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Control of Shape Memory Alloy Actuator via Electrostatic Capacitive
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Abstract— Shape memory alloy (SMA) has superior actuation
capability over the limit of the scale. However, inherently low
controllability is a primary issue that hinders practical usage.
To address this challenge, this paper presents an SMA-based
artificial muscle actuator capable of the displacement sensing
through the capacitive sensor. To realize sensing capability,
the theoretical model-based design and fabrication process are
proposed. Here, we show that the actuator can be controlled at
intervals of 100 um as well as maintaining sensing capability
while lifting 90 times heavier than its weight. To exhibit the
usefulness of the actuator to an optical device, we integrate
the actuator into the mirror tilting device, which has 20
degrees tilting angle. We expect that the proposed actuator can
overcome the scale limit of meso-scale devices, which require
payload capacity and controllability, simultaneously.

I. INTRODUCTION

An artificial muscle actuator has been consistently devel-
oped to overcome engineering limits over the past decade.
These actuators can reduce the complexity of the mechanical
system by utilizing characteristics such as compliance, a
high power-to-weight ratio, a high force-to-weight ratio, and
deforming their shape by external stimuli [1]. Through these
advantages, artificial muscle actuators enable a substitute for
conventional actuators (e.g., electric motor and hydraulic ac-
tuator) in specific applications including bio-inspired robots,
soft robots, medical devices, and wearable devices [2]-[7].
The high power-to-weight ratio of artificial muscle actuators
is a favorable characteristic that can decrease the scale of
systems or devices [1]. Shape memory alloy (SMA) [7],
dielectric elastomer (DE) [8], and piezoelectric transducer
(PZT) [9] are representative materials to be exploited as the
actuator. Unlike other types of artificial muscle actuators,
SMA has a high force-to-weight ratio beyond the limitation
of scale despite comparatively low actuation frequency. The
core of this work is to improve controllability for a practical
application, which can be hardly achieved by an SMA-based
artificial muscle actuator while retaining its high force-to-
weight ratio.

The SMA has been widely employed for decades in
aerospace [10], automotive [11], robotic [1], and biomedical
[12] applications due to its material property such as the
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Fig. 1. Proposed actuator and device. (a) SMA-based artificial muscle
actuator with integrated capacitive sensor and top view schematic diagram.
(b) Control of the actuator through position sensing while lifting 20 g
payload. (c¢) 1-DoF mirror tilting device with the rotational state. (d)
Closeup image of mirror tilting device, showing maximum tilting angle.
(e) Schematic diagram showing components of the mirror tilting device. (f)
Mechanism of the laser steering.

shape memory effect through phase transformation induced
by physical stimuli (e.g., thermal and mechanical), bio-
compatibility, and super-elasticity [12], [13]. Furthermore,
the SMA has one of the highest energy density (10 J/cm?)
that enable lifting 100 times heavier than its weight [12].
This suggests that the SMA can significantly reduce the
mechanical complexity and weight of the system. A low
strain of the SMA (3-5 %) is a well-known disadvantage,
but this can be addressed by forming the raw material
into a spiral shape [14] or employing a strain-amplification
mechanism with the compliant structure [7]. Additionally,
low energy efficiency is also an issue as SMA is used for the
actuator. However, the weight of the SMA wire embedded
into the actuator is sub-milligrams in this work, which means
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the absolute value of energy consumption is small.

Nevertheless, the inherent limitation of the SMA inter-
rupting usage as practical applications is low controllabil-
ity resulting from non-linearity and hysteresis caused by
temperature- and stress-induced phase transformation [13].
Theoretical modeling, control technique, and feedback sensor
have been considered to address this challenge of the SMA
actuator. For instance, the typical approach is strain estima-
tion by measuring the temperature and electric resistance of
the material itself [15]. Furthermore, measurement of SMA’s
temperature and resistance enables the feedback control of
the SMA-based actuator without an additional bulky sensor
[12]. However, these types of feedback control accompany a
limited accuracy of the control due to the thermomechanical
behavior of the SMA by phase transformation. Therefore,
independently measured physical quantity is required to
control the SMA actuator such as the optical pulse signal
of the encoder for the motor control. Here, we present
electrostatic capacitive sensing, which enables integration
into the SMA-based artificial muscle actuator.

