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Abstract

In this paper, we present recent research results aimed at creating mobile microrobotic agents powered by light energy. The
SolarPede is a second-generation, cm-scale micro-crawler targeting microfactory applications. The microrobot is equipped with a
legged locomotion system and an electronic backpack. This novel microrobot is an advancement in functionality and design over
its decade-old predecessor, the ARRIPede, and includes technological advancements such as wireless communication, light
power, and omnidirectional mobility on a flat operating surface. The robot “chassis” consists of Micro Electromechanical System
(MEMS) electrothermal actuators and micro-assembled vertical legs. Attached to the “chassis” is an electronic backpack realized
using custom Printed Circuit Boards and interfaced to the Silicon body by wire-bonding. A simulation model for the SolarPede
was created to predict system behavior and dynamic operation, and to serve as a design tool. Finally, the omni-directional
locomotion of the SolarPede was experimentally confirmed in a “belly-up” configuration and powered by a solar simulator. A
Silicon payload was tracked under optical microscope to measure and verify the motion velocity of 40 pm/s can be achieved by

the microrobot in untethered operation with light irradiance equivalent to 8 suns.

Keywords Microrobot - Solar cells - Thermal actuator

1 Introduction

Recent research has explored the possibilitiecs of con-
structing microfactories that are affordable, flexible, and
scalable. One solution towards such goal often incorpo-
rates off-the-shelf motorized stages, actuators, and cus-
tomized metal parts to achieve high precision processing
and manufacturing [1-3]. However, these examples have
several drawbacks, such as lack of parallel processing
capability [3] and difficulty in scaling to lower dimen-
sions [4]. Another solution proposed for next generation
microfactories envisioned microrobots, both mobile and
fixed [5—7]. Mobile microrobots will be needed to repo-
sition material in the microfactory while being capable of
wireless navigation and autonomous task execution [8].
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Recent results in creating mobile microrobots for dry en-
vironments include cilia-like gated crawlers [9, 10], mag-
netic levitation [6, 11], piezoresistive stick-and-slip effects
[12], and light-powered PZT actuators [13, 14].

The ARRIPede [9, 15] was an untethered, micro-
assembled MEMS microrobot, capable of stick-and-slip oper-
ation while powered by an on-board Lithium-Polymer battery.
While storing energy on-board for use during operation pro-
vides maximum functional flexibility, it is technically chal-
lenging to implement due to the unfavorable dimensional scal-
ing of battery power sources. Such arrangement also requires
the battery to be disassembled from the microrobot and
recharged. Therefore, it is desirable to harvest ambient energy,
for instance from light sources such that an onboard battery is
not required. The ARRIPede’s gait and locomotion methods
have been well characterized and accompanied by stick-and-
slip dynamic models [10, 15]. This early design demonstrated
a great payload carrying capacity of 9 g, and non-holonomic
mobility characterized by forward-only and large turn radii
with speeds in excess of 1 mm/s. However, the operation of
this microrobot was seriously limited due to a short battery life
(approximately 10 min), a nonholonomic motion dexterity on
the operating surface, and the lack of wireless communication
for start, stop and feedback control.
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In this paper, we design and experimentally validate
SolarPede, a solar-powered micro-crawler, that overcomes
many of the operational limitations of ARRIPede. Unlike
ARRIPede, the SolarPede does not use a battery to store en-
ergy in order to reduce weight and complexity of the system,
and it was designed to operate in a controlled environment
with artificial light that can constantly track its solar cells
and provide perpetual power. Microrobot actuation of the
SolarPede was accomplished via electrothermal “Chevron”
actuator banks, referred to as “thermal actuators” in the paper,
and vertically micro-assembled legs, realized with snap-
fasteners [16]. On SolarPede, the actuators and legs were
rearranged in a differential drive configuration to achieve
omni-directional, rather than nonholonomic locomotion. An
on-board battery is no longer required for SolarPede and was
replaced with high-efficiency solar cells to eliminate the need
for battery recharging, while balancing microrobot power with
solar energy from a solar simulator. The SolarPede’s on-board
computer is a Bluetooth-enabled 32-bit microcontroller unit,
which increases both programming and wireless communica-
tion flexibility. Electronic backpack prototypes implementing
solar-power harvesting, and gait sequencing control were im-
plemented and experimentally tested. By integrating all sub-
systems of the SolarPede, we demonstrated a fully untethered,
light-driven omnidirectional microrobot operating as a nano
positioner on planar surfaces.

