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Abstract—Reported presently are two design approaches to
improve the performance of an electrothermal in-plane microactuator with “chevron” beams. One incorporates beams with uniform
cross sections but nonuniform lengths or tilt angles to accommodate the thermally induced expansion of the “shuttle”; the other
incorporates beams with nonuniform cross sections to widen the
high-temperature “expansion” zones. It is derived analytically,
verified using finite-element simulations, and tested by microfabricating actuators occupying a constrained device area that
the incorporation of one or the other proposed features leads
to an improved performance figure-of-merit, defined to be the
product of the actuation displacement and force. An increase in
the figure-of-merit by up to 65% per beam has been measured.
[2011-0186]
Index Terms—Electrothermal microactuators, in-plane chevron
microactuators, microelectromechanical systems (MEMS),
optimization.

I. I NTRODUCTION

P

IEZOELECTRIC [1], magnetostatic [2], electrostatic [3],
[4], and electrothermal [5]–[8] are popular drive mechanisms implemented in microactuators. Piezoelectric material is
typically not process compatible with silicon. Electrothermal
actuators, unlike magnetostatic and electrostatic actuators, can
generate larger force and displacement—although they are relatively slower.
Unlike an asymmetric bent-beam electrothermal actuator
[5], [6] employing Joule’s heating, a “chevron” electrothermal
actuator (see Fig. 1) provides not only a scalable force through
the inclusion of multiple chevron “actuation” beams but also
a displacement that is confined ideally in one dimension [8].
Chevron actuators have been incorporated in a number of
microelectromechanical systems, such as tunable diffraction
gratings [9], gear motors [10], [11], and microtweezers [12].
However, the performance of a conventional chevron actuator
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Fig. 1. Schematic drawing of a conventional chevron actuator, showing the
deformation of the beams induced by Joule’s heating.

is limited by a high-temperature “expansion” zone that is
narrowly confined near the center of a given chevron beam
(hereafter simply designated as “beam”) and degraded by the
thermal expansion of a relatively long “shuttle” that connects
the apexes of the beams. Reported presently are two design
approaches to improve the performance of such an actuator.
One incorporates beams with nonuniform lengths L and tilt
angles θ to accommodate the thermally induced expansion of
the shuttle; the other incorporates beams with nonuniform cross
sections to widen the expansion zones.
Consider again the actuator shown in Fig. 1. Each beam is
mechanically fixed at its two ends to the “anchors” that not only
provide rigid mechanical support but also function as heat sinks
and electrical contacts. When a voltage Va is applied across a
beam, an electric current I is induced, and heat is generated
because of the finite resistivity ρ of the beam. The apex at
the center of the beam is raised to a temperature ΔTM above
that (To ) of the anchors and moves “up” by Δy (the actuation
displacement) as a result of the thermally induced expansion
ΔL of the beam. The shuttle links the apexes and aggregates
the actuation force of the multiple beams, resulting in a total
actuation force F (pulling in the present case) manifested at its
“bottom end.”
Although there are other metrics that account for dynamic
response such as frequency [13], the performance of an actuator
is presently quantified by a figure-of-merit η ≡ Δyo Fo , where
Δyo ≡ Δy|F =0 is the displacement at zero loading (i.e., the
“unloaded” displacement) and Fo ≡ F |Δy=0 is the actuation
force at zero displacement. This η is a suitable metric for
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applications requiring both finite displacement and finite force.
Naturally, a “better” design is one that leads to a larger η.
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TABLE I
G EOMETRIC PARAMETERS OF THE B EAMS FOR A S TAIRCASE ACTUATOR

II. D ESIGN O NE : B EAMS W ITH U NIFORM C ROSS
S ECTIONS B UT N ONUNIFORM L ENGTHS OR T ILT A NGLES
The I-induced heat-generation rate per unit volume G is
constant along a beam with a uniform cross section and a
constant ρ. Assuming that the removal of the generated heat by
radiation and convection is negligible compared to conduction,
one obtains a temperature distribution T (z) approximately governed by G ≈ −k(d2 T (z)/dz 2 ), a 1-D heat-transfer equation
with z and k denoting respectively the distance along the
length and the thermal conductivity of the beam. With the heat
sinks located at z = 0 and z = L, and T (0) = T (L) = To , a
“parabolic” temperature distribution can be derived as T (z) ≈
4ΔTM [−(z/L)2 + z/L] + To . For a beam with a thermal expansion coefficient of α, ΔL at F = 0 can be estimated
L
[T (z) − To ] dz ≈

