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Abstract

Ideal microrobots are on the millimeter-scale with integrated actuators, power sources, sensors, and controllers. Numer-
ous researchers are inspired by insects for the mechanical or electrical design of microrobots. Previously, the authors
proposed and demonstrated microrobots that can replicate the tripod gait locomotion of an ant, the legs of which were
actuated by shape memory alloy (SMA) actuators. The SMA provided a large deformation and force, but the power
consumed by actuating a single leg reached as high as 94 mW. This paper discusses a silicon electrostatic inchworm
motor chip to move a robot leg with low energy consumption using a small power source. The inchworm motor chip was
actuated by electrostatic motors. The power consumption was as low as 1.0 mW, in contrast with SMA actuators. The
reciprocal motion of the inchworm motor chip is powered by silicon photovoltaic cells. The results show that the 7.5 mm?®
photovoltaic cells could produce 60 V to actuate the inchworm motor chip, and the generated force is enough to move
the leg of the microrobot. Thus, we demonstrated the actuation of a microrobot leg using an electrostatic inchworm

motor chip, which is the first reported instance of an electrostatic motor driving an off-chip structure.

Keywords: Heterogeneous Integration, Silicon Device, Microrobot, Electrostatic Motor, Inchworm Motor Chip,

Photovoltaic Cells

1. Introduction

Several microrobot systems ranging in scale from
micrometers to centimeters have been demonstrated.
[1-12] Among these microrobots, the micrometer-scale
ones have potential applications in special environments
such as surgery inside the narrow blood vessels of the
human brain or microassembly for small mechanical sys-
tems.[4, 8] However, adding power sources and control-
lers into microscale systems is difficult. Therefore, passive
control schemes using external electrical or magnetic
forces are commonly implemented. A number of centime-
ter-scale robots have been constructed from miniaturized
electrical components integrated with sensors, actuators,
power sources, and controllers,[6, 9] and several bio-
inspired robots have been proposed. In particular, the
locomotion mechanisms of insects have attracted the
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attention of researchers.[5, 7] However, millimeter-scale
robots do not behave like insects because of the difficulty
in integrating power sources and actuators onto the
robot.[13, 14] In seeking further miniaturization, some
researchers have used microfabrication technology to fab-
ricate small actuators.[15, 16] Some examples include
piezoelectric actuators, shape memory alloy (SMA) actua-
tors, electrostatic actuators, and ion-exchange polymer
actuators. These actuators offer different advantages such
as power consumption, switching speed, force generation,
displacement, and ease of fabrication. In general, an actua-
tor can only generate either rotary or linear motion, and
mechanical mechanisms are necessary to convert the
movements generated by the actuators into locomotion.
Previously, the authors demonstrated a millimeter-scale

hexapod-type microrobot to perform the tripod gait loco-

E18-009-1



Transactions of The Japan Institute of Electronics Packaging Vol. 12, 2019

motion of an ant [17] and a quadruped-type microrobot to
replicate the quadrupedal gait locomotion of an animal [18]
by using SMA actuators to provide a large deformation
and a large force. This paper discusses an electrostatic
inchworm motor chip [19-21] that consumes low energy
and uses a small power source. The leg of the microrobot
is designed to allow reciprocal motions and is powered by
silicon photovoltaic (hereafter, PV) cells.[22, 23]

2. High-Voltage Silicon PV Cells

Figure 1 shows the fabricated high-voltage silicon PV
cell array. The PV cell array was designed with an area of
7.5 mm? The device was constructed using a complemen-
tary metal-oxide-semiconductor (CMOS) postprocess dry
release and device isolation method. The array consists of
144 PV cells connected in series, and each cell has a p-dif-
fusion layer on an n-well. The design and process method
are described in detail in references.[22, 23]

Figure 2 shows the current-voltage (I-V) characteris-
tics of the PV cell array. The PV cell array was measured
using a KEITHLEY 2000 MULTIMETER. The light source
was a 54 light emitting diode (LED) array (6 W) witha 6 V
DC voltage source. The open-circuit voltage (Vo) was 69

7.5 mm

Isolation groove

Pads 12 x 12 PV cells
Fig.1 High-voltage silicon PV cell array.
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Fig.2 I-V curve of silicon PV array.
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V, from which we can deduce that the V¢ of each cell was
about 0.48 V on average. The short-circuit current (Isc)
was 28 mA. Isc depends on the light intensity; therefore,
increasing the intensity of the light source will increase
Isc. The maximum power (Pyax) was 1.1 mW, which
occurred at a voltage of 50 V and a current of 22 mA.