Electrostatic capacitive sensing is a convenient method for
detecting contact or measuring the distance between objects.
It is widely used for the touch interaction of most electronic
devices including touch displays. Furthermore, capacitive
sensors have a number of useful features for engineering
applications: simple fabrication process to require only one
or two electrodes; sensing capability in mechanically harsh
environments such as flexible and stretchable electronics
involving large deformation [16]; scalability to integrate
sensor arrays into fingertip-size substrate [17]. In particular,
the measured capacitance data can be easily transformed
into other physical quantities such as displacement and force
through theoretical modeling and experimental calibration
[18]. Finally, the capacitive sensor provides high sensitivity
to small displacement with low effect by temperature [19].
These advantages are favorable characteristics to integrate
additional sensing functionality into the actuator system
without increasing weight, volume, and complexity.

In this paper, we propose the SMA-based artificial muscle
actuator with a self-displacement sensing function through
electrostatic capacitive sensing (Fig. 1a). Actuator system in
this work shows being capable of position control (100 um
step and sinusoidal response) through the low-profile capaci-
tive sensor as well as maintaining high power-to-weight ratio
and payload capacity (0.22 g weight of the actuator and 20
g payload), which is the primary advantage of SMA actuator
(Fig. 1b). To evaluate controllability and applicability of this
actuator, we devised 1-degree of freedom (DoF) mirror tilting
device as shown in Fig. lc. The device can tilt mirror (2 x 2
cm) approximately maximum 20 degrees as shown in Fig.
1d. In addition, the controllability was confirmed 100 pum
step and sinusoidal response through demonstration of the
laser beam steering as shown in Fig. le and 1f. We expect
that the SMA-based artificial muscle actuator with integrated
sensors in this work will be available in many applications
that simultaneously require high payload capacity and control
in centimeter-scale mechanical systems by improving the
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Fig. 2. Actuation mechanism and kinematic diagram of the actuator.

controllability of the SMA actuator.

II. DESIGN & FABRICATION
A. Previous research and purpose of design

In a previous study, we developed a lightweight and thin
multi-functional shape memory alloy-based actuator, which
is applicable to various types of wearable devices [7]. Despite
its superior performance regarding power-to-weight ratio and
force sensing capability, the feedback system through the
sensor should be taken into account for realizing precise
position control of the actuator. Here, we contribute im-
provements: (1) easily integrating a thin-film sensor into
the artificial muscle actuator; (2) estimating the position of
the actuator by the mathematical model of the electrostatic
capacitance.

B. Kinematic configuration of the actuator

The actuator which has an elliptic configuration consists of
two compliant beams and an SMA wire as shown in Fig. 2.
The ratio of the length of the compliant beam over the length
of the SMA wire determines the initial configuration of the
actuator [7]. We consider a quarter model for kinematic
configuration because both buckled structures are two-axis
symmetry. The initial configuration of the actuator can be
calculated by a Pseudo-Rigid-Body (PRB) model as follows
[20]:

b; 1 Ko
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I Ko( s ) M
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where [ is the length of the compliant beam, kp is the
curvature factor of the PRB model, and a; and b; are the
initial horizontal and vertical displacement of the actuator,
respectively.

As shown in Fig. 2, the initial PRB angle (6;) is expressed
by the following equations.

b;
3)

6 =tan ! ——L
ai—1(1-7)
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Fig. 3. Principles of design, actuation, and sensing mechanism. (a)
Schematic diagram showing design parameter of a capacitive sensor coupled
with two compliant beams (b) Mechanism of actuation and sensing. (c)
Optical images showing the change of vertical displacement.

where 7 is the radius factor of the PRB. The kinetic configu-
ration of the compliant beam change depending on the PRB
angle (0) as follows:

a(@)=1(1—y+pcosh), 4)

[sin O
=P 5)

b(6) ==

where a(0) and b(6) represent horizontal and vertical dis-
placement of the compliant beam depending on PRB angle
(0). Therefore, we can estimate the trajectory of the endpoint
of the compliant beam by varying 6 corresponding deflection
path of the initially curved beam.

