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Polymer constraint effect for electrothermal bimorph microactuators
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The authors report on the analysis of the polymer constraint effect and its use for a micromachined
electrothermal bimorph actuator. The actuated displacement is enhanced due to the polymer
constraint effect. Both the thermal expansion and apparent Young’s modulus of the constrained
polymer blocks are significantly improved, compared with the no constraint case. The calculation
that agrees well with experimental results provides the means to optimize the design of the
constrained polymer stack electrothermal microactuator. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2779929]

Thermal expansion of polymer is currently widely used
in microactuators to produce large motion at low tempera-
ture. In most of the polymeric electrothermal actuators re-
ported in literature, a thin metal layer deposited on the tog
surface of the polymer structures is employed as heater."
Hence, the heat transfer interface between the heater and the
polymer is rather limited. Since the polymer layers have low
heat conduction rate, the actuator dimensions need to be
small enough to get a good vertical temperature profile in the
structure. Consequently, the resulting motion is quite limited.
Moreover, the unintended vertical movement couples and in-
terferes with the desired lateral movement of the structures.

In this letter, we report on a silicon-polymer electrother-
mal bimorph actuator with a large motion range. This actua-
tor has a silicon comb finger structure with a metal heater on
top. The gaps between comb fingers are filled with polymer
[see Fig. 1(a)]. When the heater is activated, the generated
heat is efficiently transferred to the surrounding polymer
through the deep silicon comb finger structures that have a
large heat transfer interface area with the polymer layers.
The polymer layers expand along the lateral direction caus-
ing bending displacement of the bimorph cantilever actuator.
Moreover, the thermal expansion of this actuator is enhanced
due to the constraint effect of polymer layers between rigid
silicon plates.3

A calculation of compressed displacement of a con-
strained rubber between two rigid surfaces based on the hy-
drostatic pressure is reported in Ref. 4. The hydrostatic pres-
sure theory is expanded here by taking into account the
thermal expansion of constrained polymer as a function of
the ratio between the dimensions of the rigid plate and the
thickness of the polymer block. Finally, the thermal displace-
ment of the actuator is then calculated using bimorph bend-
ing theory.

It is assumed that the plates have infinite length, the
thickness of the polymer block % is much smaller than the
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width w of the plate (h<<w), and the polymer is incompress-
ible (Poisson’s ratio v¢=0.5). When the temperature of the
structure changes by AT degree, the volume thermal expan-
sion of a polymer block is given by5

AV=3a;ATV, (1)

where V is the initial volume of the polymer block and ay is
the thermal expansion coefficient (CTE) of the polymer.

In the case of no constraint, the volume of the polymer
block expands in three dimensions, as indicated by the
dashed line in Fig. 2. When the polymer block is constrained
by two rigid parallel plates, the thermal expansion along the
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FIG. 1. (Color online) Sketch of the proposed silicon-polymer electrother-
mal actuator: (a) device consists of silicon comb structure with a thin heater
on the top and the filled polymer in between the comb fingers; (b) the
actuator is simply considered as the bimorph structure of silicon bone and
silicon-polymer lateral stack.
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FIG. 2. Cross section of a constrained polymer block between two rigid
silicon plates.

z axis consists of two parts. The first one is the regular ther-
mal expansion &, that is the same as for the no constraint one
and is given by5

51 = ha'TAT (2’)

The second part is the displacement &,, which is the
subsequent shear displacement necessary to restore points in
the planes of the rigid surfaces to their original position in
these planes. The corresponding strain e is given by e
=0,/h.

There are two corresponding internal forces F; and F,
applied to the rigid surfaces. The force F, (unit in N/m),
corresponding to the pure homogeneous strain e, on the sur-
fac4e of the rigid plates per unit length of the block, is given
by

F,=fwEe= %wEe, (3)

where f.=4/3 is a numerical factor representing the restric-
tive effect of the bonded surface, w is the width of the block,
and E is Young’s modulus of the polymer.

When w> h, the horizontal planes remain plane during
the deformation and the vertical planes consequently take up
the parabolic forms, as represented in Fig. 2.4 The expanded
volume AV is the shadowed area between the central plane
and the plane far from the center at a distance x. Compared
with the expansion volume from Eq. (1), the maximum out-
ward displacement k, of the vertical plane at x is given by

k.= %(ZaTAT— e)x. 4)

Displacement of a section of width dx may be main-
. . . 4
tained by an excess hydrostatic pressure dP, given by

8 Ek,
3 K

dP, = dx. &)

The pressure P, denotes the hydrostatic pressure at x and
is zero at the boundary (x==w/2) and is obtained by inte-
gration,

* 2EQ2a;AT - 2
PX:f dPx=M(W__x2>' (6)
wi2 h 4

The pressure P, is considered to act on the rigid plates

also. The corresponding force F, is therefore given by
1EQaAT-e) ,

2= 5 2 wo. (7)

The total force applied to the unit length of the rigid
surface at steady state is F=F | +F,+F. =0, where F,, (unit

Appl. Phys. Lett. 91, 101902 (2007)

in N/m) is the external applied force per unit length of the
structure. Combining Egs. (3) and (7), the hydrostatic strain
of the thermal expansion of a constrained polymer block is
given by

_ 207ATW? 3K2F,,
T AR+ w? wE@dh*+w?)'