3. Electrostatic Inchworm Motor Chip

As an alternative low-power means of actuation, electro-
static inchworm motors can be used to drive the legs of
the microrobot. Micro electro mechanical systems
(MEMS) electrostatic inchworm motors are based on
capacitive driven gap-closing actuators (GCAs) working in
tandem to linearly displace a shuttle at a force output of
over 100 uN without any static current.[19]

Figure 3 shows an inchworm motor chip. The inchworm
motor chip consists of a shuttle, a coupler, the main spring,
subsprings, and GCAs. The shuttle is supported on the
substrate by the main spring and subsprings. The coupler
connects the chip to an off-chip structure. The GCAs have
a fixed electrode, a movable electrode, a stopper, a spring,
and an angled arm. The movable electrode is attached to
the substrate by the spring, and the fixed electrode is
directly fixed to the substrate. The stopper is attached to
the movable electrode to avoid pulling in both electrodes.
The authors used an angled arm design on the basis of
work in reference.[20] In this design, the GCAs move an
attached angled arm in an inchworm-like movement to
impact a shuttle and push it in a preferential direction. The
motors have a gap size of 1.6 um, and each step of the
motor moves the shuttle by 1.0 um. Each GCA has 70 fin-
gers, totaling 140 fingers for each actuation step. The inch-
worm motor chip measures a total area of approximately
2.2 mm x 2.5 mm. The electrostatic inchworm motors are
fabricated in a three-mask silicon-on-insulator (SOI) pro-
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Fig.3 Fabricated inchworm motor chip.
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Device layer thickness #=40 um
Top view
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Fig. 4 Basic design of the capacitive driven GCAs.
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Fig. 5 Actuation method of the inchworm motor: (a) stan-
dard state (V=0V) and (b) active state (V=60 V).

cess. The SOI wafers had a 40 um device layer, 2 um bur-
ied oxide, and a 550 um handle wafer. A layer of 100-nm-
thick aluminum is deposited on the device layer silicon to
define the contact pads (vp; Pad, vp, Pad, and GND Pad).
The device layer silicon is etched to form the structure of
the motors using deep reactive-ion etching (DRIE). The
back is then etched to reduce the mass and release the
single chip from the substrate.

Figure 4 shows the basic design of the GCA. The output
force F of one pair of GCAs is given by the following

equation:
enlL( 1 1
Fg =—(—2——2sz oy

where ¢ is the dielectric constant in air, % is the device
layer thickness, L is the overlap length of electrodes, G is
the distance between the movable and fixed electrodes,
and Vis the applied voltage. Fg; is 31 uN in the case of ¢ =
8.8 x 102 F/m, h =40 ym, L =50 um, G, = 1.0 um, G, ="7.0
um, and V = 60 V. Each GCA has 70 fingers; hence, the
total force of the electrostatic motors Fgris 2.2 mN.

Figure 5 shows the actuation method of the inchworm
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Fig. 6 Raw force output of the inchworm motor chip.

