

Step 17 (Hotplate) uses the Hotplate tool to perform Cure cool grease. The
specific recipe employed is '50C for 20 mins with weight on top’.

Step 18 (sts-oxide) uses the sts-oxide tool to perform etch of oxide.

Step 19 (sts2) uses the sts2 tool to perform DRIE.

Step 20 (msink18) uses the msink18 tool to perform Strip PR.

Step 21 (countertop) uses the countertop tool to perform Wafer de-bonding.

Step 22 (primaxx) uses the primaxx tool to perform Vapor HF Release. The
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Figure A.3: Layout showing the device layer process with seven sub-figures: (0)
Starting Wafer with metal already deposited; (1) Spin PR step showing 2 um PR
layer; (2) Expose PR step showing the laser raster exposing the photoresist; (3)
Develop PR; (4) Evaporation of metal; (5) Metal Lift-offwet-etch.

specific recipe employed is Recipe 3, 8 cycles.

Tools used in this process include: picotrackl, mlal50, picotrack2, axcelis UV
bake, cha, asap liftoff, sts2, msink18, oven, countertop, Hotplate, sts-oxide, primaxx.
Each of these tools plays a vital role in the overall fabrication sequence and would
not be possible without the maintenance, training, upkeep, troubleshooting, detailed
instruction, safety, and general ambiance of the Marvell Nanolab Staff, Technicians,
and Interns.
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Figure A.4: Image of a pre-etched frontside wafer showing the metal and SOI
structures.

A.3 Buried-Oxide Vapor HF Release

After silicon DRIE and photoresist removal, the exposed buried oxide was etched
using the Primaxx vapor HF release process. Vapor HF was selected because it
reduces liquid-water exposure during release and therefore reduces the probability of
stiction in released MEMS structures. This was particularly important for compliant
micromechanical structures with narrow gaps and suspended members.

The required oxide undercut was set by the square access geometry. For a
6 pm X 6 pm opening, the minimum lateral etch distance needed to reach the center
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Figure A.5: diagrams of nine sub-figures showing the backside etch process: (0)
Deposit Hexamethyldisilazane (HMDS, (CH3)3SiNHSi(CHj)s); (1) Spin PR to the
backside; (2) Soft Bake PR on the hotplate; (3) Expose PR, shown here as the raster
of a laser in mlal50 tool; (4) Develop PR; (5) Hardbake wafer in the oven; (6) Bond
handle wafer to frontside using cool grease; (7) DRIE using the specified recipe; (8)
Strip PR.

of the square is one half of the diagonal:

(6 pm)? + (6 pm)?

5 =3v2 pm ~ 4.24 pm.

An additional 1.5 pm over-etch was included to account for process variation and
ensure complete oxide removal under the intended square feature. The target lateral
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Figure A.6: Image of the backside etch process through the view port of the STS-2
tool showing the wafer on the chuck within the vacuum chamber as plasma is active
(blue color).

oxide etch distance was therefore
THF target = 3v/2 pm+ 1.5 pm ~ 5.74 pm.

Using the nominal Primaxx Recipe 3 thermal-oxide etch rate of approximately
900 A /min, or 0.09 pum/min, this target undercut corresponds to an estimated process
time of approximately 64 min. The final recipe time was therefore selected to be on
the order of one hour, with the understanding that oxide etch rate, exposed interface
area, and local release geometry can modify the effective undercut rate.

Because photoresist is not a reliable masking material for vapor HF release and
can contaminate the chamber, the HF vapor release step was performed only after
the lithographic masks used for DRIE had been removed. This sequencing ensured
that the final release chemistry acted primarily on the exposed buried oxide and not
on residual polymer masking layers.

A.4 Deep Reactive lon Etching

Deep reactive ion etching (DRIE) was used for both the frontside device-layer etch
and the backside handle-layer etch. In the STS2 process, silicon etching is performed
using an alternating-cycle advanced silicon etch (ASE) process. Each cycle alternates
between a passivation step, in which a fluorocarbon polymer protects exposed sidewalls,
and an etch step, in which the exposed silicon is directionally removed. This cyclic
passivation--etch sequence enables high-aspect-ratio silicon trenches with near-vertical
sidewalls, provided that the etch mask, thermal contact, loading, and etch depth are
controlled.
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Figure A.7: Figure showing the chip release and removal process steps in four sub-
figures: (0) Starting wafer with handle wafer epoxied to the frontside; (1) using a
straight blade, apply pressure between the handle wafer and the frontside of the
fabrication wafer at the point of epoxy application; (2) use tweezers to carefully
remove chips that have already fallen out and apply pressure at edges of wafer near
chip attachment to pop the chips out; and (3) place chips in HF-gas chamber for the
set recipe.