A dynamic model was proposed and experimentally vali-
dated to predict the microrobot behavior. This model was used
as a design tool and to understand the motion characteristics of
the microrobot. The scientific contribution of our work con-
sists of the novel leg and gait designs to achieve omni-
directional motion, as well as the methods employed to ac-
complish microrobot energy balance through leg power-
multiplexing, solar energy harvesting, and electronic back-
pack design.

In contrast to the I-Swarm light-driven microrobots
[12], SolarPede’s design and form factor allow it to have
a much larger payload capacity, utilize off-the-shelf elec-
tronic components, and achieve nano-scale precision for
operation inside a microfactory. Specifically, the measured
weight of the SolarPede is 4 g, while its vertical legs are
capable of supporting 9-g payloads [15]. The microrobot’s
thermal actuators are capable of generating large forces in
excess of 50mN [17] and achieve nanometric motion res-
olution [10]. As a result, the SolarPede specifications are
closer to a Scanning Electron Microscope mobile
microrobot such as MINIMAN [18]. In this paper, we
report on results obtained to date validating that our con-
cept is sound, including controlled operation of our
microrobot in “belly-up” conveyor mode. Results suggest
that in the near future, a mobile SolarPede can be minia-
turized to a cm-scale form factor for crawling operation
required in microfactory tasks.

@ Springer

The paper is organized as follows: in Section 2 we describe
the SolarPede design and operational principles; Section 3
discusses fabrication and assembly of the MEMS part; in
Section 4 we present stick-and-slip model of each leg and
overall microrobot motion pattern; Section 5 gives detailed
experiment results including power efficiency evaluation,
SolarPede motion validation, and system integration test;
Section 6 concludes the paper and discusses future work.

2 Microrobot design

The SolarPede microrobot has two major components: an as-
sembled MEMS die and an electronics backpack, with overall
footprint of 26 x 20 x 6 mm. The SolarPede is envisioned as a
legged micro-crawler consisting of two subsystems,
Electronic and MEMS, depicted in Fig. 1 (a). The first sub-
system is a MEMS device which serves as the “chassis” and
holds the actuated legs of the micro-crawler. The second sub-
system is the electronic “backpack” implemented as a pair of
printed circuit boards, solar panels and all electronic compo-
nents necessary for the robot’s powered operation. A system
level functionality abstraction is shown in Fig. 1 (b).

2.1 The MEMS die and the legs

The “chassis” of SolarPede is a 1cm* MEMS die with 8 ther-
mal actuators [19]. At the end of the thermal actuators’ shaft,
we included a so-called “Zyvex snap-fastener” [20, 21], which
allows a vertical, compliant MEMS leg to assemble perpen-
dicularly into the body of the robot. As indicated in Fig. 2 (b),
the Zyvex snap-fastener includes two components: a socket
attached to the end of the shaft as a receptor and a plug on the
leg. A special end-effector was used to pick up the leg and
assemble it into the socket. The electrical interconnects for
these actuators are positioned on two edges of the die so that
wire bonding can be easily accomplished. The actuator-leg
arrangement is shown in Fig. 2 (a), with dimensions chosen
to accommodate the Zyvex socket dimensions, and to guaran-
tee significant leg displacements of up to 50 um. The tip of the
leg was rounded in order to mitigate errors in the event of a
poor assembly resulting in a tilted leg. If the leg shape was
rectangular, the corner of a tilted leg would create undesired
off-axis actuation forces and prevent other legs from
contacting the operating surface.

Inspired by the mecanum wheels or differential drive ar-
rangements for large mobile robots, we placed the 8 legs in a
way that enables omnidirectional motion, as shown in Fig. 2
(a). The die has been split into four identical quadrants; each
contains two actuators with opposite diagonal direction of
motions. Due to its symmetrical nature, omnidirectional mo-
tion can be achieved.
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Fig. 1 (a) Side-view illustration of SolarPede’s construction. (b) System level functionality abstraction of SolarPede

2.2 Principle of operation

The SolarPede micro-crawler achieves locomotion using stick-
and-slip effects between the legs and the operating surface, in a
manner thoroughly discussed in [10]. By timing the displace-
ment of the legs, a forward gait motion can be obtained for
which the velocity is proportional to the amplitude-frequency
product of the leg. Unlike the 8-legged nonholonomic design
of the ARRIPede [9], the SolarPede contains actuator arrays
which can be individually controlled to generate more dexter-
ous maneuvers on the operating surface.

Actuating the eight legs in certain sequences, a combined
force can be generated with controlled direction, hence creat-
ing directional motions. We use Fig. 3 to explain three se-
quencing methods that create directional and steering motions,
in which (a) to (d) illustrate the simple directional motions
aligned with the x and y axes, (¢) and () illustrate combined
forces causing steering motions.

