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Abstract: In this paper, a linear micro actuator (LMA) with a stroke of 2.1 pm is designed and presented. Substrate,
springy slider, and stopper are main parts of the LMA proposed. A large travel range can be achieved, by repeating
the generated strokes. All simulations are done with ANSYS finite element. The springy slider, particularly and
interestingly, can be deformed bidirectional either up-ward or down-ward. In fact, the slider creates such a linear
deformation in one direction by electro-thermal stimulation. Without a stabilizer there is no value in even making
such linear deformation. To stabilize and to prepare the slider for a large travel range, the four stoppers includes
the springy clutches and electrostatic comb drives are used. The comb drives works with the electrostatic actuation
and generates the propulsion forces required of the springy clutches. The clutches touches the side wall of the
substrate to hold and stable the slider’s stroke. Combining the stroke of the slider and the stoppers operation,
results a large travel range interestingly. The LMAs with large travel range are so important for different kinds of
applications in micrometer scales. This LMA can push and pull the loady objects connected to the slider’s head
accurately and can be used in adjusting CCD camera lens.

Keywords: MEMS, CCD camera lens, The LMA, The slider, The stopper, Stroke, The Clutch, The electro-thermal
actuators.

1. Introduction systems such as the electro-thermal, the electrostatic,
the piezoelectric, and the magnetic and so on [3, 4, 7].
All the micro actuators mentioned have their relative
advantages and disadvantages, particularly. As an
example, the magnetic LMAs can have a significant
negative effect on the entire micro scale systems, so
the non-magnetic ones can be proposed and
substituted [15, 2]. The resolution, the stroke and the
speed are the parameters to be taken into account
during designing. The force generated by the
electro-static micro-actuators is too small. Therefore,
to increase the deformation, the voltage applied should
be increased. The piezoelectric micro actuator are
powerful and can displace heavy loads but due to the

The LMAs play an important role in micro-electro-
mechanical-systems (MEMS). They can be the main
components of the artificial arms and the muscles so
that can strengthen the dynamic parameters of the
robots because of their light-weight, micrometric scale
and their own output force generated. These actuators
have many applications in the industrials and the
scientific equipment’s; for example, the MRI
resonance image scanners and the electron beam
lithography systems. There are different kinds of
actuators working on complex and sensitive micro
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problems of using the piezoelectric materials in the
process of layering, casting in micrometric cases and
achieving the displacement of more than one
millimeter, the specialists of such systems are focused
on the electro-thermal systems, instead. To create a
linear motion actually in a certain direction, there are
some methods. Firstly, the slider of micro-motor can
be moved through transferring motions between a
series of impacts. Second methods are the impact
heads toothed engaged with the slider, which causes
the slider to have a high output force [11, 10, 16, 7]. In
the third method, the slider is held through the friction
generated between the clutch of a stopper and either
the contact surfaces or the substrate side walls [1, 14].
In this work, a novel LMA with a force generated up to
2 mN and a large travel range, with high precision, is
going to be proposed. One of the interesting goals in
the designing such micro actuators is to achieve high
precision stroke. Another point in designing of these
actuators is to achieve the large travel ranges so that
LMAs can be applied in some important applications
like adjusting CCD Camera Lenses [21, 12]. In the
Section 2.1 of the paper, the mechanism of the linear
actuator proposed is explained. Afterward, the slider is
analyzed and equations due to designing are presented
(Section  2.2); paper explains the stopper
(Section 2.3). In the final, the conclusion is presented.

2. Design
2.1. Mechanism

The micro-actuator proposed, as it can be shown in
Fig. 1, has three main parts; the substrate, the slider
and the stoppers. The substrate acts as a chassis and
the springy slider consists of the beams (hot arms), the
electrical electrodes, and the constrainer. The stopper
assembles on the four corners of the springy slider’s
upper surface. In other words, there are the four
stoppers placed on the surface of the slider. The
stoppers include the springy clutch, and electrostatic
comb drives. The clutches are used to prevent the
slider from moving or randomly shaking and the
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electrostatic comb drives are used to generate the force
required for connecting the clutches to the substrate
side walls. As it said, in the normal state, all the
clutches’ heads are connected to the substrate side wall
to prevent the slider from shaking and vibrating.
Thickness of the slider, the comb drives and the clutch
are 5 pm, 3.5 um and 3.5 pum, respectively. Two sets
of the electrodes are located in up and down sections
of the slider to stimulate the springy electro-thermal
actuator. When the slider is in the rest mode, all of the
clutches are connected to the substrate side wall. For
an up-ward or down-ward deformation, an actuation
voltage is required to be applied to the electro-thermal
slider electrode which causes an electrical current
flowing through the hot arms. To lock the four corners
of the slider from any randomly shaking or instability,
the four comb drives remain activated.