ΔL = α

2
αLΔTM .
3

(1)

0

Assuming a rigid-body beam [7] but ignoring the elastic
restoring force at the apex where the beam joins the shuttle,
one derives ΔL ≈ 2θΔyo for a small tilt angle θ such that
sin θ ≈ θ. Combining this with (1), one obtains
 
αΔTM L
ΔL
Δyo ≈
≈
.
(2)
2θ
3
θ
Collected inside the bracket on the right-hand side of (2) are the
terms representing the geometric parameters of the beam.
The shuttle is also heated to a temperature approaching
ΔTM + To by the heat generated at the apexes of the beams;
hence, it thermally expands. For a Beam j with an apex separated from that of the “reference” Beam 1 by Sj , an additional
displacement of ΔSj ≈ Sj αΔTM needs to be added to the displacement of its apex to accommodate the thermally expanded
shuttle. Any ΔSj = 0, if not properly accounted for, reduces
the overall η of the actuator. The more the number of beams,
the longer is the shuttle and the greater the potential reduction
in η.
To fully accommodate the effects of ΔSj on η, one needs to
adjust the length Lj and the tilt angle θj of Beam j such that (2)
is satisfied for each beam
 
αΔTM Lj
.
(3)
Δyoj ≈
3
θj
Since Δyoj = Δyo1 + ΔSj ≈ Δyo1 + Sj αΔTM , one obtains
using (3)
Lj
L1
≈
+ 3Sj
θj
θ1

(4)

where Δyoj and Δyo1 are the respective unloaded displacement
of Beams j and 1; L1 and θ1 are the respective length and tilt
angle of Beam 1. Note that these design constraints are independent of Va , the beam temperature, or the material constants.

Fig. 2. Layouts and the simulated Δy at Va = 4.8 V of (a) a conventional
and (b) a staircase actuator with L and θ listed in Table I. The color contour
reflects the magnitude of Δy. Note the nonuniform Δy in (b), resulting from
the thermally induced expansion of the shuttle.

Fig. 3. Simulated dependence of η on (a) ΔTM and (b) Va for both the
conventional and the staircase chevron actuators. The L and θ of the staircase
actuator are listed in Table I.

Since the beams within a short stretch of the shuttle exhibit a
small variation in ΔSj , they can be grouped to share the same
L and θ. Given in Table I is an example of a “staircase” actuator
with 49 beams divided into five groups. The respective layouts
of a conventional and a staircase actuator are shown in Fig. 2(a)
and (b). The respective “fixed” L and θ for the former are
340 μm and 3.18◦ .
Simulations were performed with F and Δy measured at
the “point-of-engagement” Pe (see Fig. 2) of the shuttle. The
simulated dependence of η on ΔTM (up to a value just below
the melting point of silicon at ∼1687 K) and the corresponding
Va are respectively shown in Fig. 3(a) and (b). When compared
at a given ΔTM or Va , the simulated η of a staircase actuator is
∼10% larger than that of the conventional design.
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III. D ESIGN T WO : B EAMS W ITH N ONUNIFORM C ROSS
S ECTIONS FOR I MPROVED T EMPERATURE D ISTRIBUTION
The parabolic temperature distribution induced by the Joule’s
heating of a beam with a uniform width exhibits a relatively
sharp peak at the apex of the beam, leaving a significant portion
of the beam at a lower temperature that contributes little to
the “actuation process.” This “waste” could be recovered if
the temperature T (z) along a beam were distributed more
like a rectangular “box” than a parabola such that the hightemperature zone would extend over a longer stretch of the
beam. Proposed in (5) is an analytical model approximating a
box profile. In principle, such a distribution can be constructed
as the product of two generic step functions. In the present
case, the step function chosen is modeled after the familiar
Fermi–Dirac distribution function, with β parameterizing the
“steepness” of the transitions