(1) To generate a combined force on the +y direction as
indicated by the red arrow in Fig. 3 (a), actuators 1, 4,
6, 7 are engaged by applying an actuation voltage simul-
taneously. Then release them by removing the voltage, at
the same time, engage actuator 2, 3, 5, 8. Black arrows
are used to indicate the combined force for each quad-
rant. At the moment of the transition, all eight legs are in
motion and causing a net force in the +y direction while
the lateral directional (+x) forces cancel each other.

(2) The second sequencing method is similar to (1) but relies
on engaging half of the actuators at one time. For

Fig. 2 (a) CAD Model of
assembled SolarPede die. (b)
Dimension of the leg and thermal
actuator, each actuator beam is
10 um wide and all assembled
parts are 100 um thick
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example, to generate forces in +y direction, engage actu-
ators 1 and 4, release, and engage 2 and 3. Then engage 6
and 7, release, and engage 5 and 8. We will use this
method as the preferred leg actuation sequence for our
SolarPede, since our on-board power is limited.

(3) The third method engages each quadrant at one time:
engage actuator 1, release, and engage 2; engage 4, re-
lease, then engage 3; engage 6, release, then engage 5;
engage 7, release, then engage 8, which generates force
on +y direction. This method was employed during our
carly prototype stage [22].

In addition to these methods, engaging one quadrant more
often than others could generate steering motion, as indicated
in Fig. 3 (e) and ().

Theoretically, all three methods can be used to create om-
nidirectional motions. The first method has the highest power
requirement since it engages 4 actuators simultaneously, the
second method engages two actuators simultancously and the
third engages one at each time. Simulations were carried out in
Section 4.2 for method (2), to verify that directions of motion
indicated by the arrows, will be achieved.

2.3 Electronics and solar cells

Powering and controlling of the SolarPede is accomplished
through an electronic backpack mounted onto the Silicon
die. The backpack contains a power board and a control board,
as depicted in Fig. 1. On top of SolarPede is the power board

Thermal
Actuator

1 0.4mm

Zyvex

Socket
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Fig. 3 Theoretical vectors of holonomic motion methodology for
SolarPede omnidirectional leg arrangement. Thicker vectors indicate
motion performed at higher frequency than other vectors. (a) to (f)

which accepts artificial light irradiation and converts energy
for the microrobot. The power board has two major compo-
nents: four solar cells in series configuration and a voltage
boost converter circuit. The rated voltage of the solar cell is
2.5 V (Spectrolab®, CDO-100), four of them in series gener-
ate roughly 10 V under 5 suns irradiance, it is high enough to
drive one thermal actuator to create observable displacement.
Either used directly or boosted, this voltage is referred to as the
“high voltage” in the remainder of this paper. In addition,
2.5V from the bottom of the four-in-series solar cells is wired
out to provide power to the MCU.

Through wired connection, the high voltage, 2.5 V, and
ground are routed onto the control board, which contains a
Bluetooth microcontroller unit (MCU) module, BL652 from
Laird®, and a MOSFET (ON Semiconductor, NTHD4508N)
array. The MCU works in conjunction with the MOSFET
array to create the gaiting patterns required for steerable mo-
tion of the microrobot. And lastly, the MEMS die is attached
to the back of the control board and wire bonded.

3 MEMS fabrication and assembly
3.1 Fabrication

The body and legs of SolarPede are fabricated on a silicon-on-
insulator (SOI) wafer with the following parameters: the de-
vice layer is N-type with 0.01 to 0.02 Q-cm resistance,
100 pum thick device layer and <100> orientation; the buried
oxide layer is 2 pum thick and the handle layer is P-type with
larger than 1000 2-cm resistance and 500 pm thickness.

The fabrication follows the standard SOI process. An RCA
clean was performed as the first step, to remove any organic,
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corresponding to up, down, left, right, up-right, and up-left forces. (g)
shows the definition of the x and y axes

oxide and ionic contaminations; a thin layer of Chromium was
sputtered with a PVD-75 sputter under DC mode with 300 W,
to boost Silicon-Gold adhesion. A thick layer of Gold for
bonding points to the die carrier was sputtered under the same
settings with longer sputtering time. Later, the metal was pat-
terned with first photolithography and then etched by Gold
etch and Chromium etch consecutively.

Deep reactive ion etching (DRIE) was performed with a
strong photoresist mask (SPR220-3.0) on the wafer to define
the body of the SolarPede. Etching time is derived from ex-
perience with the tool and checked under microscope to con-
firm finishing of etching. Before dicing the wafer, a protective
layer of photoresist was spun to prevent debris from damaging
or jamming the moving features. After dicing, selected dies
were submerged in 49% hydro-fluoric acid to release the mov-
ing parts from the wafer surface. Eventually, all released dies
were dried by critical point dryer (CPD) to conclude all fabri-
cation processes.

