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ABSTRACT
[Fill in Here]
INTRODUCTION

MEMS microengines are often used to drive gear
trains, and thus do some sort of work [6]. However,
the rotational motion needed to drive a gear is not easy
to provide; it must be first generated by linear forces
and then translated into rotational motion. This has
been done previously by such mechanisms as electro-
static comb-drive actuators [4], hula-hoop-like wobble
motions circling a bearing [5], and piezoelectric actua-
tors connected to drive belts [3]. In all of these cases,
the general principle is the same: a linear actuator gen-
erates some sort of motion that pushes tangentially on a
gear, causing it to rotate. (man, I’'m being redundant)

Another form of linear electrostatic actuation that
has been shown to achieve respectable displacements
and force densities is an inchworm motor. Instead of
providing long, continuous motion, an inchworm motor
moves in short, small steps. The driving mechanism of
an inchworm motor successively engages and disengages
its load, pushing it along somewhat intermittently [7];
however, with proper coordination and alternation of
these drivers, continuous movement can be achieved.

With this in mind, we propose to drive a mi-
croengine gear with gap-closing-actuator-driven linear
inchworm motors. The inchworm motors will apply
linear forces to the gear, inducing either a continuous
or intermittent rotation that is capable of driving gear
trains, linear shuttles, and other loads.

SYSTEM DESIGN

The basic system consists of three main parts:
(1) the inchworm motors, (2) the rotating gear being
driven, and (3) anything that the gear will be driving.
A high-level block diagram is shown in Figure 1.
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Figure 1: High-level block diagram of inchworm-motor-
driven gear

In this basic design, there are two inchworm mo-
tors, each consisting of two actuators that engage the
pawl with the gear (the clutch), and move the gear once
engaged (the drive actuator). These motors can either
take turns rotating the gear (similar to the mechanism
mentioned in [7]) to provide a more continuous motion,
or rotate it simultaneously to provide more net torque.
Figure 2 demonstrates one cycle of the former.

ANALYSIS

When working properly, the inchworm motors drive
the gear into motion; subsequently, the gear drives
other gears that can be used for any number of applica-
tions. For the purposes of this analysis, we will simply
consider an inchworm motor driving an unloaded gear.
The required forces and features for multiple drivers
and loading can be found by adjusting these results ac-
cordingly.

In this system, the drive actuator array must pro-
vide enough force to rotate the gear, while the clutch
array must provide enough force to engage the drive
array with the gear. To make the calculations simple,
the gear is modeled by an inner circle of diameter d;
(the fized center) surrounded by a free ring made (the
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Figure 2: One cycle of inchworm motion driving the
gear, which follows these steps: (a) initial stage, where
neither inchworm is engaged; (b) one inchworm en-
gages, while the other is still idle; (c) this first inch-
worm drives the gear; (d) the second inchworm engages
the gear; (e) the first inchworm releases as the second
drives; (f) the first inchworm re-engages the gear.

part that actually moves) by subtracting this inner cir-
cle from an outer circle of diameter d,, as shown in
figure 3.

Force

First, we consider the force needed to rotate this
unloaded gear. In this case, we only need enough force
from the drive array to overcome the frictional forces
on the outer ring (with diameter d,) of the gear. To do
this, we find the mass of the ring as the ring’s weight
acts as the normal force of the frictional surface. This
ring’s mass is given by:
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Given this, the static friction force is given by:

Fps = psmg (2)

For silicon, the density p = 2330 kg/m3, and the coef-
ficient of static friction us = 0.3.

Following this, simple electrostatics and [cite Pis-
ter’s paper here| can be used to derive a simple expres-

Figure 3: Simplified model of a gear used for analysis.
We model the rotating gear as a ring rotating around a
fixed center.

sion for the electrostatic force due to the actuator array.

2
Felectrostatic = 580V N—2

We equate the force expressions to find the mini-
mum number of fingers needed in the drive array for
various applied voltages, assuming a gap size equal to
the distance between two gear teeth (since the actuator
must rotate the gear enough to catch the next tooth
after it resets itself). The results are shown in Figure
4, using a basic test structure with an outer diameter of
120pm, an inner diameter of 90um, and 32 gear teeth
being driven by a GCA with 100pm finger overlap.

Rotational Speed

Next, we look to find the angular velocity of the
gear due to this gap-closing force. By considering the
torque applied on the gear by the drive array, we can
use the following equations from simple physics to find
the angular velocity:
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Approximating the gear as a hollow cylinder with outer
radius d, and inner radius d;, the moment of inertia of
the gear is given by:
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Using the same structural dimensions mentioned
above for the basic test structure, we achieve an an-
gular velocity of 3000 RPM.
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Figure 4: Graph showing the minimum applied voltage
necessary to move the unloaded gear, as a function of
the number of fingers in the gap-closing drive actuator.

FABRICATION
TEST STRUCTURES

Test structures will actually have more fingers in
the GCAs than calculated above in the analysis, since
we are pessimistic and want to make sure we have
enough force to drive loads.

RESULTS & CONCLUSION
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