2
L
1 + e− 2β
T (z) = ΔTM
L
1 − e− 2β
⎡
×⎣

⎤

2 1 + e− β

L

1 + e− β
z

1+e

− 1⎦ + To . (5)

z−L
β

Assuming that heat removal is dominated by conduction, one derives the steady-state heat-generation rate G(z) ≈
−k(d2 T (z)/dz 2 ) using the T (z) given in (5). Since this is
due to Joule’s heating, the current density J(z) is given by
J(z) = G(z)/ρ



L
− 2β
L
1 2kΔTM
1
+
e
1 + e− β
J(z) ≈
L
β
ρ
1 − e− 2β


z−L
z
L
 e− βz + e z−L
β
1 − e− β
1 − e β + 8e− β

×
. (6)
3
3

z−L
z
1 + e− β
1+e β
The resulting T (z) and J(z) are plotted in Fig. 4. An ideally
flat temperature profile implies a vanishingly small J(z) such
that G(z) approaches zero and Joule’s heating is nearly shut
down. This is the case when β is small and the temperature
gradient is steep, as shown in Fig. 4(a). In practice, I is finite,
and J(z) cannot be arbitrarily small; hence, the transition
cannot be arbitrarily sharp. This more realistic case is shown in
Fig. 4(b).
Since I = tW (z)J(z), where t and W (z) are the respective
thickness and the variable width of a beam, W (z) can be
determined once J(z) is known


L

ρ
1 − e− 2β
Iβ
W (z) =
L
L
t
1 + e− 2β
2kΔT
1 + e− β
M





×


1 + e− β
z

e− β + e
z

z−L
β

3

1+e

1 − e− β
z

Fig. 4. (a) T (z) and J(z) with sharp (β = 10 μm and L = 400 μm)
transition. Note that J is almost zero near the center for the beam. (b) More
realistic T (z) and J(z), with β = 36 μm and L = 400 μm.

z−L
β

1−e

3
z−L
β

+ 8e− β

L

. (7)

Fig. 5. Variation of W (z) along a half beam for β = 30, 36, and 45 μm. The
beam is anchored at z = 0 μm and connects to the shuttle at z = 200 μm. The
positions indicated by the dots are used to construct a polygonal representation
of the beam used for layout and in the simulations.

The “neck” of the beam, defined to be the part of the beam with
the narrowest width Wmin , is located at zo from the anchor
 
√
L
1
zo = β ln
(2 − 3) 1 + e β
2


√
√
2L
L
β
β
. (8)
− (7 − 4 3) 1 + e
− 2(4 3 − 5)e
The choice of Wmin is constrained by both the mechanical
strength required of the beam and the resolution of the photolithography. It cannot be made arbitrarily small and is chosen
to be 4 μm in the present implementation. The half-beam
profiles for three different values of β are shown in Fig. 5.
For ease of layout, the analytical profile of (7) is approximated
using a polygonal profile, with the vertices defined by the points
indicated in the figure.
The T (z)’s in the beams with uniform and nonuniform
widths were simulated and compared in Fig. 6. At the necks
near the anchors of a beam with a nonuniform width, both
J(z) and G(z) are the highest. In the wider region between the
“necks,” both J(z) and G(z) are reduced. Consequently, the
temperature rise is suppressed, and a flatter T (z) is obtained.
Therefore, a larger portion of the beam can be utilized for
thermal actuation. Shown in Fig. 7 are the T (z)’s of actuators,
each containing a pair of beams with uniform or nonuniform
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Fig. 6. Dependence of T (z) on z for a modified beam with β = 30, 36, or
45 μm and biased at a Va such that ΔTM + To is 1300 K. The T (z) of a beam
with a W is also shown for comparison.