3.2 Assembly

To assemble the legs on the SolarPede base, a custom
microassembly system, called NeXus [23], was employed.
The NeXus includes two manipulators (M2 holding a
microgripper and M1 holding the MEMS die substrate) and
three imaging systems as shown in Fig. 4 (a). M1 consists of
two motorized linear stages and one motorized rotation stage
to realize X-Y- three degrees of freedom (DOFs). M2 consists
of motorized X-Y-Z- stages and an extra manual X-Y stage to
present 6 DOFs [24].

An end-effector mounted with a micro-jammer is connect-
ed to the manual X-Y stage by kinematic base on M2. Figure 4
(a) also shows the three imaging systems that provide views
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Fig. 4 (a) NeXus microassembly
station. (b) Leg assembly
sequence: 1) Assemble the inner
leg. 2) Assemble the outer leg. 3)
Rotate the sample 90° to assemble
another pair of legs

for the assembly processing from vertical, horizonal and side
directions. The 45° arrangement of the legs adds a twist in the
assembly process; hence the assembly sequence should be
carefully planned to avoid conflictions and damages to the
structure.

The legs were first picked up by the micro-jammer (M2),
and then the M1 manipulator rotates the sample chuck by 45°
so that the leg is aligned with the assembly site. As shown in
Fig. 4 (b), the leg approaches the assembly site by the red
arrow at the bottom, the first leg attaches to the inner site
marked as 1, then the second leg was picked up and attached
to the outer site marked as 2. After the two legs were attached,
UV sensitive epoxy was applied and cured at the joint to
increase the mechanical strength. Third, by rotating the sam-
ple chuck 90°, this process can be repeated to assemble the
next group of legs.

4 Modeling and analysis of the microrobot

In this section, a mathematical model of the microrobot is
proposed, in order to analyze and further simulate the motion
of the SolarPede prior to its design and fabrication.
Simulations help to predict the expected velocity of the
microrobot under various design parameters and constraints,
including actuator sizes, friction coefficients and robot pay-
loads. Later in this section, by using the model, we also dis-
cuss how unbalanced friction forces on the legs will likely
affect the motion trajectory of SolarPede, and how the leg
gating sequences will result in its motion along specific planar
directions.

4.1 Stick and slip model and legs displacement

The SolarPede’s motion is caused by breaking the static fric-
tion under its feet as well as at the joints in the heating cycle,
followed by the whole robot body movement in the cooling
cycle. Figure 5 depicts a lumped mass-spring-damper (MSD)
model of the robot’s leg. In this model, M, and M, are the leg’s

mass and the robot body mass, respectively. K represents the
stiffness and B is the damping coefficient of the thermal
actuator.

In this model, two friction forces combined to resist motion
inputs from the thermal actuator: one between the foot and
operating surface, f;, and another at the joint between the
assembled leg and the microrobot body, f,. Following
Newton’s second law of motion, the dynamic equations of
such a system can be written as:

MiX, = ~Fo+ fy+ /2 + KXX) + B(XX0 )¢ (1)

MpX), = Fa_fz_K(Xb_Xl)_B(Xb_XI)# (2)
f1 =My + M;)g# 3)
Sfo = uMyg# 4)

Where 1 is the coulomb friction coefficient switching be-
tween static (g and dynamic 4 in the stick-and-slip phases of
leg motion, respectively, F, is the actuation force generated by
the thermal actuator under a certain input voltage of V. X and
Xy, are the corresponding displacements of M, and My,

The value of F, during actuation cycles can be empirically
estimated from steady-state displacement of the thermal actu-
ator according to a first order model:

2NAEsin*(0)  \V?
F.V.,[)= . #
L 1+ s—if ®)

BW

— f1 X
LLLAALLEL A

Fig. 5 Mass-spring-damper model of the SolarPede’s leg and body
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In which N = 6 is the number of actuator beams within one
thermal actuator, E is the Young’s modulus of Silicon, 0 is the
actuator’s beam bending angle, in our case 3.4°, A is the cross-
section area of the actuator, V is the input voltage, f is the
actuator’s resonant frequency, fgy is the actuator’s bandwidth,
and A is an empirical constant [25].

Values used to simulate the leg motion were selected from
the dimension parameters of the actuator and leg, in particular,
K =185N/m, M, =0.3 mg, My, =0.25 g, while A and fgy were
estimated from experiments as 0.03 and 50 Hz. Furthermore,
assuming the friction coefficients for Silicon-Silicon contact
were p,=0.4, and 1,=0.33. Our estimated forward velocity of
the leg-body model is shown in Fig. 6.

