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Abstract. An analytical model that can accurately predict the performance of a polysilicon
thermal flexure actuator has been developed. This model is based on an electrothermal
analysis of the actuator, incorporating conduction heat transfer. Heat radiation from the hot
arm of the actuator to the cold arm is also estimated. Results indicate that heat radiation
becomes significant only at high input power, and conduction heat losses to both the substrate
and the anchor are mainly responsible for the operating temperature of the actuator under
routine operations. Actuator deflection is computed based on elastic analysis of structures.

To verify the validity of the model, polysilicon thermal flexure actuators have been fabricated
and tested. Experimental results are in good agreement with theoretical predications except at
high input power. An actuator with a 240m long, 2um thick, 3um wide hot arm and a

180um long, 12um wide cold arm deflected up to 1@n for the actuator tip at an input

voltage ¢ 5 V while it could be expected to deflect up to 22h when a 21Qwm long cold

arm is used.

1. Introduction while a parametric model of the actuator is essential and use-
ful for practical applications. It is therefore the purpose of
In micromechanical structures, actuators based on electro-this paper to develop an analytical model so as to provide
static forces operate at low power and high frequency, andan insight into the operation of the actuator, and to allow
are highly desirable. However, they have typically small de- for predicting the performance of actuators with new designs
flections and require either close dimensional tolerances orbefore fabrication. In section 2, the theoretical model is de-
high voltage to achieve large deflections. On the other hand,veloped. The electrothermal performance of the actuator is
actuators based on the thermal expansion effect can providdirst analysed, and the deflection characteristics of the actua-
a large force and a deflection perpendicular [1] or parallel tor are then presented. In the following section on fabrication
[2] to the substrate. They have been shown to be a valuableand test, polysilicon thermal actuators fabricated by a surface
complement to electrostatic actuators [3,4]. In particular, micromachining process are tested. The experimental results
polysilicon thermal actuators can operate in an integrated cir- are compared to those of the analytical model. The latter is
cuit (IC) current/voltage regime and may be fabricated by a shown to have correctly predicted the deflections of the actua-
surface-micromachining technology that is compatible with tors. Finally, various design considerations such as physical
IC technology [5, 6]. The operating principle of a thermally geometry of the actuator are discussed in section 4, and a
driven actuator with lateral motion (parallel to the substrate) conclusion is summed up in section 5.
is the asymmetrical thermal expansion of a microstructure
with_variable cross sections. _Thg resistance of the Narrower, Theoretical model
section of the microstructure is higher than that of the wider

section. When current passes through the actuator, morep diagram of a polysilicon thermal actuator is shown in
power dissipates in the narrower section, causing it to ex- figure 1(a). It generates deflection through asymmetric
pand more than the wider section. This differential thermal heating of the hot and cold arms. Current is passed through
expansion may be compared to that of a bimorph structure, the anchors, and the higher current density in the narrower
causing the actuator to move laterally. At the same time, hotarm causes it to heat and expand more than the wider cold
this principle also renders the deflection of the actuator to arm. The arms are jointed at the free end which forces the

be related to various process parameters, the physical geactuator tip to move laterally in an arcing motion towards the
ometry, and the driving current. The numerical simulation ¢old arm side.

has been performed to optimize the actuator structure [6],
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polysilicon microbeam and the substrate if the microbeam

Flexure Hof arm Cold arm ; o
S - \ [ were wide enoughRy is given by

]

w _bh b b
g h RT N v ¥ kn ¥ 0 (3)
We
e wherer,, t, andz, are the elevation of the element above
ir In the SgN,4 surface, the thickness of i, and the thickness
(a) of SiO,, respectively andk,, k, and k, are the thermal

conductivity of air, SiN4 and SiQ, respectively. The shape
factor for heat conduction is given by [8]