For the frontside etch, the 40 pm device layer was patterned using the MiR701
mask and etched until the buried oxide was reached. For the backside etch the tool
requires vacuum sealing through the wafer, and as such the frontside having already
been etched an additional handle wafer was bonded to the frontside using a cool
grease. This bonding process was messy and difficult to manage, often ending in
epoxy causing contamination of the frontside structures.

Additionally, the process requirement was substantially more demanding because
the 550 pm silicon substrate layer had to be etched through locally from the backside.
In this case, the backside mask was not a thin frontside resist, but a 8 um AZ 12XT
thick-photoresist layer. The backside process therefore required explicit characteriza-
tion of the effective silicon-to-photoresist etch ratio under the intended layout and
etch conditions. The etch process was treated in terms of cycle count rather than
only total etch time. This is important because DRIE depth is more directly tied to
etch depth per cycle, while total time can obscure changes in cycle structure, loading,
platen conditions, or local feature density. The backside etch was also expected to
be more sensitive to wafer-scale spatial effects because the etch depth approached
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Figure A.8: Image of wafer after all chips are popped out.

the full handle-layer thickness. Consequently, backside PR survival was evaluated
experimentally before committing to the full device process, as described in Section

A5

A.5 Thick Photoresist Use Case: AZ 12XT

A 10 pm AZ 12XT backside photoresist mask was selected for the handle-layer DRIE
because the backside silicon etch required hundreds of micrometers of silicon removal.
Although tool-level DRIE selectivity values provide a useful first-order estimate,
the relevant process margin depends on the actual resist, exposure mode, hardbake,
feature geometry, wafer position, and etch depth used in the device process. Because
this AZ 12XT use case had not been fully characterized for the specific backside
release geometry, a dedicated photoresist-consumption study was performed.

As shown in Fig. the 150 um etch condition left approximately 5.6--6.1 um
of residual AZ 12XT across the measured wafer markers. The 350 pm condition
reduced the remaining PR thickness to approximately 2.6--3.6 pm, while the 450 pym
condition produced the lowest residual mask thickness, with several measured locations
approaching or falling below 1 gm. This result indicated that a 10 pum AZ 12XT mask
could support deep backside etching, but that the process margin became narrow for
etches approaching the full 550 gm SOI handle thickness.
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Figure A.9: Characterization of photoresist erosion during deep reactive ion etching
(DRIE).

To separate wafer-position effects from feature-geometry effects, additional mea-
surements were taken on center-ring and outer-ring test structures. This comparison
is important because backside DRIE can exhibit spatial nonuniformity, local loading
effects, and geometry-dependent etch behavior. The outer ring represents a more con-
servative process region because edge-adjacent features and larger exposed areas can
experience different ion, neutral-species, and thermal histories than central features.

The ring-structure measurements, shown in Fig. [A.10] revealed a clear divergence
between the center-ring and outer-ring regions. At approximately 150 pum of silicon
etch depth, both regions consumed roughly 2 um of AZ 12XT. At approximately
350 pm, the center-ring structure consumed approximately 4.4 pm of PR, while the
outer-ring structure consumed approximately 5.0 pym. At approximately 450 pum, this
difference increased further, with the center-ring consuming approximately 5.3 um
and the outer-ring consuming approximately 7.1 gm. The corresponding effective
silicon-to-photoresist selectivity was therefore approximately 85:1 for the center-ring
region and approximately 63:1 for the outer-ring region at the deepest characterized
condition.