C. Principles of Capacitive sensing

The electrostatic capacitance change has been exploited
for measuring force or displacement [18]. The capacitive
sensor consists of two conductive plates and the dielectric
material which is filled between two plates. Generally, the
capacitance between two parallel electrodes changes to be
dependent on the area of the electrode and displacement
between two electrodes as follows:

A
C= €& (6)

where C is the electrostatic capacitance. & and &, are the
vacuum and relative permittivity, respectively.

To integrate sensing functionality into the actuator, we
consider two inclined electrodes laminated on compliant
beams as shown in Fig. 3a. In this kinematic configuration,
the fringing effect is exploited to analyze the capacitance
between two inclined electrodes. The variation of the capac-
itance depends on various parameters including the length
of the electrode and the angle between two electrodes as
denoted in Fig. 3a. Consequently, the height of the actuator
can be estimated from the capacitance change.

Prior to deriving the mathematical model of inclined elec-
trodes, we investigate the suitable location of the electrode
layer on the compliant beam. The SMA wire embedded in
the actuator is contracted by Joule heating, and then the
horizontal contraction of the SMA wire induces vertical
deformation of the compliant beam (i.e., half of the actuation
displacement) as shown in Fig. 2. When the SMA wire actu-
ates compliant beams, the beam is locally deformed near the
fixed-end with curvature change (Fig. 2). This region is not
suitable for attaching electrode: (1) the stress concentration
by local deformation can cause the failure of the electrodes;
(2) the fixed-end of the compliant beam involves the largest
actuation displacement in the entire structure. the electrode
or electric wire for data acquisition can disrupt the task of the
actuator (e.g., object lifting); (3) definitely, the mechanical
contact between electrode and object for the task deteriorates
sensing performance by contact noise.

In contrast, the intersection point of compliant beams has
a rotational DoF as a revolute joint (Fig. 3a). The side
region of the compliant beam maintains a relatively planar
configuration. Therefore, we design the capacitance model
based on the kinematic configuration resulting from the PRB
model (Section. II.B). The capacitance variation between two
inclined electrodes can be derived as follows [21]:

AC(8) = C(8y) — C(8)

— [Cn(80) + Cona (60)] = [Con(0) + Coa (0)]
where
C(G) :Ctn(6)+cout(9)v (8)
o) = Semtel). ©
= koo

where C(6) is the capacitance per unit longitudinal length
depending on the PRB angle (0), K(k) is the complete
elliptic integral of the first kind. The modulus k;, and k.,
(i.e., function of angle, 0) are:

4(r2 +rl, /26
(rn/29+(r+le)n/29)
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Fig. 4. (a) Components of SMA-based artificial muscle actuator: two
compliant beams with electrode layer and SMA wire. (b) Fabrication
process.

where r and /, are the indicated distance and the length
of the electrode as shown in Fig. 3a. Two electrodes are
symmetrically attached to two beams.

Since K'(k) = K(k'), the complementary modulus &’ are
given by

((H— 1)/ — r”/z")2

((r+le)”/2" +r”/29)2 7

,(0) = (13)

((r+10720) — im0’

k:mr(e) =
((rJrle)n/z(ﬂ_e)) +r7r/2(7r—6))

S (14

Equations (3) and (7) are expressed as a function of
the PRB angle (6). The actuation displacement is cou-
pled with the capacitance variation of integrated electrodes.
Consequently, the relationship between the height of the
actuator and the capacitance of two inclined electrodes can
be obtained. Through a mathematical model, we confirm
the feasibility of measuring the vertical displacement of the
actuator.

D. Design of sensor-integrated SMA actuator

As shown in Fig. 3b and Fig. 3c, the horizontal contraction
of the SMA wire by joule heating induces the vertical dis-
placement of the actuator. To realize the amplification mech-
anism, anchoring holes are patterned in compliant beams so
that the SMA wire can be routed to the desired path as shown
in Fig. 4a. In addition, the SMA wire aligned along the
dashed-line (Fig. 1a) is fixed through crimps as shown in Fig.
4a. The detailed design process of the actuator is described
in previous research [7]. By deformation of the actuator, the
configuration of two electrodes which are copper thin-film
laminated on compliant beams is changed as shown in Fig.
3b. As explained in Section. II.C, the capacitance between
two electrodes decreases when the vertical displacement of
the actuator increases. Here, the sensor is composed of
positive and ground electrodes. The upper side of the actuator

Reference position data
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= >
| | Input voltage oo @
ontroller
[] —
Power
Capacitance data AD7147 source

Fig. 5. Experimental setup for measuring reference and capacitance data
and control of the actuator.

is generally exploited for task execution such as lifting the
object, thus ground and positive electrodes are respectively
located on the upper and lower side to minimize disturbance.

