Development of a Millimeter-Stroke Electrothermal Kirigami MEMS Actuator
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This paper presents a millimeter-stroke electrothermal kirigami MEMS actuator with low driving
power for endoscopic applications. Kirigami, a traditional Japanese art of paper cutting and folding, is
a promising approach for engineering out-of-plane film structures. Based on the concept of a thermal
bimorph kirigami film being folded by the thermal expansion difference, the proposed MEMS actuator
is electrothermally transformed into an out-of-plane step structure. Two types of kirigami actuators,
multistep and single-step actuator, were successfully fabricated by MEMS processes. The single step
actuator with 2 mm film diameter provided a 0.2 mm vertical displacement at 131 mW, and the

multistep actuator with 4 mm film diameter achieved a larger 1.1 mm actuation at only 128 mW.
[Keywords: Coefficient of thermal expansion, Electrothermal MEMS actuator, Film bimorph, Kirigami]
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Fig. 1 Actuation principle of thermal bimorph.

Table 1 Properties of popular MEMS materials [12-17].
theggZIf f;i;:;;(fm Young's Yield stress
[ppm/K] modulus [GPa] [MPa]

Al 23.6 70 0.2
Cu 16.9 120 0.3
NiCr 13.6 220 22
Cr 5.0 140 0.2
w 4.5 410 0.6
SiN 33 310 5.8
Si 2.5 179 1.1
SiO, 0.4 70 0.8
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Fig. 2 Design of multistep kirigami MEMS actuator: (a)

frontside view, (b) backside view.
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Fig. 3 Design of single step kirigami MEMS actuator: (a)

frontside view, (b) backside view.
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Fig. 4 FEM simulation of kirigami out-of-plane actuation:

(a) multistep structure, (b) single step structure.
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Table 2 Thermal properties used in FEM simulation.
Coefficient of Thermal

thermal expansion  conductivity S[? /e(gﬁ? 111(6)??
[ppr/K] [W/(m - K)] £
SiN 33 1.7 170
NiCr 13.6 11.3 460
w 4.5 174 132
Si 2.5 148 712
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Fig. 6 Fabricated kirigami MEMS actuator: Microscopic
images of multistep (a) and single step actuator (b), SEM
images of bimorph 1 of multistep actuator (c) and bimorph
of single step actuator (d).
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Fig. 7 DC temperature response of bimorphs at each step.
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Fig. 8 AC temperature response of bimorphs at each step.
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Fig. 9 Demonstrated multistep kirigami actuation

stimulated by external heating with different temperatures.

Mulstep ON (128 mW)

actuator

1.0 mm

Fig. 10 Electrothermal multistep actuation captured by a
CCD camera when the power is off and at 128 mW.
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Fig. 12 AC mechanical response of single step and

multistep actuator.
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NOMENCLATURE

Cp; : thermal capacity of bimorph i, J-K"!

h, :convective heat transfer coefficient of air,
W-m?2-K!

fei  :thermal cutoff frequency of bimorph i, Hz

lp; :length of bimorph i, m

Ry; :thermal resistance of bimorph i, K-W-!

Sp;  : surface area of bimorph 7, m?

AT : temperature change of bimorph, K

t, :bimorph thickness, m

a  :coefficient of thermal expansion, K!

B :actuation coefficient related to thickness and biaxial
Young’s modulus ratios of two materials

0, :arc angles change by temperature change, rad

op; - thermal conductance due to conductive heat
transfer from bimorph i to ambience area, W-K!
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