x=0
X=
h (28,
S=—<—+1>+1. (4)
w\ h
|
q x=ltg+tic x=Itg Taking the limit asAx — O for equation (2) produces
x=2ltg . : : ,
the following second-order differential equation.
(b)
2 _
x xtAx kp(;—z +J%p = %7(TR TS)~ ®)
il X
popy-Si-[ =) @ = [ # '
Air— <4 ty Physically, the first term on the left side of equation (5)
SHVy] R in represents the net rate of heat conduction into the element
sio—| e per unit volume. The second term on the left side is the rate
Si of heat energy generation inside the element per unit volume,
. and the right side represents the rate of heat energy loss in the
element per unitvolume. Changing variables for equation (5)
(c) with equation (1) yields
Figure 1. (a) Schematic top view of polysilicon thermal flexure d260 (x) )
actuator. (b) Simplified one dimensional coordinate system. (c) oz " 0(x)=0 (6)
Cross-section diagram of the actuator for thermal analysis. X
with
since the size in the length direction is much larger than 0 x)=Tkx)—Tp
that of its cross-section. The arms of the actuator shown 2
in figure 1(a) may be decomposed into three lineshape T, =T, + '002
microbeams connected in series. The coordinate system pin
for thermal analysis is given in figure 1(b). A part of the , S J2p of

cross-section of the actuator is shown in figure 1(c). The m=00R a
- . . . . . P T P
silicon nitride and oxide layers shown in this figure are used _ _ _ _
as electrical and thermal insulation. Solving equation (6) and applying the solution to the
The resistivity of polysilicon,p, is usually related to hpt grm,. cold arm and flexure: one obtains the temperature
temperature. The resistivity is assumed here to have a lineadistribution as follows, respectively.
temperature coefficient, such thap (7;) = po, that is,

T,(x) =Ty +c € +cpe™h* )
p(T)=po[1+& (T —Ty)] 1)
. . T.(x) =Tc +c3€" " +cpeme* (8)
whereT is the operating temperature, afidis the substrate
temperature. As shown in figure 1(c), the heat flow Tr(x) =Tp +cs€" /" +cge /" (9)

equation is derived by examining a differential element of the .
microbeam of widthw, thickness: and lengthAx. Under ~ WhereT andm; are the same af andm, respectively,
steady-state conditions, resistive heating power generated irfxcept thatw is replaced byw,; 7c andm, are the same as

the element is equal to heat conduction out of the element. s andm, respectively, except that is replaced byw.; wy
andw, are the widths of the hot and cold arms, respectively,

dr
—k,wh [d—] +J%p whAx ¢j (j = 1to 6) are the constants to be solvéd,= Ty and
* m s = my, Since the width of the flexure is the same as that of
dar T —T,
= —k,wh [7] + SAxw s @) the hot arm.
X 1 ieax Ry The anchor pads are assumed to have the same

wherek,, is the thermal conductivity of polysilicon is the temperature as the substrate. Utilizing the continuity of both
current densitys is the shape factor which accounts for the the temperature and the rate of heat conduction across the
impact of the shape of the element on heat conduction to thejoint points of the hot arm, cold arm and flexure, one obtains
substrate anét; would be the thermal resistance between the the following equation to solve the constanfgj = 1 to 6)
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Table 1. Parameters used in this analysis.

- ‘1 L _ €2 —muL
Parameter Value Typ=Th+ my L (e —1) il (et -1) (12)
Young’ modulus of polysiliconE 150x 10° Pa . c3
Thermal expansion of polysilicon, 27x10°%°C1 T.=Tc+——— (et — gl
Effective absorptivity of polysilicons 0.6 me(Le+g)
Thermal conductivity of polysilicork, 30 W nTt°C-! _ C4 (e—m((L+g+L,) _ efm(-L) (13)
Thermal conductivity of airk, 0.026 W nTt°C™? me(Le + )
Thermal conductivity of SNy, &, 225Wnttec?t
Thermal conductivity of Si@, k, 1.4WnrteCc? = _ 45 WQL4+g)  np(L+g+Ley)
Substrate temperaturg, 20°C Ty=Tu muL; e e )
_ 8 (em@lre) _ gLl (14)
800 = myL s
] v=oum L=240um The linear thermal expansion for the hot arm, cold arm
] Le=200um and flexure, whichis to be used later to estimate the deflection
] g=2um of the actuator, may be calculated as, respectively,
6007 wp=2.5um
AN we=10um L B
S h=2um ALh=a/<Th(x)—n)dx=aL<Th—TX> (15)
o 3 t,=0.6um ,
2 4007 te=1.0um
g a1 L+g+L,
E = c=0o cX) — 1) 00X = o (770_5
o I=5mA AL (T.(x) = T)dx =« L(T. — T,) (16
© 200 L
=
E 2L+g
ALy =« / (Tr(x) —T)dx =a L (T;—T,) (17)
s i e e W
0 100 200 300 _ 400 500 L+g+Le
Location(um) whereq is the thermal expansion coefficient of polysilicon.