E. Fabrication process

As shown in Fig. 4b, the manufacturing process proceeds
in five steps: the planar manufacturing process for the
electrode layer in the order of (1) laser patterning for the
mask layer, (2) peeling mask layer, (3) etching copper layer;
(4) cutting a compliant beam along the designed pattern
through laser machining; (5) integration process including
SMA wire embedding, assembly of compliant beams, and
wiring. The mask layer and compliant beams are cut by
CO» (Universal Laser Systems) and UV laser (Oxford layer
Ltd, UK) cutting system, respectively. Only the integration
process requires manual handling. The copper-laminated FR-
4 sheet (200 um thickness) and SMA wire (Dynalloy) of 100
um diameter are used for the compliant beam and actuation
component. We used FR-4 as the compliant structure of the
actuator due to its properties (a low density of 1.85 g/cm?
and mechanical compliance) and the convenient fabrication
process through laser machining. In this study, the usage
of the copper-laminated FR-4 sheet can further enhance the
convenience of the fabrication in that the compliant structure
and electrode layer are integrated into a monolithic structure.

III. EXPERIMENTAL EVALUATION
A. Experimental setup, sensing capability, and calibration

An experimental setup is presented as shown in Fig 5.
This setup consists of a capacitance-digit-converter (CDC)
(AD7147, Analog Devices), a reference laser displacement
sensor (HG-C1030-P, Panasonic), the developed actuator,
data acquisition (DAQ) device (myRIO, National Instru-
ments), a voltage controller, power supply, and one laptop.
By using an experimental setup, we confirmed the verifi-
cation of the theoretical design and sensing capability. In
addition, calibration and transformation were conducted by
measured data to control the actuator.

To verify the theoretical design, we measured the capaci-
tance and reference displacement data for 10 cycles as shown
in Fig. 6a. The initial capacitance is different between the
model and experimental result since the theoretical model
is an ideal case being only electrodes. On the other hand,
the electrode in the experiment is physically and electrically
connected to conductive materials and electronic devices.
Therefore, the amount of change in capacitance between
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Fig. 6. (a) Capacitance vs. displacement profile. (b) cyclic test result

model and experiment was compared. Fig. 6a shows that
the experimental result approximates the model without
hysteresis in the loading and unloading. In addition, we
performed approximately 150 cycles of activation to confirm
reliable data measurement in repeated actuation (Fig. 6b). In
the cyclic test, the initial height of the actuator is shifted,
which is an inherent characteristic of SMA caused by heat
accumulation.

Based on the experimental result in Fig. 6a, the rela-
tionship between capacitance and reference displacement
data can be analyzed. Since the variation of capacitance
by changing the height of the actuator is nonlinear, the
second order polynomial fit was performed, and the result
is expressed by the following function:

fi(x) = 2306 — 0.2028x + 4.457-10*x> (15)

where f](x) is the variation of the actuator height measured
by the reference sensor and x represents the digitized ca-
pacitance data. By using this function, the height of the
actuator is calibrated from the measured capacitance data.
Therefore, a proportional integral derivative (PID) controller
is used to control the vertical position (i.e., independent of
the thermomechanical behavior of SMA) with capacitance
change as a set point.