Fig. 7. Simulated T (z) along the beams (L = 400 μm) with (a) uniform
and (b) nonuniform widths. The width of the uniform beam in (a) is 4 μm, and
β = 36 μm for the nonuniform beam in (b). Va is biased such that ΔTM + To
is 1300 K.

widths. The beams are separated by 20 μm, with a tilt angle
of 10◦ . Clearly, the “red” high-temperature zones extend over
longer stretches [see Fig. 7(b)] of the beams with nonuniform
cross sections.
The corresponding ΔL at Fo = 0 is estimated using (1)

2
L
1 + e− 2β
ΔL ≈ αΔTM
L
1 − e− 2β
 
 


L
L
1 + e− β
1 + eβ
× 4β
ln
− L . (9)
L
L
1 − e− β
2e 2β
Shown in Fig. 8 is the dependence of ΔL on ΔTM , for beams
with uniform and nonuniform widths. Because of their wider
high-temperature zones, the simulated ΔL’s for beams with
nonuniform widths are 12.3% (for β = 30 μm) and 8.6% (for
β = 36 μm) larger than that of the corresponding beams with
uniform widths. The small deviations between the simulated
and the analytically calculated T (z) and ΔL, shown respectively in Figs. 6 and 8, are due to the nonideal polygonal shapes
used in the simulations.
The simulated dependences of η on ΔTM or Va for a number
of designs are compared in Fig. 9. The simulated η is clearly
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Fig. 8. Dependence of ΔL at F = 0 on ΔTM of various beams (L =
400 μm) along the beam length.

larger for beams with nonuniform cross sections. The smaller
the β is, the greater the η is at the same ΔTM or Va . The trend
follows that displayed in Fig. 8, showing the effectiveness of
a widened high-temperature expansion zone of a beam with a
nonuniform width. Above 1550 K, the η of an actuator with
beams of uniform widths saturates because the beams buckle
and cannot generate more F even if Va is further increased [8].
This is also evident in Fig. 9(b). In this situation, the rigid body
beam model may not be applicable. Below 1550 K, the η of
the actuators with nonuniform beamwidths for β = 30, 36, and
45 μm are, respectively, 118%, 65%, and 40% larger than that
of an actuator with uniform beamwidths of 4 μm.
The η of an actuator can be approximately analyzed by
starting with the expression for Fo ≈ 2N FL sin θ ≈ 2N FL θ
 /L)ΔL/2
along the direction of the shuttle, where FL ≈ (EtW
is the axial force exerted at the shuttle by a half beam shown
 or W
in Fig. 1. E is the Young’s modulus of the beam; W
is the respective weighted or the actual width of a beam with
nonuniform or uniform widths. Using (2), one calculates η =
 ΔL2 . The ratio of ηn of an actuator
Δyo Fo ≈ (N E/2L)tW
containing Nn beams with nonuniform widths to ηu of an
actuator containing Nu beams with uniform widths is
  ΔLn 2
ηn
Nn W
≈
.
(10)
ηu
Nu W ΔLu
Therefore, when Nn = Nu , both ΔLn > ΔLu (see Fig. 8) and
 > W contribute to making ηn > ηu .
W
Compared to the improvement in η, the improvement in
Δyo of the actuators with beams with nonuniform widths over
that of an actuator with beams with a uniform W = 4 μm is
relatively small [see Fig. 10(a)]: ∼3.9% (for β = 30 μm) or
∼3.2% (for β = 36 μm). This is because, in the former case, the
widths of the beams near the shuttle are larger, hence also the
resulting elastic force against deformation. The improvement
in Fo [see Fig. 10(b)], at ∼114% (for β = 30 μm) and ∼62%
(for β = 36 μm), contributes more to the improvement in η. If
a design calls for a larger Δyo , then perhaps the inclusion of
a lever system to amplify displacement is a possible solution
while sacrificing a fraction of Fo .
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Fig. 9. Dependence of the simulated η on (a) ΔTM and (b) Va for chevron actuators of L = 400 μm with various β.

Fig. 10. Dependence of simulated (a) Δyo and (b) Fo on ΔTM of chevron actuators of L = 400 μm with various β.