The thermal expansion due to the section of gap has been

Figure 2. Temperature distribution along the polysilicon arm for ignored in equation (16) because of its short length

two different elevations of the polysilicon arm above the substrate
with pp = 1.0 x 103 @ cm andé = 1.25x 103 °C1,

1 1 0 0 0 0 c1 T, — Ty
@il @ milL _gneL _@mlL 0 0 Cc2 Tc — Ty
gul _gmiL —@nel A e el 0 0 c3 | _ 0
0 0 e (L4g+L) e meLtgtLy)  _gni(LtgtLy)  _gmmy(L+gtLe) ca | = | Ty —1¢ (10)
0 0 A @nelrgrle) 3 @mme(L*g+Le)  _gnn(L*g+Lle)  gmmi(L+g+Lc) s 0
0 0 0 0 @n(2L+g) e mn(L+g) C6 T, — Ty

whereL and L. are the lengths of the hot and cold arms,
respectively,g is the gap between the hot and cold arms, For the given process parameters suchpgsand &,

A = wem./wymy,. The above equation (10) is written as a  Physical geometry and driving current, the temperature
matrix format so that one may use the same subroutine asdistribution can be obtained by equations (7)—(10). Figure 2
the deflection analysis to solve the linear algebraic equation.Shows an example of the temperature distribution for the
Oncec; (j = 1 to 6) are obtained, the resistance of parameters specified in the figure. Other physical constants

polysilicon, which depends on temperature changes, may be2r€ listed in table 1. It is clear from this figure that
estimated as follows the temperature in most of the hot arm is much higher

than that in the cold arm. It is also obvious that heat
Lpo _ loss due to conduction to the substrate affects strongly the
R = / drR(T) = —— [1+& (T — T))] temperature in the arms of the actuator. As shown in
0 " equation (3), the elevation,} of the polysilicon arm above
the substrate governs heat loss to the substrate since the
thermal conductivity of air is very small. It has been shown
00 . thata trench etched under the hot arm of the actuator increases
+T,,h [1+& (T, —Ty)] (11) the thermal isolation from the substrate, thereby decreasing
the heat loss from the hot arm and increasing the deflection
whereT,, T. andT ; stand for the average temperature of [3].
the hot arm, cold arm and flexure, respectively, and they can As presented in the above, the thermal analysis
be expressed as performed for the actuator is based on heat conduction. At

2L+g

+(Lc +g)100 [

c

1 +‘§ (Tc - Tr)]
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higher power, however, heatloss due to thermal radiation may 175
become significant. Especially, the heat radiative transfer ]
from the hot arm to the cold one may give rise to increase 150 4]
of the cold arm temperature. It is therefore interesting to
compare the heat energy generation due to resistive heating 1254
inside the cold arm with the heat radiative energy from the 1
hot arm to the cold one. Both the resistive heating energy and 1004
the accepted radiative energy inside the cold arm tend always e 1
to increase its temperature. To simplify the estimation of the { 75
radiative energy, the average of the temperature in the hotand N
cold arms is used here. 50

The radiative energy received by the cold arm from the ]
hot one may be approximately written as [9] 25

Eye =hLcFiceo (T, —T.) (18) D S S

Power(mWw)
where ¢ is the effective absorptivity (or emissivity) of

polysilicon, o is the Stefan-Boltzman constant afg. is Figure 3. The ratio of the resistive heating energy inside the cold

arm to the received radiative energy from the hot arm as a function

the radiation shape factor, which is given by [9] of input power for different gaps and cold arm widths.
2 (1+Xx2)(1+7r?)
Fye = In hot arm
" 7rXY|: 1+X2+Y? Xx3 |
X Xy. {1, I
+XV1+Y2tan? (7> 3
V1+Y2 B (a)

+Y~/1+X2tan ! (

)

—Xtan1(X) — Ytan‘l(Y)i| (19)

(b)

whereX =h/g, Y = Lc/g. - p=I
The heat energy due to the resistive heating inside the { J -
cold arm is given by l i

()

Figure 4. (a) The rigid frame simplified for the thermal actuator
. . . with three redundants. (b) The bending moment of the hot arm due
The ratio ofE¢ to E), as a function of the input power (g the thermal expansion of the structure. (c) The bending moment
is shown in figure 3 for different gaps and cold arm widths. It of the hot arm due to the virtual force.