B. Experimental results

To confirm the controllability of the actuator, we con-
ducted a control experiment with 100 um step and sinusoidal
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Fig. 7. Experimental results of step response control (a) without payload

and with (b) 10 g payload and (c) 20 g payload, where Ah is the height
variation from the initial height

response by using the measured capacitance data. Fig. 7
shows the transformed data from capacitance and reference
data in all cases by varying payloads. In the case of the
actuator without payload, an error between the two sensors is
relatively large at maximum height, because the capacitance
variation in this height is widely changed as shown in Fig.
6a. The root-mean-square errors (RMSE) of the actuator
without payload are 0.05 (step) and 0.042 (sinusoidal) mm.
In contrast, the initial height is shifted due to compliance
of the structure as the payload is applied to the actuator.
Since the calibration is not performed in the range lower
than the initial position of the actuator, a step response is
applied after initializing the height equal to the actuator
without payload. The amount of error with a payload is
similar to or lower than the actuator without a payload.
RMSEs of the actuator with 10 and 20 g payload are
0.059 and 0.045 mm, respectively. Therefore, all datasets of
the developed sensor are similar to reference displacement
data, and experimental results validate sensing capability for
realizing actuator control (even including a payload 90 times
heavier than its weight).
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TABLE I
SPECIFICATION OF THE PROPOSED ACTUATOR AND DEVICE

Specification Value Unit
Weight of actuator 0.22 g
Dimension of actuator 27 x 10 x 3.73 mm?
Maximum stroke of actuator 3.23 mm
Average power density of actuator [7] 651 Wikg
Sensitivity of sensor 0.003-0.008* mm/digit
Maximum tilting angle of mirror 20 degree

*: Corresponding with the actuation range

IV. DEMONSTRATION
A. 1-DoF mirror tilting system and mechanism

The prototype device is designed to maximize the ad-
vantages of the proposed actuator, which are high payload
capacity and controllability. It is a suitable approach for
operating a relatively large mirror compared with a MEMS
mirror. The device is composed of the sensor-integrated
SMA actuator, rotational stage, and mirror (2 X 2 cm) as
shown in Fig. 8a. The stage (spring steel, 50 um thickness)
is fabricated by the laser machining. The flexure hinge of
the stage is rotated by the vertical motion of the actuator
(Fig. le). The motion of the actuator is converted to the
rotational motion of the stage including the mirror. Fig.
1f shows the laser steering mechanism using the mirror.
The larger mechanical angle allows for expanding optical
scanning range.

B. Performance characterization

To estimate the angle of the mirror, the relationship
between capacitance and stage height is utilized in the cali-
bration. In the same manner as the actuator control performed
earlier, the capacitance was transformed into position data via
the second order polynomial fit as follows:

fo(x) = 2756 —0.2149x +4.189-106x? (16)

where f>(x) is the variation of the vertical position of the
stage measured by the reference sensor and x represents the
digitized capacitance data.

Fig. 8b and 8c present the experimental result of measur-
ing the position of the mirror through the actuator control. In
this experiment, the 100 um step and sinusoidal response are
applied. The result of applying step response shows a similar
profile for the only actuator control. On the other hand, in
the sinusoidal response, the error occurs significantly in the
initial state and the maximum height. RMSEs of step and
sinusoidal response are 0.175 (1.218) and 0.114 (0.793) mm
(degree), respectively. Table 1 shows the specifications of the
actuator and device.

V. DISCUSSION & CONCLUSION

This paper describes the design, fabrication, and experi-
mental evaluation of the capacitive sensor-integrated SMA
actuator. By exploiting SMA and electrostatic capacitive
sensing, we built an actuator that offered position control
with a 20 g payload and a sensitivity of approximately 0.005
mm/digit with a weight of 0.22 g and dimensions of 27 x
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Fig. 8. Demonstration of laser beam steering (a) Experimental setup. Mirror
tilting angle control of (b) 100 um interval step response (c) sinusoidal
response.

10 x 3.73 mm. The proposed actuator has an additional
sensing capability while maintaining the advantages of SMA.
To leverage this actuator, we performed demonstrations of
the meso-scale mirror tilting device, which steers the laser
beam with step and sinusoidal response. In the future, we will
conduct design optimization of the actuator and sensor for
realizing the high-frequency operation of the mirror tilting
device. In addition, we plan to minimize the noise and
interference of capacitive sensors to embed multi-actuators
into a 2-DoF mirror tilting device.

We anticipate that this actuator will be used in optical de-
vices and micro-robotics in which high payload and sensing
capability are required in restrictive form factors.
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