Fig. 1. Structure of the linear micro actuator.

In the normal mode, the entire stoppers are
activated and positive voltages are connected to all of
the electrostatic comb-drives’ electrodes 1, 2, 3, 4 and
the electro-thermal slider electrodes’ voltage would be
zero, please see Fig. 2 (a). To start an up-ward
deformation, the DC positive voltage is connected to
the electro-thermal slider electrode which causes
up-warding expansion; takes into account the comb
drives 3, 4 should be cut off, see Fig. 2 (b).
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Fig. 2. Motion cycles of the slider.

To save the deformation generated after expanding
the slider, the voltages of the comb drives 1, 2, 3, 4
remain ON; ON, actually, here means the positive DC
voltage is connected, see Fig. 2(c). To stabilize the

whole system and store the built-in up-ward
deformation, the positive DC voltage is applied to all
comb drives. The electrode’s voltage of the slider and
the combs 1, 2 remain cut off so that the slider can be
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ready to contract through the temperature returning,
see Fig. 2 (d). This contraction causes the down part
of the slider have an up-ward movement. To achieve a
backward movement, the orders of the applied signals
can be reversed. Fig. 3 shows the different voltages
applied to the LMA; T, is the rest time of the slider.
In this period of time, the slider stays off., Tgyy1,2 is ON
till the slider goes cold. Ty, is rest time of the stoppers
1, 2 and Ty, is rest time of the stoppers 3, 4 to next
cycle. The combs 1, 2, 3, 4 are ON and the slider
voltage remains 0 volt. By repeating the process
above, the slider can achieve a long linear up-ward
movement. For a down-ward movement, all previous
steps can be done reversely. To reach a high precision
and large travel range, all parameters carefully and
separately should take into consideration [19, 9]. To
fabricate a prototype of such complex linear actuator,
all dimensions, geometries, material properties of the
linear actuator narrowly must be calculated
and analyzed.
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Fig. 3. The signals applied.

2.2. Slider Thermal Equations

Before embarking into designing and simulation of
the slider, we take into account analysis of
Electro-thermal equations related to the slider. Since
length of the hot arms inclined is much larger than
height and width, a model simplified shown in Fig. 4,
and related deformation calculations can be
considered, see Fig. 5. L, h and w are length, height
and the width of the model mentioned. By neglecting
the heat loses caused by radiation and convection than
the ambient, heat conduction would be as following
[17,7, 8]:

oT
Q = ~KAZ (M

Fig. 4. The Model simplified.
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Fig. 5. Mathematical model of the beams.

In the equation above, K,A and x presents the
thermal conductivity of polysilicon, temperature,
cross-section and variable length of the mode,
respectively. By passing the heat through the structure,
we have:

Qinput = —K Wh(Z_Z)X (2)

Output heat conduction is (3):

aT.
Qoutput = _KWh(a_X)x+dx 3)

The structure can be treated as an electrical circuit
by applying an actuation voltage between two
electrodes:

Q = (D*(Poll + (T~ T)Dwhdx, (4

where v, pg, T, and { are the actuation voltage, the
special resistance of the model at temperature of T,
the normal temperature of substrate electrodes that
consider 293K, and temperature coefficient,
respectively.

Qinput + Q] = Qoutput ©)

By substituting Equations (2) and (4) into Equation
(5), and considering dx—0, the following equation
achieves:

d,T.