In particular, simulation results indicate that we should ex-
pect forward velocities greater than 10 pm/s for a wide range
of frequencies if the actuation voltage is 20 V.

4.2 Body motion analysis

According to the 3 proposed gaiting patterns in Section 2.2,
the SolarPede’s holonomic motion relies on the combined
directional force being applied to the body of the microrobot.
The SolarPede has eight legs in total. Each leg has one
DOF, so that at least eight coupled differential equations are
needed to fully describe its motion. To simplify this, we con-
sider each quadrant as a single unit that generates a force Fy
along the thermal actuator centerline, which in the ideal case
passes through the SolarPede center of mass, as shown in
Fig. 7. Each force originates from the center of the two actu-
ators, and they are described by the one-dimensional model
we have derived. Notice that each of these Fy is a combined
force. For example, F; shown in Fig. 7 is the force generated at
the moment of actuator 1 retracking while actuator 2 is engag-
ing. If this sequence reverses, the direction of F; also reverses.
The microrobot’s body experiences a total force of:

S F—F, 4+ Fy+ Fy + F4 # (6)

From (6), if the magnitude of the four vectors are different,
then directional motion can be imparted on the microrobot.

50
—10V

40 —20V
w 3ov
ESD
2z
20
S \

0
(@) 10 20 30 4 s0 e 70 8 90
Frequency (Hz)

Pd

F,, 0, ZAF,

e PN
R

F3,0;

Fig. 7 SolarPede body motion analysis

Many factors contribute to this imbalance, including control-
lable effects (magnitude, frequency) and uncontrollable ef-
fects, for instance, different leg-surface contact condition, mis-
alignment during leg assembly process, or tilted legs.

Since the SolarPede actuator placement is symmetric, the ac-
tuation force can be seen directly applied at the geometric center
in this model and hence can be combined into two, such as F,;
and F,. By assigning different friction constants relating to F; and
F», we can simulate the motion pattern when the legs experience
different friction, as results shown in Fig. 8 (a). In the plot, p5 and
1 represent static and dynamic friction constants respectively,
and the 1 and r subscript represent force on the left or right.

As the simulation indicates, if the friction constant on the
left and right are the same, a straight trajectory can be expect-
ed, otherwise sideway motion or drifting can be expected.

The proposed gaiting method 2 described in Section 2.2
were simulated with our model and the resulting directions
of motion are shown in Fig. 8 (b). In this simulation, we
combined the forces generated by actuators located in adjacent
quarters to generate resultant forces R;, i=1~4. The simula-
tion was run for 1 min, under 10 Hz and 30 V. The maximum
displacements were 2 mm, indicating a velocity of 33.3 pm/s.
As expected, these resultant motions align with desired

Velocity (um/s)
8 8 8

oy
o

100 (b)% 15 20 25 30

Voltage (V)

Fig. 6 Plots of microrobot body velocity X » Vs. (a) leg actuation frequency, and (b) voltage
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Fig. 8 (a) Result of SolarPede’s motion trajectory simulation, with
different friction constants on each leg. (b) Simulated trajectory of

motion directions of the SolarPede, such as +x and+y and
correspond to the direction of the arrows in Fig. 3.

If we break the assumption of “all four forces align with the
center of mass,” the microrobot would spin. In this case, the
extension of the force does not pass through the center of
mass, such as F /1 in Fig. 7. The distance from the center of
the actuator to the center of mass denotes as r,. Then the total
moment of the body can be written as:

ZM:]Mgb:rl X Fi4+rxFy+r X F3+4+ry x Fa#t

(7)

A moment Iy; would cause spinning motion of the
microrobot. If the fabrication and assembly were precisely
done, the microrobot should not experience any torque. But
due to fabrication and assembly imperfections, spinning mo-
tion may be generated. This effect can be caused by different
contact conditions between the leg and the operating surface,
or by damaged actuator beams, causing the leg to move along
different directions than designed. Spinning motion of the
SolarPede is desired if the microrobot will be used as a
positioner. This effect was observed experimentally, as
discussed in Section 5.3.

SolarPede’s 2nd gaiting method. 180° phase shift between each
combined actuation force

5 Experimental results
5.1 Experiment setup

Three aspects of the proposed design have been evaluated in
the following sections: power efficiency, control methodolo-
gy, and wirelessly powered payload motion validation. Three
stages of experiments were conducted to evaluate the design.
First, we prototyped the design with bread boards to validate
the control method and evaluate efficiency of the boost con-
verter; second, we integrated all electronic components and
the MEMS die into one large scale circuit board, 7 cm in size,
in order to evaluate the overall design. This PCB is shown in
Fig. 9 (a). After this board was tested, we developed our first
much smaller 2 cm size electronic backpack and wire bonded
it to the MEMS die as shown in Fig. 9 (c).