IV. S TRESS D ISTRIBUTION AND THE
E FFECT OF U NDERCUT
Shown in Fig. 11(a)–(c) are the distributions of the von Mises
stress in the designs investigated in the present work. It can be
noted and shown in Fig. 11(d) and (e) that the stress is mostly
concentrated around the lever system rather than at the locations
where the beams connect to the shuttle or the anchors. This is
consistent with the assumption used in the derivation of (2) that
the elastic restoring force at the apex, where the beam joins the
shuttle, is small.
An undercut of ∼20 μm was created around the periphery
of the anchors during the structural release, and its effects on
the mechanical boundary condition are simulated. Shown in
Fig. 12(c) and (d) are the displacements at the location where
the beams are attached to the anchor with an undercut of 20 μm.
The displacement of less than 0.25 μm is much smaller than the
practical resolution of measurement of the actuators.
V. FABRICATION AND M EASUREMENT R ESULTS
A variety of chevron actuators were fabricated on siliconon-insulator wafers with 15-μm-thick silicon structural layers
and 2-μm-thick buried-oxide sacrificial layers. The device layer

was heavily doped with ∼1020 cm−3 phosphorus. Since this
is significantly higher than the intrinsic carrier concentration
of ∼5 × 1019 cm−3 near the melting point of silicon, the
beams remain “extrinsic” under all practical bias conditions.
The structure is formed employing typical photolithography,
dry etching, and metal liftoff processes.
The final release was performed in a buffered oxide-etchant
solution. The estimated undercut of the buried-oxide sacrificial
layer is 16 μm on each side. This is significantly less than the
100-μm side length of an anchor and should not adversely affect
the assumption of a rigid mechanical boundary at the anchor.
The specifications of the designs are as follows: Δyo ≥
10 μm at Pe and device area ≤ 500 × 500 μm2 . For the design
of the 49-beam staircase actuator described in Section II, the
maximum displacement is about 8 μm, thus requiring the incorporation of a lever structure with a displacement amplification
of ∼1.3. The levers are visible at the bottom of the pictures
shown in Fig. 13(a) and (b).
For the design of an actuator with nonuniform beamwidths,
since the overall η is significantly improved as discussed in
Section III, fewer beams need to be incorporated, as shown
in Fig. 14. With a shorter shuttle resulting from the fewer
beams, the detrimental effects of the shuttle expansion can be
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Fig. 13. Fabricated (a) unloaded and (b) spring-loaded staircase actuators,
with L and θ specified in Table I.

Fig. 11. Simulated von Mises stress of (a) a staircase actuator and a doublechevron actuator with (b) nonuniform (β = 36 μm) and (c) uniform widths
biased at Va = 4.8 V. The stress along the beams of structures (b) and (c) are
shown in (d) and (e), respectively.

Fig. 14. Schematic drawing of a double-chevron actuator, showing the deformation induced by Joule’s heating.

Fig. 12. Displacement of a double-chevron actuator with beams of (a) nonuniform (β = 36 μm) and (b) uniform widths with zero undercut. (a) and (b)
are zoomed to the location where the beams are attached to the anchors as in
Fig. 11(b) and (c), respectively. (c) and (d) are the same structure of (a) and (b),
respectively, with a 20-μm undercut. All are set at Va = 4.8 V, arranged for
the maximum actuation force at zero displacement of Pe .

neglected. The shuttles of the two chevron actuators on each
side are connected to a lever. The tilt angles of the shuttles
can be adjusted to trade off part of Fo for a larger Δyo . It can
be shown that Δyo ≈ ΔL/(2θ1 θ2 ) for this “double-chevron”
actuator. This type of actuators has been introduced in [14]
and [15], and the modeling of this structure has been discussed
in [16].
The fabricated double-chevron actuators using beams with
uniform widths of 4 μm and nonuniform widths with β =

Fig. 15. Fabricated double-chevron actuators with (a) uniform beamwidths
of 4 μm and (b) nonuniform beamwidths with β = 36 μm and L = 400 μm.
(c) Zoomed view of the dotted circle in (b), showing displacement Δyo of the
needle on the lever read against an integrated scale, with a resolution of 2 μm.
Shown in (d) and (e) are the actuators for measuring F using a standard spring.
(f) Zoomed view of the dotted circle in (e), showing Δy at Pe read against an
integrated scale, with a resolution of 2 μm.