KpC2) = —p (©)

Boundary conditions are equals to
T(0) = T(L) = T(0). Paying attention to the
equation (6) and the conditions mentioned, the
temperature function can be as following:

VZ
2pKL2

T(x) =

(L—x)x+T, (7

By imposing the thermal gradient perpendicular to
the model axis, the thermal transfers are:

T(x) = (T-Tyx/L+T, (®)

Thot—Tco Thot—Tco
T(y) — Zh th ldy+ h t2 ld, (9)

the cold and hot
Deformation in

where T,pq and Ty, are
temperatures,  respectively.
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coordinates X — Y can be shown by the parameter of
v(x). Assume waiving the Y — Z planes deformation,
the theoretical calculations can be as following:

2 2 2
—(B15) = F-P (10)

ox2 ax2’

where I[,P and f is moment of inertia, Young’s
modulus, load of the model and force, respectively,
hence:

9% [ aETydA

F =P — L8 (11)

Thermal expansion coefficient is a. By solving
equation (11) following equation can be found:

aEwh?

J@ETydA = == (Thot — Teola) (12)

Because of waiving the movement in Y — Z:

[ aETzdz = My, (13)
So:
8% [aETydA _
ax? =0 (14)

Substituting Equation (13) into (10), shows
F = 0, hence:

tv v
Bl +P—= =0 (15)
Assuming the right end is free or unsupported,
P =0, a\‘;io) = v(0) = 0. By considering the

thermal stresses, the boundary conditions at the free
end of a solid beam are:

EIZY(L) = — [ aETydA (16)
ox2 >

oV 0 [ aETydA

a3v
EIE(L) =P ox 0x

(17)
According to equation (12):
azv 2

121@()() = —awh?(Thot — Teora) (18)

Using the boundary conditions and integrating the
equation (18), deformation equation is:

—awh? (Thot_Tcold)X2

24 [y2dA i (19)

v(x) =
and

[y?da = "2 = | (20)

12

Finally, Equation (19) converts to (21):

- _ 2
V(X) — 0((Tho;‘l;cold)x (21)

By substituting equation (7) in equation (21), the
deformation value of the slider can be calculated. To
calculate deformation of the slider, there is another
solution. Variable T is the temperature of the
constrainer block, and the temperature variable of the
hot arm is +AT. Variable T causes deformation in the
structure. In other words, the temperature difference
cause arm to be elongated. Dimensions of the
constrainer especially remain no change and cause the
slider to an up-ward deformation. The vertical
deformation disp, the arms dimensions disp and the
temperature difference (disp,t ) can be approximated
by [5, 19]:

disp, = dispt + dispar~ aC(Tsin  +
= aC(TB + ATP™Y) (22)

sin B cos B
Assuming similarity of T and AT of 2 cells:

disp, = 2dispr = a(TA + 2CATR™) (23)
AT and Nt approximately can be found:

N = QAT 12Ep(cosB)?
AT = (Ginp)2 0.25C2 (24)

where p is moment of inertia; this force lonely may
cause the arm to be buckled. The axial compressive
force in the arm can approximately be found by [5]:

aAT 12Ep(cospB)?

N (sin B)2 0.25C2

IR

F
+ 2sinf (25)

The LMA proposed is made of polysilicon. The
dimension of the whole LMA’s structure clearly has
given in Table 1.

Table 1. Dimensions of the slider and the comb drive.

Parameter | Value (pm) | Parameter [Value (pm )
M 35 Z 55
A 1600 G 10
B 350 U 24
C 800 O 14
D 50 R 3
E 100 S 2
F 1000 Y 3
Table 2 shows the material properties of

polysilicon. Dimensions are in the micrometer scale
and the parameters have been normalized due to
ANSYS software technical conditions. The slider
experiences a stroke of 2.1 um, as shown in Fig. 6, by
applying a DC voltage 13 volt. A minimum step size
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of 1 um can be achieved, by applying a DC voltage of
7 volt to electrode of the slider. Figs. 7 and 8 illustrates
the slider Expansion normally versus to the voltage
applied and the time, respectively. Fig. 9, also shows
the slider force generated versus the voltage applied.
The maximum temperature distribution over the
structure is 450 °C.

Table 2. The Polysilicon properties used in the simulation.
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Fig. 6. Contour plots of the slider deformation.
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Fig. 7. Expansion of the slider vs. the DC voltage applied.
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Fig. 8. Expansion of the slider vs. the time.
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Fig. 9. The force generated of the slider vs. the DC
voltage applied.