can be seen that the smaller the gap, the stronger the radiation
from the hot arm to the cold one for the same cold arm width.
Also, the wider the cold arm, the lower the resistive heating
energy due to the current density. Eyen at the power of The structure of the thermal actuator shown in figure 1
30 mW, the heat energy due to the resistive heating inside theis similar to a plane rigid frame with two bases fixed
coldarmis about 28 times higherthan.thgtdueto the radiationfor structural engineering [10]. Deflection analysis of the
:gtm a:?ne tgotth?arr:él ng::\;E\:s; tzzggg::tl/ie r(:;:s;gn%: ;rto m t::r plane rigid frame has been well established in structural
. y becon gn 9 engineering. The thermal actuator in figure 1 is a statically
input power. Also, the thermal radiation to air from the local indeterminate structure with the degree of indeterminacy
region of the hot arm, where the temperature is very high,

becomes larger at higher input power. The thermal expansion?_emg 3.d-lr—1he force rr:ethoﬁ ffg th;_ structural engll:eermg is
for the hot arm is smaller than could be expected due to the Irstused here to analyse the bending moment of the actuator

thermal radiation from the hot arm to the air. The influence structur_e (_1ue to the three redundams, X _and X3, as

of the thermal radiation on the deflection of the actuator is SOWn in figure 4(a) wher, stands for a horizontal force,
to be ignored later in this paper because the actuators areX2 @ Vertical force and(s a cou_ple _force. Th_e_ wrtual-wgrk
usually not designed for routine operation at powers high method for structural engineering is then utilized to estimate
enough to generate substantial thermal radiation. Moreover,the deflection of the actuator tip.

irreversible changes in the polysilicon structure and actuator Following the force method [10], the three redundants,
resistance may occur when high drive voltages are used. X3, X, and X3 can be obtained by solving a set of

Eg=J%po[1+& (T. — T,)] hLcw.. (20)

2.2. Deflection analysis
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Figure 5. SEM picture of a polysilicon thermal actuator and a
single beam used to measure the polysilicon resistivity and its
temperature coefficient. Dimples inside the cold arm of the
actuator prevent stiction to the substrate.

simultaneous equations:

fuu fi2 f3rXa 0
|:f21 f22 f23:| |:X2:|=|:ALh_ALC—ALf:|
fan fz2 fazdlXs 0

(21)
where termsf;; represent flexibility coefficients, which can
be easily obtained by the diagram product of the bending
moments due to respective three unit redundantsX, and
X3. They are given by, respectively,

1 1
fi1= 3EL (L3+L3)+ I (3L%g + L3 - L}) (22a)
1
fr2= for= =5 (L78) = 5 (€L + L2 — Lig)
L (220)
f13—f31——ﬁ (L? Lz)—E(LZ"'ZLg Lz)
L (22c)
foo= 3L (g% +3L.g )+E_Ih(Lfg2) (22d)
1 1
foz= fa2 = 2EL (s 2+2ch)+E—Ih(gLf) (22%)
faz= (L Ly)+ c+g) (22f)

where E is the Youngs modulus of polysilicon/, (=
hw?/12) is the moment of inertia for the hot arm, (=
hw?/12) is the moment of inertia for the cold arf/, and
E 1. represent the flexural rigidity of the hot and cold arms,
respectively. The three redundanks,, X, and X3 may be

solved by equation (21). Once they are obtained, the bending
moment of the hot arm due to the thermal expansion can be

represented as in figure 4(b). In order to obtain the deflection
of the actuator tip, a virtual unit forcE is applied to the free
end of the actuator. The bending moment of the hot arm due
to the virtual force is shown in figure 4(c). According to the
method of virtual work [10], the deflection in the free end of
the actuator can be written as

MM L2
El,  BEI,

(X1L — 3X3) (23)
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Figure 6. I-V curves of a single polysilicon beam. Solid lines
represent the theoretical results.
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Figure 7. I-V curves of polysilicon thermal actuators for
different widths of the hot arm. Solid lines represent the
theoretical results.

where M is the bending moment (figure 4(b)) due to
the thermal expansiony represents the bending moment
(figure 4(c)) due to the unit virtual force.