motor. Figure 5(a) shows the standard state (V= 0V), and
Fig. 5(b) shows the active state (V' = 60 V). In the case of
Fig. 5(a), G; = 3.0 um, the distance between the leg and
the shuttle is 1.6 um, and the angle of the leg is 20°. In the
case of Fig. 5(b), G; = 1.0 um, the distance between the leg
and the shuttle is 0 um, and the angle of the leg is 21°. In
other words, the 2.0 yum movement of the movable elec-
trode will push the shuttle by 1.0 um. The pressing force
Fpg and the pushing force Fpy of the movable electrode on
the shuttle can be derived from Fr:
Fpp = Fgrcos21°=2.0 mN @)
Fpy = Fgpsin21°=0.78 mN ®
Figure 6 shows the force output of an electrostatic inch-
worm motor. The force is measured using a serpentine
spring assembly with a spring constant of 0.067 N/m
attached to the motor shuttle. The measured displacement
of the inchworm shuttle can be related to the force output
of the motor. The solid line highlights the analytical calcu-
lation of the force output. We can see that at 60 V, we attain
an average force output of over 1 mN from 5 measured
devices. The original angled arm inchworm motors shown
in reference [20] were able to generate 1.9 mN at 110 V.
Previous work has shown 0.50 mN of force at 60 V,[21]
whereas the newly fabricated devices have demonstrated
1.3 mN of force at 60 V. Discrepancies between the analyti-
cal model and the measured values can be attributed to the
unaccounted lateral etching of the silicon sidewalls, which
can increase the effective finger gap size and change the
spring constants.

4. Leg of the Microrobot System

Figure 7 shows the previous quadruped-type microrobot
using SMA actuators.[18] Each leg of the robot can per-
form the stepping motion via a single actuator. In this
work, the SMA actuator has been changed to electrostatic

inchworm motors. The leg is fixed on both sides of the

E18-009-3



Transactions of The Japan Institute of Electronics Packaging Vol. 12, 2019

body, and the number of legs of the microrobot can be eas-
ily increased. In this paper, the actuator connection part
has been redesigned to accommodate the electrostatic
inchworm motors.

Figure 8 shows the mechanical parts of the leg made
from a silicon wafer, except for the shaft and steady pin.
The shapes of the mechanical parts are machined using an
inductively coupled plasma dry etching process with pho-
tolithography technology. The authors manually assem-
bled the mechanical parts of the robot because construct-
ing a complicated three-dimensional structure is difficult

Shape memory alloy actuator

Fig.7 Previous microrobot system using an SMA actuator.[18]
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Fig.8 Mechanical parts of the leg.

Body frame
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Fig. 10 Leg motion and trajectory of the leg: (a) (x1, 1), (b) (¥, ¥2), (©) (x5, ¥5), and (d) (xy, y4).
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using microfabrication technology. During the process,
200-um-thick silicon wafers were used for the mechanical
parts except for the washer, which used 100-um-thick sili-
con wafers. The shaft was constructed using cemented
carbide to have a diameter of 0.1 + 0.002 mm. The washer
keeps each mechanical part fixed, and the washer and
shaft were glued using cyanoacrylate. All the silicon parts
have a clearance of 10 um between the shafts to keep them
movable. The stepping pattern of the microrobot is real-
ized by 2 sets of four-bar linkages. Bars 1, 2, 3, and 4 are
the primary (top) four-bar linkages, and bars 3, 4, 5, and 6
are the secondary (bottom) four-bar linkages. The primary
and secondary sets of four-bar linkages are combined
using bars 3 and 4 (Fig. 9).

Figure 10 shows the leg motion and trajectory. The ori-
gin coordinates (xy, y) are the only points fixed to the
body frame of the robot. The inflection point of the trajec-
tory has 4 points: (x1, y1), (¥, ¥2), (3, ¥3), and (x4, y4). The
steady pin and the hole of bar 4 cause the inflection of the
trajectory. The 4 points can be expressed by the difference
between the angles of 6, and 6;. The difference between
0, and 6 can cause the reciprocal movement of point P. In
other words, Fig. 10 shows that the designed leg can per-

form the stepping motion by the reciprocal movement of

Fig.9 Assembling method of the leg.
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Table 1 Derived coordinates of each foot point.

Displacement Foot Coordinates
of P oint 6, and 6 (um)
(um, actual) P K
0 (0) (1, y) | 80° and 0° (227.2,-3249.4)
87 (125) (x9, y9) | 80° and 10° | (-340.5, -3239.5)
174 (250) (x3,3) | 90° and 10° | (-1248.6, —3440.3)
87 (125) (x4, 99 | 90° and 0° | (-632.3, -3604.9)
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Fig. 11 Force required to actuate the leg.

point P.