The millimeter-size prototype validates the assembly of the
SolarPede and evaluates the wireless powering capability.
Components were selected from evaluation board experimen-
tal results. In this attempt to down-size the SolarPede, we
mounted the solar cells on the power board shown in Fig. 1
(a). The voltage booster circuit was omitted due to efficiency

=
[+ 4
)
[
-
o

)

Fig. 9 (a) The 7 cm evaluation circuit. (b) Solar cell testing setup. (¢) Millimeter-size prototype in a testing fixture
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Table 1

Power consumption of a single thermal actuator from 5 to 20 V

Voltage (V) 5 6 7 8 9 10 11
Current (mA) 124 145 17.5 207 237 260 281
Power (mW) 62 87 123 166 213 260 309

12 13 14 15 16 17 18 19 20
302 315 332 344 357 365 371 378 384
362 410 465 516 571 621 668 718 768

consideration. The Bluetooth module, the MOSFET array, and
the actuator diec were all installed on the control board.
Insulated thin copper wires from the transformer can be used
to connect the power and control boards and they can be
adhered to each other.

To assist the wire bonding process of the MEMS device, a
customized aluminum fixture with a machined cavity was made
to hold the control board, so that the wire bonder has a flat and
stable working surface. This setup also allows all ports on the
control board, including UART and power, to be interfaced to
test its functionality separately, as shown in Fig. 9 (c).

5.2 Power efficiency evaluation

Power is the most critical factor in SolarPede’s electronics
design, hence firstly evaluated. The power consumption of a
single thermal actuator used in SolarPede was experimentally
evaluated with stationary DC power supply. By swiping the
voltage applied upon a single thermal actuator and measuring
the current on the line, a power consumption curve was ac-
quired, as shown in Table 1. As indicated from the experiment,
with 10 V input, the thermal actuator consumes roughly
260 mW.

The solar cells used in our design must be small, highly
efficient, and customizable, which lead us to the solar concen-
trator products from SpectroLab. The model we sampled was
CDO-100 with 1 cm by 1 cm footprint. Four solar cells were
assembled to a testing PCB, as shown in Fig. 9 (b). Another
advantage of using this type of solar cell is that they can utilize
above 1000 suns of concentrated irradiance [25] with proper
cooling scheme, which allows us to increase power output
from solar cells by increasing solar simulator power output.
@

Solar

Cells 1 Booster | R

®

==y
T

Fig. 10 Solar cell and booster efficiency evaluation experiment circuit
schematic
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In other words, power output does not saturate easily like
other alternatives.

The efficiency of the boost converter was measured from a
group of experiments. Preliminary experiments suggest that a
single cell could provide 2.5 V, 75 mW power under 5 suns of
irradiance. As a result, we chose to use four cells in series as
the power source to the SolarPede, because total of 10 V,
300 mW can power one actuator, and their weight can be
balanced when mounted on top of the microrobot.

A circuit shown in Fig. 10 is used to determine the boost
converter (TPS55340 from Texas Instruments®) circuit effi-
ciency. V and A are the output voltage and current measured
directly from the solar cells, R is the load — a single thermal
actuator, and A’ and V' are current passed through the load and
the voltage across the load.

The efficiency of the booster is determined by the follow-
ing equation:

Load Power B vV .A

Boosting Efficiency = Solar Cell Power 'V -A # (®)

Two constraints apply to such an experiment: 1) The
input voltage to the TPS55340 should not be below 2.9 V.
2) If the output current A’ cannot keep up with V', V' will
drop below targeting voltage. For example, if we adjust
the V' to 16 V, the thermal actuator requires 35.7 mA of
current to maintain 16 V on the load. However, due to
input power limitation, the boost converter cannot deliv-
ery 571 mW of power upon the load. At this moment, V'
will drop below 10 V, which indicates the boosting fails.
According to experiments, a reliable boosting voltage was
determined at around 11.5 V. Under such condition, eq.
(8) can be evaluated by the following measurements:

Fig. 11 Assembled and packaged SolarPede die carrying a payload
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Table 2  Omnidirectional motion testing result

Direction of motion Observed Displacement Observed Velocity
(over 10 s)

Up (+y) 155 um 15.5 pm/s

Down (—y) 121 pm 12.1 um/s

Left (—x) 133 um 13.3 um/s

Right (+x) 113 um 11.3 um/s

CW Rotation - 3 mrad/s

7

VA 112V x 30.6mA _342.7TmW

- -~ ~ 0]
VoA T 100V x45.1mA astomw > 00%H

©)

The efficiency of 75.99% matches datasheet specification.
By using this configuration, 11.5 V can be reliably applied
onto one actuator.