36 μm and Wmin = 4 μm are shown in Fig. 15. The same tilt
angles of θ1 = 10◦ and θ2 = 11.5◦ , shuttle length of 80 μm,
and beam length of L = 400 μm are used for both types of
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It is apparent that the double-chevron actuator with uniform
beamwidths becomes saturated at a lower value of η, compared
to that with nonuniform beamwidths. Such early saturation is
also consistent with the simulation shown in Figs. 9(a) and (b)
and 10(b). This is because the former exhibits a more gradual
temperature transition than in regions around the necks of the
latter and the resulting lower heat conduction flux leads to
a higher maximum temperature ΔTM + To in a beam with
a uniform width. The ΔTM + To for a beam with a nonuniL
form width can be calculated using Va = (Iρ/t) (dz/W (z))
0

and (7)
ΔTM = ξ

Va2
8kρ

(11)

where
Fig. 16. Measured modified η versus Va . Shown in the inset is the measured
modified η versus input power.

actuators. Levers with an amplification factor (1/θ2 ≈ 5) are
incorporated to realize a Δyo of ∼ 10 μm. Consistent with the
temperature distribution shown in Fig. 6, a significantly wider
“glow” (i.e., high-temperature) zone is indeed verified on the
actuator with nonuniform beamwidths.
The Δyo of the actuators was measured by “sweeping” Va
across the anchors. When the lever actuates, a needle at its end
“reads” the displacement against a scale that has been fabricated
simultaneously with the device, as shown in Fig. 15(c). To
estimate F , their Pe ’s are attached to a “standard” spring as
shown in Figs. 13(b) and 15(d) and (e). The distortion of the
springs largely follows Hooke’s law such that F is linearly
converted to a displacement at Pe , as shown in Fig. 15(f). Since
the force is not directly measured, the measured η is represented
as a product of the unloaded Δyo and the displacement of Pe
loaded with a spring.
The measured η of various actuators is shown in Fig. 16.
At a given Va , the staircase actuator with 49 beams draws
more I than the double-chevron actuator that uses a fewer
number of beams. The melting of silicon ultimately bounds
the maximum value of η and causes it to “saturate.” Prior to
saturation, the η at a given Va of a double-chevron actuator with
a uniform beamwidth is about the same as that of the actuator
with nonuniform beamwidths. This lack of an improvement in
η is apparently inconsistent with the analytical prediction given
earlier. This is because there are more beams (Nu = 16) in
the actuator with uniform beam cross sections than there are
beams (Nn = 10) in the actuator with nonuniform beam cross
sections. When this difference is taken into account, it can be
deduced that the η of the actuator with nonuniform beamwidth
(β = 36 μm) is ∼65% per beam larger than that of the actuator
with a uniform beamwidth of 4 μm. Such measured results of
the double-chevron actuators are consistent with the simulation
data, with the simulation stopped at the largest Va before the
melting point of silicon. The small discrepancy may include
the ignored finite contact resistance between the probe and
the metal on the anchor and the linewidth loss due to process
variation.

ξ≡
⎡
L ⎢
1+e− β ⎣

− L
1+e 2β
− L
1−e 2β

4


L
x− L
−x
β
β
 e +e

0

x− L
β

(1−e−x) 1−e

x− L
β

(1+e−x )3 · 1+e

3

−L
β

+8e

⎤2
⎥
dx⎦ .

Since ΔTM = Va2 /8kρ for a beam with a uniform cross
section, ξ < 1. It can be calculated for L = 400 μm that ξ ∼
0.77 for β = 30 μm, ∼0.82 for β = 36 μm, and ∼0.92 for β =
45 μm. Consequently, ΔTM at a given Va for an actuator with
uniform beams is generally larger than that with nonuniform
beams; thus, a higher bound can be achieved for the η of
the latter. In other words, beams with nonuniform widths are
applicable to situations where a larger range of η is needed.
VI. C ONCLUSION
Two design approaches to improve the performance of a
chevron electrothermal in-plane actuator have been proposed.
Their effectiveness is estimated analytically, verified using simulation, and demonstrated experimentally. Modification of the
beam length and the tilt angle for an actuator of 49 beams
exhibits an ∼10% improvement in the performance figure-ofmerit, defined to be the product of the actuation displacement
and force, compared with that of the conventional structure.
Furthermore, incorporating nonuniform beamwidth to produce
a box-like high-temperature profile enhances the figure-ofmerit by ∼65% for β of 36 μm and L of 400 μm.
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