3. Fabrication and test

The thermal actuators in this study were fabricated by
a polysilicon surface micromachining technology. A
set of actuators with different physical dimensions were
fabricated on the same chip. The $jGBisN4, sacrificial
PSG (phosphorus-doped glass) and polysilicon layers were
all deposited by LPCVD (low pressure chemical vapour
deposition). The thickness of the SiOSiEN4, PSG and
polysilicon layers is 1, 0.6, 2 and Zm, respectively.
Heavily phosphorus-doped (approximately3gtoms cni®)
polysilicon was grown by an LPCVIn situ phosphorus-
doping process. After construction, the actuators were
released by removing the sacrificial PSG layer in a bath
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of buffered hydrofluoric acid (BHF). The wafer was rinsed 20.0
repeatedly with DI water for 30 minutes after the BHF ] L=240um
was completed and it was then immersed in isopropanol ] b\fi%%oum W,=3um
for 10 minutes. Finally, it was dried in a standard spin ] WeT ledm
dryer. Figure 5 is an SEM micrograph of the actuator. A
built-in scale next to the actuator tip is used to measure
the actuator deflection. A single beam adjacent to the
actuator is used to measure the resistivity of polysilicon
and its temperature coefficient to avoid inaccuracy of the
resistance of the actuator due to dimples inside the cold
arm. Basic electrothermal characteristics have been studied
by comparing theoretical and experimental/ curves in an
airenvironment. Figure 6 shows measurement resulisof
curves for the single beam of polysilicon. In figurel§, W
andh stand for the length, width and thickness of the single
beam of polysilicon, respectively. Solid lines in figure 6 are 000 20 5o 40 50 60
theoretical results according to our analytical model. It is Current(mA)
found by the best curve-fitting method that the resistivity of
polysilicon (o) is 1.1 x 10°3 © cm, and its temperature
coefficient €) is 1.3 x 10~ °C~1. Figure 7 shows the
experimental and theoreticalV curves of the actuators.
The polysilicon resistivity and its temperature coefficient 20.0
obtained for the single beam are used in equation (11)
to generate those theoretical curves. Good agreement is
observed between them except that the input currentis higher.
At higher current, deviations of theoretical results from the
experimental data may resultfrom heatloss due to the thermal
radiation in the hot arm. On the other hand, the thermal
conductivity for polysilicon and air, which is temperature
dependent, is theoretically treated here as constant. This
may also be a cause. Deflection as a function of the external
voltage was measured shown for different widths of the hot
arm. Theoretical results show that the deflection of the
actuator withw, = 3 um is a little larger than that for
w, = 4 um. However, the experimental results may not
distinguishw, = 3 um fromw, = 4 um. Figure 8 shows 00
the deflection as a function of the input current. It can be T00 10 20 30 40 50 60
seen from this figure that the deflection of the actuator for V(volts)
w, = 3 um is larger than that fow, = 4 um at the ] ) ) )
same input current. The reason is that the deflection of the F1gure 9. Deflection of the actuator tip as a function of the

. voltage for different lengths of the cold arm. Solid lines represent
actuator depends on the net thermal expansion of the hoty . theoretical results.
arm, cold arm and flexure as well as the flexural rigidity of

the arms. The current density of the hot armidgr= 3 xm Their relationships have been developed in the above. Such
is higher than that fow;, = 4 «m at the same input current.  rg|ationships operate well except at high input power. In
Deflection as a function of the external voltage is shown in genera), it is desired to design a polysilicon thermal actuator
figure 9 for different lengths of the cold arm. It is clear it |arge deflection. Hence, deflection as a function of
that the longer the cold arm, the bigger the deflection of the yeometry is studied here based on the above analytical model.
actuator at the same voltage. Itwill be later discussed that the,, figure 10, deflection as a function of the length ratio of
situation is not always like this. The deflection as a function he cold arm to the hot one is plotted for different widths
of the external voltage for different gaps was measured 10 of the cold arm at an input current of 5 mA. It can be
show that at the same voltage the smaller gap enabled theseen that the length ratio has a significant influence on the
actuator to deflect more if the radiation from the hot arm to actyator deflection. The net thermal expansion responsible
the cold oneis nothigh (e.g. atlowinput power). Comparison for the deflection of the actuator increases with length ratio,
of theoretical results with experimental data shows a good whjle the contribution of the flexural rigidity of the cold arm

o
o
1

10.0

Deflection(um)

o
o

PO ST VO N S 0 OO S 0 0 T S B B W 1

Figure 8. Deflection of the actuator tip as a function of the input
current for different widths of the hot arm. Solid lines represent
the theoretical results.