In order to use the limited power efficiently, we decided to
remove the boost converter and apply 10 V directly on the
actuators for the wirelessly powered operation, since 1.5 V
voltage boost is not worth 24% power efficiency lost. This
modification also reduces the weight of the backpack.

The Bluetooth MCU BL652 module consumes maximum
24 mW according to [22, 27], one tenth of a thermal actuator
consumes, which can be easily covered by one solar cell and
was confirmed by experiment.

Booster Efficiency =

5.3 Control method validation

The dynamic response of SolarPede’s legs were investigated in
[22], in which using a laser displacement sensor to validate the
dynamic model in Section 4. Here, we conduct experiments to
validate the functionality of our control methodology and cir-
cuit. The assembled SolarPede die was wire-bonded to a semi-
conductor carrier (Fig. 11) and connected to the rest of the
circuit through wires. A stationary DC power supply was used
to provide 30 V to power the actuators. In this test, the
SolarPede was in a “belly-up” configuration: all eight legs were

Fig. 12 (a) Signals of second Te“k Ju ® Stp

actuation method on actuator #1,
#4, #2, and #3: amplitude
modulation (AM) on top of half-
period, 180° phase-shifted pulse-
width modulation. Time between
the two cursors is 20 ms, the

~

facing upward, and a payload cut from a silicon wafer was
placed directly onto the legs of SolarPede. This manner simu-
lates the stick-and-slip motion of SolarPede without assembling
the electronic backpack. To protect the integrity of the proto-
type, light payloads were used initially. The motion of the pay-
load was recorded using a camera with 0.5, 0.6, and 1.2 g of
weight. A scratch was made on the surface of the silicon pay-
load to assist displacement evaluation. The payloads were test-
ed in succession, having their motion recorded before switching
to the next payload, which were increasingly heavy.

During experimentation, we decreased the duration of actua-
tion pulse from 1 s, which allowed the human eyes to casily
perceive the leg’s motion and helped to troubleshoot errors in
the gaiting patterns. By decreasing pulse duration to 100 ms, we
observed that when each leg was actuated individually, the pay-
load was not moving. If, however, the actuators were paired and
moved in a synchronized manner, as described in method 3, the
payload experiences a larger actuation force, and breaking static
friction. In this manner, omnidirectional motion of the payload
was achieved. The experimental results are presented in Table 2.

5.4 “Belly-up” payload motion testing powered
by solar simulator

We tested our first millimeter-size prototype with the solar
simulator (Newport 69,907, 67,005 and UXL-150S-O, Xe)
to confirm that solar cell output is sufficient to drive the ther-
mal actuators and hence move the payload under the “belly-
up” configuration. In order to use the limited power from the
solar cells efficiently, we can split the power to more than one
actuator by 500 Hz pulse width modulation (PWM). On top of
the PWM, an amplitude modulation (AM) defines individual
actuation movement on each actuator.

However, this method only distributes power instead of
generates more. According to our experiment, each thermal
actuator consumes 260 mW of power under 10 V DC. In order
to use method 1 mentioned in Section 2.2, four actuators
powered simultancously, 4 x 260 mW is required without
PWM. If we use PWM with 50% duty cycle to power the four
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Table 3  Recorded payload displacement within 30s

Actuation Frequency (Hz) 100.0 714 500 250 16.7 125

Actuation Step Size (ms) 5 7 10 20 30 40

Total Displacement (um) 1160 1178 1307 698 484 440
Velocity (pm/s) 38.67 39.27 43.57 2327 16.13 14.67

actuators, the power consumption can be reduced to 2 x
260 mW, at the cost of reduced displacement. Applying the
same powering scheme, method 2 can be driven by 260 mW
with PWM signal and reduced motion. While method 3 pow-
ers one actuator at one time so it consumes 260 mW without
the need of PWM. On the other hand, if the solar cells cannot
keep up with the power consumption of the thermal actuators,
the voltage output from the cells will drop below the typical
value. In this case, the solar cells are not able to drive the
thermal actuators anymore and motion ceases.

In order to balance power consumption and drive more
legs, we use the 2nd actuation method introduced in
Section 2.2 to conduct the experiment, which requires engag-
ing two actuators simultaneously, such as actuators number 1
and 4. The two actuators can be powered by two PWM signals
with 50% duty cycle each and half-period phase shifting, dem-
onstrated in Fig. 12 (a). The next step of leg 2 and 3 are
actuated by the same method. To generate force towards +y
direction, the signal sequence shown in Fig. 12 (b) was
implemented.