(8)

e

The total thermal expansion & of the constrained polymer
block is the sum of the regular expansion §; and the hydro-
static displacement &, and is given by

2a;ATwW?h 3n -
4R +w?  Ew@dh?+w?)

(S = haTAT+ (9)

The apparent CTE of the constrained polymer between
two rigid plates a,,, and consequently the CTE of the
silicon-polymer lateral stack g, can be calculated from

Eq. (9) when the external applied force is zero and is given
by

2w?
Qypp = Q7 1+4hz—+v1/2 =3ay, (10a)
ay, h+ aSihSi h
Agpack = PI;I + hs' = a’apph + hs‘ 5 (IOb)

where ag; is CTE of silicon and /g; is thickness of the silicon
plates. The approximation of a,,,=3ar is valid when w
> h; the thermal expansion of the constrained polymer layer
reaches the stable value when the w/h ratio is about 10. The
ok Approximation is valid due to the small thermal expan-
sion of silicon.

Beside the expansion, the apparent Young modulus of
the constrained polymer E,;, and the modulus of the silicon-
polymer stack Eg,. are also important parameters of the
actuator.® They are given by

Eopp=E5(4+ (wih)?), (11a)
EgEpplhsi+h

Estack= — ( = )s (llb)
hSiEapp + hESi

where Eg; is Young’s modulus of silicon. Young’s modulus of
the silicon-polymer stack structure increases with the
second-order of the w/h ratio.

As shown in Fig. 1(b), the silicon-polymer electrother-
mal actuator proposed here is simply considered as the bi-
morph structure consisting of two layers: silicon bone and
silicon-polymer lateral stack. The thermal displacement d at
the free end of the bimorph structure cantilever can be cal-
culated based on the Timoshenko calculation’ and is given
by

3L§ct( Agtack — aSi)(l + m)zAT

, (12)
(W+Wb0ne)(3(1 +m)2+ (1 +mn)<m2+ L))

mn

d=

where L, is the length of actuator, wy,,. is the width of
silicon bone, w is the width of silicon and polymer plates,
I’lZESi/ESka, and mzwbone/w.

As polymer, we have selected SU8 2002 (Microchem
Inc.). The related parameters of SUS are assumed to be tem-
perature independent. The polymer CTE is 150.7+12 and
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FIG. 3. (Color online) Fabricated device: (a) the entire structure; (b) close
view of silicon-polymer stack; [(c) and (d)] pictures of the initial and actu-
ated states (the bimorph bends up to 14 wm when it is heated).

2.6 ppm/K for SU8 polymer and silicon, respectively.?g’9
Young’s modulus of the SU8 polymer is 3.2 GPa, which is
53 times softer than that of silicon.*'°

To experiment the validity of the calculation, the pro-
posed desiign is fabricated using the process described
elsewhere.!" The discussed actuator is 85 pum wide and
30 wm thick. It consists of 41 polymer-silicon fingers. Sili-
con fingers are 75 um wide and 6 um thick with 600 nm
thick aluminum heater on the top. There are two configura-
tions of SU8 polymer layer with 3 um (w/h=25) and 5 um
thickness (w/h=15) for the first and second structures, re-
spectively. The silicon bone width is 10 wm. The vertical
silicon combs and frame structure are fabricated using deep
reactive ion etching of silicon. The SU8 2002 polymer is
then filled among the trenches. Finally, the structure is re-
leased from the substrate by a combination of wet and dry
etching of the silicon substrate. Figure 3 shows the scanning
electron microscopy images of the fabricated device and the
bent structure when actuated.

The structure is measured by using the Cascade probe
station (Cascade Microtech, Inc.) with a built-in microscope
to measure the displacement. A dc voltage is applied on the
metal heater by using HP4155A semiconductor parameter
analyzer (Agilent Technologies, Inc.). The voltage is ramped
from O to 2.5 V. The displacement is monitored through the
charge coupled device camera on the top of the probe station.
The displacement of the actuator at any actuating voltage is
then obtained by enlarging the picture and comparing with
the initial picture. With this method, the inaccuracy is given
by the single pixel size that is 0.26X0.26 um?. However,
the external mechanical vibration causes a blur on the static
picture which mainly determines the inaccuracy of the mea-
surement. The total estimated measurement error is about
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FIG. 4. Displacement of the silicon-polymer electrothermal actuator vs the
operating temperature for 3 and 5 um thick SUS8 layer devices.

+1.0 um. The average increasing temperature in the electro-
thermal actuator can be estimated by monitoring the change
of the resistance of the aluminum heater.

The measured displacements reach 8 and 14 um at
2.5 V applied voltage for 3 and 5 wm thick polymer layers,
respectively. The power consumption, calculated through the
applied voltage and corresponding current, is ~24 mW at
2.5V for both devices. Figure 4 shows the calculated and
measured displacements of the proposed devices versus the
operating temperature in the actuators. The calculated ther-
mal displacements meet the experimental results within 2%
and 5% for the 3 and 5 um thick polymer layers, respec-
tively.

In summary, we have investigated a polymeric electro-
thermal microactuator with an enhanced displacement due to
the polymer constraint effect. The apparent CTE of the con-
strained polymer block is three times larger than the no con-
straint one when w> h. Our theoretical results are in agree-
ment with the measurement. This structure has great
potential for in-plane motion actuators for micro electrome-
chanical system devices with the additional advantage of us-
ing low applied voltage and low operating temperature.
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