2.3. Designing of the Stopper

One of the main parts of the actuator proposed,
shown in Fig. 10, is the stopper. It mainly consists of
three parts; the clutch, the electrostatic comb drives
and anchors. The friction generated by -clutches,
causes the slider stop moving. Some the linear
actuators use the clutch and the notch. These types of
the actuators generate powerful static force. At
beginning of the design, the maximum amount of the
force generated by the slider should be considered.
Take into consideration which the static friction force
generated by the clutches must overcome the slider
propulsion force generated. There are two ideas to
design the springy clutch. The low springy stiffness of
the clutch results a required low electrostatic force;
and vice versa. With the high springy stiffness, the
clutches require more the actuation voltage to be
activated, so there is a trade-off between the springy
stiffness presented in the equation (26) and the static
friction force; where N is elastic potential of the clutch.
Because of using the notches [20], the friction force
generated is appropriately large. The comb drives are
used to trigger the clutch to prevent the slider from any
shaking or movement. The comb drive can ideally be
modeled as a set of m conductors. These conductors
are embedded in a uniform lossless dielectric medium
(see Fig. 11). Conductors have constant electrostatic
potential ability. The charges are equally distributed
on conductor’s surface [14].

Clutch

[ Anchor Comb drives
10um 2\ I =

s R UL S S =
iZJlIL% - i | J

Fig. 10. Schematic of the stopper.
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Fig. 11. Schematic view of a comb drive cell.

F = N, (26)

99i(v)
iy = =2, @7n

where q;(,), €, @;, i and n are the charge density on the
surface, the dielectric constant, the conductor
electrostatic potential, the internal region and the
external region of the conductors, respectively:

V2 = 0 (28)

Here i is the number of conductors. By considering
the boundary conditions ¢ = ¢@; and having
i = 1,2,3,m,the surface charge density can be
obtained:

B = T4 o0 S 22 (v) GV, v)dgure W) + R, (29)

Q = I o0f 20 daar @) (30)

where Q, G, v and v’ are the total charge, the Green’s
function, the position vector of source point and
position vector of field point, respectively. S is the
surface of conductor ], which is zero and K is a
constant. Electrostatic force is equal to:

= 14
f = on (31)

F = [fuds,, (32)

where f, is the component x of the force, I' is the
surface of the moving finger [ 14]. Therefore, the comb
drive dimensions can be established; dimensions are
presented in Table 1. Fig. 12(a) and 12(b),
respectively, shows the model meshed of the springy
clutch and its deformation by applying a force equal to
50 uN. Fig. 13 depicts deformation of the clutch
versus the force applied by the comb drives. Fig. 14
shows the force generated by single cell of the comb
drive. A force more than 50 uN can be generated by
applying a voltage 10 volt to the comb drives which is
enough to push the clutches toward the substrate side
walls. It should be noted that the electrostatic actuation
block must be isolated from the slider’s body. This
isolation is necessary to prevent errors due to
interaction of the electro-thermal and electrostatic

circuits. The material selected to be used as an isolator
can be SIO,. Figs. 15 and 16 show stress contours of
the springy clutch during process; there is a maximum
stress of 0.56 GPA and 0.6 GPA, respectively, which is
logically acceptable.

() (a)

Fig. 12. A model deformed of the springy clutch (a),
contour plots of the clutch deformation by applying a force
equal to 50 puN and a deformation equal to 2.58 pum.
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Fig. 13. Deformation of the clutch vs. the force generated
of the comb drives.
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Fig. 14. The force generated of a comb drive vs. the DC
voltage applied.
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0.56 Gpa

minimum

Fig. 15. Stress contour plots of the springy clutch
by applying a force equal to 2 mN (+y direction).

=

o

e —
0.6 Gpa

minimum

Fig. 16. Stress contour plots of the springy clutch while
applying a force equal to 2.2 mN (+y direction).

3. Conclusion

The LMA proposed can achieve stroke of 2.1 pm
with the acceptable force generated of 2 mN. By
repeating the operational sequences numerous times,
large travel range can be achieved. The actuator
presented has minimum step size about 2.1 pm so that
makes this opportunity for CCD Camera’s Lens to
have a high resolutions and accuracy. To increase the
friction force, there are many techniques, but in this
work, two ideas were followed; first, increasing the
numbers of the comb drives which results increasing
whole the system size. Secondly, using impact stator
head and the sliders with the edges notched. These two
ideas have pros and cons so it should be taken into
consideration technologically. The simulation results
show that the LMA proposed has good speed, high
accuracy and large travel range precisely to be used in
adjusting CCD Camera’s Lens.
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