In this way, two actuators can be engaged at the same
time (equivalent of driving one actuator) at the expense of
reduced displacement. According to [15], the product of
actuation frequency (f) and amplitude (A) positively cor-
relates to the velocity of the motion. In our experiment,
the actuation voltage amplitude was determined by the
solar cell’s voltage and the PWM duty cycle, but we have
control over the length of the “on” time on each actuator,

70 T T T T T

60 - b

50 b

40 - 4

30 9

20 9

desired displacement, Y

10 .

ot . ) . . .
0 10 20 30 40 50 60

lateral displacement, X

Fig. 13 Trajectory of the payload displacement over 30s, with 7 ms
actuation step

@ Springer

which is referred as “actuation step” in the text, as indi-
cated in Fig. 12 (b).

In this experiment, the solar cells were exposed under 8
suns (790 mW/cm?) of irradiance, and about 400 mW were
measured from the solar cells. A piece of single-side-polished
Silicon die weigh 0.1 g was used as the payload, by applying
sequence from method 2, displacement of the payload over
30s was recorded by a camera. Results are collected in
Table 3. However, if we increase the payload to 0.4 g the
motion ceases, possibly due to limited power. Therefore, in
future refinements of the SolarPede design, the microrobot
weight must decrease from 4 g to a much smaller number,
the locomotion mechanism must be improved, or the light
power must be boosted.

Figure 6 indicates that robot velocity is expected to increase
if actuator voltage increases, and decreases, respectively, if the
actuation frequency increases. With SolarPede, we are limited
to around 10 V supply from the solar cells. As a result, the
model predicts that velocity will be mostly constant between 5
and 10 um/s as we sweep leg actuation frequencies from
10 Hz to 100 Hz. Experiments suggest that while this trend
may be true at low frequencies, with recorded velocities
around 15 pum/s, we also observed that payload displacement
was maximized at frequencies closer to 50 Hz. Indeed, veloc-
ities closer to 40 pwm/s were observed for frequencies below
100 Hz, suggesting that higher velocities can be obtained at
higher leg actuation frequencies. This effect is not captured by
the dynamic model shown in Fig. 6 (b), possibly due to ignor-
ing additional effects such as vertical leg and joint flexibility
that may be resonating at higher frequencies. In our past work
with ARRIPede [10], the robot velocity was correlated with
the square of the amplitude-frequency product, and our cur-
rent observations are consistent with that conclusion.

Figure 13 shows the payload’s trajectory within 30s, in
which the desired displacement direction was the +Y axis.
However, an undesired lateral displacement along X axis
occurred, which can be explained by unbalanced friction
forces on the lateral directions. Furthermore, small tilts on
the legs during assembly could cause uneven friction
force distribution, further leading to the lateral motion of
the microrobot.

6 Conclusion and future work

In this paper we present analysis and experimental results that
validate the untethered operation of SolarPede as a novel light-
powered micro-crawler. The microrobot body was fabricated
using DRIE process from SOI wafers with 1 cm? footprint. 8
Silicon legs were assembled into compliant socket connectors
using a custom microassembly station in our lab. The leg layout
on the microrobot body ensured that omni-directional 2D mo-
tions can be achieved using stick-and-slip of the leg to the
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operating surface. An electronic backpack consisting of a
Bluetooth enabled microcontroller, four solar cells, and power
clectronics was designed and connected to the packaged body
of the microrobot. A stick-and-slip model was implemented to
analyze leg displacement as well as expected force output.
Further, the model was used to predict the microrobot’s motion
velocity and trajectory. The locomotion of the microrobot was
studied in the “belly-up” or conveyor configuration by placing
a payload on top of the inverted legs. Experiments were con-
ducted to verify that the robot can achieve translational motions
upon up-down and left-right directions; under solar cells
powered trials, a maximum speed of 40 um/s can be achieved
with 8 suns of artificial light irradiation.

In future work, dynamic simulations will be conducted to
optimize additional design aspects of the SolarPede. New leg
designs, placement and numbers will be investigated for han-
dling of assembly errors, heavier payload, and traversing dif-
ferent surface materials and flatness conditions. The size and
weight of the electronics backpack will be further decreased
and SolarPede microrobot can be fully tested. Furthermore,
closed-loop control of the planar position of the microrobot
will be achieved using visual microscope feedback to affect
the gait cycles in appropriate quadrants and correct for unde-
sired drift motions.
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