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Muscle-Inspired Serially-Connected Digital Actuators for
Low-Voltage, Wide-Range, High-Precision Displacement Control

Jae Yong Lee, Won Chul Lee and Young-Ho Cho
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Abstract

This paper presents muscle-inspired serial digital actuators, achieving the improvement of the range-to-
precision and range-to-voltage performance. We propose a weight-balanced design for the serial actuators
with serpentine springs using serial arrangement of digital actuators. 'We have measured the displacement
range, precision, and drive voltage at unit and serial actuation of 1Hz. The serial digital actuators produce a
full range displacement of 28.44+0.02um, accumulating the unit displacement of 2.8+0.5um at the operating
voltage of 4.47+0.07V. In addition, the serial digital actuators having the displacement precision of
37.94+6.26nm do not accumulate the precision of the unit actuators, 36.0+17.7nm. We experimentally verify

that the serial digital actuators achieve the range-to-squared-voltage ratio of 1.423um/V> and the range-to-
precision ratio of 749.6.
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Fig. 1 Performance of the present
electrostatic actuators

and previous

Digital Stroke

Wide-range &

High-precision
Actuation
Digital Stroke

"&?’rrr: Do

Fig. 2 Structure and principle of the biological muscle
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Fig. 3 Simplified model of the serial digital actuators
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Fig. 4 Schematic view of the serial digital actuators
illustrating weight-balanced structures and low-
stiffness serpentine springs
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Table 1 Measured dimension of the unit digital actuators*

Paralle] — Glap (A 4.55+0.85 pm
electrode nit displacement () | 3.05£0.60 pum
Length (Leleclrode) 79545 pm
Stiffness (k) 0.46 N/m
Meander dimensions 6+0.5um>
. (L Ly) 14£0.5um
Serpentine ) L
. Length in x-direction
spring 540+£5 pm
(L.ggrin )
Spring width (w) 240.5 pm
Number of meanders 90 ea

* Notations and other dimensions are shown in Fig.3 for the serial
digital actuators having an identical thickness of 80um.

Figure 4 ¢} Table 1 & 10 7} &9 Oy ¢
T2 7Ad AEaE Oxd 7E71 Tz
A BEth A gxd 7579 vy %
< A4z dZdHe HE w9E €9 o

, EHHY Adrs

T
Az

Ag 7579 1 oolEdT 2w
Al B3 4L e} go] Fojzi)
N-1
A=Y A+Ay 1
i=1
A7 N & O 75719 A% 9w 6
9 @9 7E79 99, Ay NuA OxE gy
TEZY WA grFnt. 7 w9l gA" 7

71e AHER] 2Zyog AAY AZo| 7)AH
ZEF(stopper)oll 23] 3um ¢ GHTE HYE
AL o)F e @ &Y gAY o)
A=el Aestd, 2+ g9 FEo] ey oz w3
Hol 8HA At Y gx" $E/E AR
A FYF 75719 pullin EH0 s FEH

™, pull-in 92| d/3 (Fig. HNA TE7]2] FA4
F.= a3t o] gdH.
F. zggOLEIectrzodet v @)
8 4,

A7IM g2 F71Y FAE, 1= FEEY T, ¥
v TEAY, 4w BAY AT 2, Lacrose ©
ol A= ZHolg on&th  Pull-in YA R}
T DACdB)ANA AAE F, v 22y o9 =
9Y F 20 AAA H9 o] #AE FH08 ®
date te 2o

A3

THEA AEAE A" 757 3

Bulk silicon (40 pm)
Thermal oxide (2 pm)

Silicon substrate (500 pm)
(a) Starting wafer

I S A S —

(b) Deep RIE
NS B O S—
(c) Release

Evaporated Cr/Au (200A/20004)

(d) Ct/Au Evaporation

Fig. 5 Single mask fabrication process of the serial
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Table 2 The estimated and measured performance of the

unit digital actuators
Estimated Measured
values values
Minimum
operating 50V 4.25+0.08 V
voltage
Unlt *
+0. 810,
displacement 3.05+0.60 pm 2.840.5 pm
Precision ~40 nm" 36.0£17.7nm”

* The estimated unit displacement is obtained from the
measured dimensions(Table 1) and Eq.(1).
** The estimated precision is calculated by the side wall
roughness of the stoppers in the order of £30nm®.
*** The measured precision indicates the doubled standard
deviation (20) of the output displacements measured from
10 repeated actuations.
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Fig. 6 SEM photographs of the fabricated devices: (a)
an overall structure; (b) the serpentine springs,
shown in section A of Fig.6(a)
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Fig. 7 Output displacement measurement: (a) experimental
apparatus; (b) displacement output signal
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Table 3 The estimated and measured performance of the
serial digital actuators

i d
Estimate Measured values
values
Minimum operating 50V 4474007V
voltage
Displacement range | 30.5£0.5 um’ 28.44+0.02 pm
Precision ~40 nm" 37.94£6.26 nm™
Displacement range / 2 2
. 202 1.42
(drive voltage)* 1.202 pm/V 3 pm/V
Dlsplacem‘er.lt range / 762.5 7496
precision

*The estimated unit displacement is obtained from the
measured dimensions(Table 1) and Eq.(1).

**The estimated precision is calculated by the side wall
roughness of the stoppers in the order of £30nm®.

***The measured precision indicates the doubled standard
deviation (20) of the output displacements measured from 10
repeated actuations.
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Fig. 8 Output displacement depending on the number of
active unit actuators
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Fig. 9 Precision depending on the number of active unit
actuators
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