These results show that the backside AZ 12XT mask cannot be evaluated using a
single global selectivity value. Instead, the conservative design case is governed by
the lowest measured effective selectivity and the thinnest residual PR region. For a
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Figure A.10: Comprehensive characterization of spatial variation in AZ 12XT pho-
toresist consumption and etch selectivity during backside silicon DRIE.

full 550 pm handle-layer etch, a 63:1 selectivity would consume approximately

550 pm

~ 8.7
63 pm

of AZ 12XT, leaving only about 1.3 um of nominal resist from an initial 10 gm film.
This remaining margin is small when wafer-scale nonuniformity, local PR thinning,
and endpoint uncertainty are included. Therefore, the outer-ring measurements were
treated as the conservative mask-budget condition for backside etch planning.
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A.6 MLA Use Cases

As I was one of the Marvell Nanolab’s first users on the Heidelberg Maskless Aligner
(MLA150), a set of previously undiscovered errors were discovered.

During exposure of PR on wafers while using the MLLA150 tool, it was observed
that the samples would exit the tool with varying strips of unexposed PR along
the entirety of the wafer. These strips were neither regular nor uniform in width of
periodicity of occurrence. They were however occurring across the entirety of the
wafer where they did occur. See Figs. [A.T1] [A.12] [A.13] [A.14] [A.15] and for
images of the lines.

Inspection confirmed that these lines were in fact undeveloped or underdeveloped
sections of PR, as ellipsometry after exposure, development, and before hard bake
confirmed the height to be approximately 2 um. Further, profilometry after exposure
and hard bake confirmed the height of the PR structures to be uniformly approximately
1.7 pym, as expected.

After an attempt to reproduce the lines for a review of exposure and dosage
parameters, it was observed that a variation in dosage, exposure, or tolerance
parameters did not sufficiently reproduce these lines in a consistent manner, nor did
it reduce them in a meaningful way.

Upon inspecting wafers for bowing, it was also confirmed that these wafers were
well within the 70 pum bowing height tolerance set by the Marvell Nanolab process
engineers (10 — 40 um). There was no observed correlation between wafer bowing
height and the presence of the lines.

It was also observed that the presence of the lines did not occur on all wafers and
would not occur with all designs uploaded to the MLA system. Upon inspection, the
anomalous lines would only occur when using a specific design file.

After inspecting the suspected design file, it was confirmed that these lines were
not in the file itself nor did they appear in computational postprocessing as viewed
in the adjoined computer housing the Heidelberg system. This was already suspected
as the lines were not consistent in their placement from wafer to wafer although the
same design file would be used.

After confirming that these lines only occurred when using the specified design
file, the orientation of the design was changed by a range of angles (15, 45°, and 60°)
all showing presence of the lines in the same direction, though again in non-regular
spacing and thickness. Upon inquiry with Nanolab engineers, Heidelberg engineers,
and inspection of the tool itself, it was determined that these lines were in fact in the
direction of the laser raster motion. It was further posited that the file itself might
be somehow interfering with the control mechanism. As such, the file was sent to
Heidelberg for inspection and no indication that the file itself caused the issue was
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Figure A.11: Image of the wafer post-PR development after frontside designs were
exposed in MLA150.

stated. Similarly the file was recreated with only specific structures present (though
from the same file) and the lines would not present under these circumstances.

To further inquire here, the file was augmented to have varying fractions of
the design present on the file to test if the control processor was somehow being
overloaded by the number of instructions per line. It was verified that for this specific
design file, approximately 1/4 showed no presence of lines, above this fraction the
lines occurred and angular changes did not adequately affect the presence or frequency
of the lines, nor the periodicity of them.

An inspection of the wafers that presented with the lines showed a varying spacing
of 5 um to 1 em; varying width of 4 um to 0.9 mm; and varying number of lines 8
to 42 per wafer.

A solution that was found was to expose 1/4 of the design file at a time in four
successive exposures. This proved successful. No further analysis on this problem
has been done by the author and no feedback from Heidelberg or Marvell Nanolab
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Figure A.12: Zoomed in images of the wafer post-PR development after frontside
designs were exposed in MLA150.