L=240um
Le=180um

15.0

Deflection(um)
o 3
o (o)
T O YO O U OO O N T NN 0T O 0 0 U T A O X O S Y O W B O

agreement between them except at high input current. to the bending of both the cold arm and the flexure also
increases with length ratio. As a result, there is a maximum
4. Discussion in deflection. It is obvious that no deflection occurs when

L. = 0, due to no net expansion. At the same ratio of
The performance of a polysilicon thermal actuator is related cold arm to hot arm, the wider the cold arm, the larger the
to process parameters and geometry as well as input powerdeflection, as the average temperature for a wider cold arm is
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Figure 10. Deflection as a function of the length ratio of the cold  Figyre 11. Deflection as a function of the gap for different widths
arm to the hot one for different widths of the cold. of the hot arm.

lower than that for a narrower one at the same input current. thermal actuators have been measured and compared with the
In figure 11, deflection as a function of the gap between the resyits of the theoretical model. Good agreement has been
hotand cold arms is shown for different widths of the hotarm. achjeved. The theoretical model presented would therefore

As shown in this figure, deflection of the actuator decreasesfing applications in the design and optimization of polysilicon
with increasing the gap. It is therefore desired to narrow thermal flexure actuators.

the gap in a process to achieve larger deflections. As shown
in figure 3, however, heat radiation from the hot arm to the

cold one becomes significant for a narrower gap, meaning
that the temperature of the cold arm will be elevated and thus
the deflection reduced. For the same gap, deflection of the
actuator decreases with increasing the width of the hot arm,
due to both the current density and the flexural rigidity of the

hot arm. The deflection as a function of the hot arm length References

is estimated to show that deflection of the actuator increases [1] Riethmuller W and Benecke W 1988 Thermally excited

Acknowledgment

This research was supported in the past by the RIG grant of
Hong Kong University of Science and Technology.

obviously with the hot arm length. It @s therefore desired _to silicon microactuatortEEE Trans. Electron Device2s
design longer hot arms so as to achieve a larger deflection. 758-63

However, the tradeoff lies in that electrical resistance also [2] Guckel H, Klein J, Christen T, Skrobis K, Landon M and
increases with the length of the hot arm; so does the chance Lovell E G 1992 Thermo-magnetic metal flexure actuators

of the actuator failure due to stiction of a longer arm to the Tech. Digest IEEE Solid State Sensor and Actuator
Workshoppp 73-5

substrate during fabrication. Also, a longer hot arm is likely 3] Field L A, Burriesci D L, Robri& P R and Ruby R C 1996
to deliver less force because of bowing [5]. The deflection of Micromachined 1x 2 optical fiber switctSensors

the actuator decreases with increasing the thickness of the arm ActuatorsA 53311-5

for the same input current because of a lower input current [4] Noworolski J M, Klaassen E H, Logan J R, Peter$oE and

- - e Maluf N | 1996 Process for in-plane and out-plane single
density. Various process parameters such as resistivity also crystal silicon thermal microactuatoBensors Actuators

have effects on actuator deflection. For example, at the same A 5565-9
voltage, one may obtain a larger deflection for arms with [5] Comtois J H and BrighV M 1997 Applications for surface-
higher resistivity. micromachined polysilicon thermal actuators and arrays

Sensors Actuator& 58 19-25
[6] Pan C S and Hsu W 1997 An electro-thermally and laterally

5. Conclusion driven polysilicon microactuatal. Micromech. Microeng.
77-13

An electrothermal model for polysilicon thermal flexure [7] Fedde G K and Howe R T 1991 Thermal assembly of
actuators has been developed based on heat conduction. Heat IIC\)/IOny\”ICQn lrns'crct’snu\‘;\}“rs@rzoc- égEgE Micro Electro

- echanical System Workshpp 63—
radiation from_ the hot arm of the actuator to tht_e c_old one has [8] Lin L and Chiao M 1996 Electrothermal response of
glso been estimated. It is shown that heat radlatloq bepomes lineshape microstructur@ensors Actuatord 55 35-41
important for the operation of the actuator only at high input  [9] Carslav H S and Jaeger J C 19%®nduction of Heat in
power. Deflection of the actuator has been presented, based Solids2nd edn (London: Oxford University Press)

on an elastic analysis of structures. As a measure to verify [10] Keg”ed’ JB a’\fl‘d M\?digﬁ MK 51%92'5'35“;13 A7”3'y5i5 of
our theoretical model, actual deflections in polysilicon tructureg(New York: Harper and Row) ch. 7,

70