Table 1 shows the derived coordinates of each foot point
using the length between each joint of the leg (Fig. 10), 6,
and 6;. In addition, the displacement of point P is
described. The coordinates were derived using a trigono-
metric function. These results show that the designed leg
can perform the stepping motion that is needed to move
the quadruped-type microrobot.

Figure 11 shows the force required to actuate the leg.
The abscissa shows the displacement of P, and the ordi-
nate shows the required force to actuate the leg. The force
was measured using a microforce sensor from Nano Con-
trol Co., Ltd., by fixing the microforce sensor to point P.
This figure shows that a maximum force of 0.25 mN is
required to move the leg from Fig. 10(a) to Fig. 10(c) (.e.,
to push P), and a maximum of 0.20 mN is required to move
the leg from Fig. 10(c) to Fig. 10(a) (.e., to pull P). This
result is measured horizontally instead of vertically, as
shown in Fig. 7. The friction of each part differs with the
direction. In the vertical condition, the push motion
requires 0.54 mN, whereas the pull motion requires 0.36
mN.

5. Experimental Results

The anode side of the PV cell array was connected to a
solid resistor at the collector of the transistor (Fig. 12(a)).
In other words, the voltage generated by the PV cell, Vpy,

Waveform
generator

Voltage 50V / Div.
Voltage 50V / Div.

Time 2.5 ms / Div.

(b) (c)
Fig. 12 Driver circuit of the inchworm motor chip. (a) Cir-

Time 2.5 ms / Div.

cuit diagram and examples of the driving waveform using (b)
PV cells and (c) a voltage source.

was used as the voltage source of the circuit. A Fluke 280
waveform generator was used to switch the transistor
(2N5550) and to generate the driving waveforms vp; and
vpg for the inchworm motor chip. The driving waveforms
were 2 offset 60 V amplitude 50 Hz square waves, one for
each of the GCAs of the motor. The circuit constant was
R, =R, =2.2 MQ. Figure 12(b) and 12(c) show an example
of the driving waveform of the electrostatic inchworm
motor. Figure 12(b) and 12(c) show the driving waveforms
using a PV cell array and a voltage source, respectively.
The driving waveform is a square wave with a pulse width
of 10 ms, a pulse period of 7.5 ms, and a pulse amplitude of
60 V. Figure 12(b) shows the voltage drop in the middle of
the square wave. The voltage drop will increase if R; and
R, of the driver circuit are decreased. The voltage drop will
also increase with a lower light intensity, which can be
avoided using a higher-intensity light source (e.g., a xenon
lamp). In addition, the inchworm motor chip can maintain
the position of the shuttle in any timing by inputting the
direct current voltage into vp; and vp;.

Figure 13 shows the actuation of the leg using electro-
static inchworm motors. The coupler attached to the shut-
tle of the electrostatic inchworm motors was connected to
the leg through the shaft of point P. The result in Fig. 13
shows that the electrostatic inchworm motors produced a
displacement of about 250 um to move the leg of the
microrobot. However, the pull motion was not enough to
actuate the leg from (x4, y4) to (x;, ¥;) because the main
spring and subspring were designed to generate a 0.05 mN
pull motion, which is insufficient to complete the pull
motion (completing the pull motion requires 0.20 mN). A
pull motion using a spring structure is not realistic. Thus,

the authors are planning to design a pair of inchworm
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Inchworm motor chip

(a) (b)

motor chips arranged opposite to each other to generate
reciprocal motion.

6. Conclusion

In this paper, an electrostatic actuator with low energy
consumption was powered by a 7.5 mm x 7.5 mm silicon
photovoltaic cell with an output voltage of 60 V. With the
proper driving waveforms for large displacements, the
generated force of the electrostatic inchworm motor chip
was enough to actuate the leg of the microrobot. In the
future, the authors will design a millimeter-scale locomo-
tive robot with silicon-PV-cell-driven electrostatic inch-
worm motors. Additionally, the electrostatic inchworm
motor chip requires a durability test to investigate the
device repeatability.
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Fig. 13  Electrostatic inchworm motor for leg actuation: (a) (x1, y1), (b) (2, ¥9), (©) (3, ¥3),
and (d) (x4, ys).
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