was offered on the root cause of the problem.
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Figure A.13: Image of the wafer post-PR development after frontside designs were
exposed in MLA150. Showing the main line feature which is the feature that is visible
in Fig. the fringe line features which are accompanied with every main line;
the secondary line features which are features that have underexposed areas but do
not have the main line style feature that represents what can only be described as a
continuous lack of exposure; the edge flare regions that have notching style shapes
that are more prominent the closer to a main line or secondary line path; as well as
the reflection notching regions that were only present on or around the metallicized
features.
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Figure A.14: Zoomed in image of the wafer post-PR development after frontside
designs were exposed in MLA150. The image depicts the etch hole region and shows
the most prominent areas where the MLA150 failed to expose entire lines of the wafer.
Shows the main line feature paths, the fringe line feature path, and the secondary
line feature paths together with the presence of a lateral line feature.
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Figure A.15: Image of the wafer post-PR development after frontside designs were
exposed in MLA150. Shows the continuation of a main line feature that was severely
underexposed as well as a lateral feature for which the cause is currently unresolved.
It was originally thought that this lateral feature was caused by the presence of some
reflective features along the same lateral line that created a consistent error in the
control system, however this theory has not been tested or adequately understood.
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Figure A.16: Zoomed in image of the wafer post-PR development after frontside
designs were exposed in MLA150. Shows partially exposed regions within the etch
hole squares, indicating that full exposure was occurring in regions outside of where
the lines occurred near to areas where underexposure was occurring, again in the
direction of the laser raster.
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Appendix B

General lab advice

MEMS (Micro-Electro-Mechanical Systems)

« Hands Off: Never touch the active area; air guns are destructive weapons to
suspended structures.

« Routing Taboos: Do not place metal traces or vias directly under LGA/MEMS
packages to avoid parasitic capacitance.

e« Symmetry: Ensure PCB pad layouts are perfectly symmetric to prevent
uneven solder reflow tilting.

« Buffer Zones: Keep stress-inducing components (screws, connectors) at least
away from sensors.

o Purity: Particles invisible to the naked eye are catastrophic "boulders" for
moving micro-parts.

Mechanics of Materials

» Stiffness Scaling: Remember that beam stiffness scales with the power of
dimension. Small changes = big impact.

o Verify Libraries: Assume CAD material defaults are wrong. Cross-reference
with MatWeb data sheets.

o Understand the Curve: Know the difference between yield and ultimate
strength for your specific alloy.

« Standardize: Follow ASTM procedures for tensile/fatigue testing to ensure
your data is defensible.
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Electrical Probe Station

Sacrificial Chips: Always practice on "trash" dies before touching a functional
wafer.

Vertical Approach: Lower the tip vertically, then move forward slightly to
"scrub" without dragging.

Contamination: Organic oils (fingerprints) are the primary cause of low-
leakage measurement errors.

Voltage First: Always zero your bias supplies before lifting or landing your
probes.

Wire Bonder

Cleanliness: Wear finger cots; even microscopic skin oil prevents a successful
bond.

Plasma Power: If bonds aren’t sticking, use a vacuum plasma cleaner to
remove organic residue.

Ball Size: Ensure the free air ball (FAB) is approx 3z the wire diameter.

Rotation: Wedge bonders are unidirectional; plan your pad orientation before
you start.

Simulations (FEA /CFD)

KISS Rule: Keep It Simple, Stupid. Start with 2D linear static before going
3D non-linear.

Check Constraints: Bad boundary conditions are the #1 cause of "pretty
but useless" plots.

Mesh Convergence: If doubling the mesh density changes the result by > 5%,
your mesh is too coarse.

Sanity Check: If it doesn’t match a back-of-the-envelope calculation, the
software is probably lying.

The Real World

The First-Try Tax: If you are the first person in the lab, you will break the
first probe tip you touch.
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o Patience: If a wire bonder breaks your spirit, take a walk. It can smell your
fear.

o The Assembly Paradox: Taking it apart and putting it back together fixes
50% of mechanical issues for no reason.

o Famous Last Words: 'But it worked perfectly in the simulation!"

o Default Blame: If the results look weird, it’s definitely the mesh (or the
intern).

General Lab Advice

o Every time an array is appended to in Matlab, it allocates a new portion of
memory the size of the new array, copies the old into the new, then deletes
the old one. This can mean a 10x slowdown when dealing with arrays larger
than a few tens of thousands of elements. Heed Matlab’s recommendation to
“preallocate for speed” by allocating the whole array up front. (This could’ve
made my work in Chapter [3| take days instead of weeks.)

o USB3 is 10x faster than USB2 but only if the underlying device can run that
fast. Flash drive write speeds can also differ by 10x — what a cheap flash drive
does in over a half hour, a fast one can do in 4 minutes.

« Explore output file options. A 1GB CSV can be represented as an 84MB HDF5.
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