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Abstract
This study demonstrates the magnetostatic torsional actuator consisting in a Si–Ni compound
frame to significantly improve the driving force. The present design has three merits: (1) it
employs a Si mold to simultaneously electroplate/pattern thick Ni, and the Ni and Si
structures respectively provide magnetostatic force and superior mechanical properties, (2) the
embedded Ni structures not only increase the ferromagnetic material volume but also enhance
magnetization strength to enlarge magnetostatic torque, (3) the Si–Ni compound structure,
which is nearly symmetric about the torsional axis in the out-of-plane direction, can decrease
the moment of inertia and also reduce the wobble motion. In applications, one-axis torsional
actuator is implemented and characterized. The experiments show that the Si–Ni compound
scanner has an optical scan angle θ optical = 90◦ with the input power 81 mW. The input power
is decreased as compared with the existing scanner. Moreover, the out-of-plane wobble motion
is only 44 nm at θ optical = 15◦ . Compared with the existing designs consisted of asymmetric
structures in the out-of-plane direction, such as electroplated film and silicon rib, about the
torsional axis, the equivalent eccentric force is reduced nearly two-fold. In short, the proposed
design not only increases the driving force but also decreases the wobble motion.
(Some figures in this article are in colour only in the electronic version)

to modulate the incident light. Many driving components
including the force-generating [9] and force-transmitting
units [10] have been reported to improve the performance of
the torsional actuator. The electrostatic and electromagnetic
forces are two popular approaches to drive micro-torsional
actuator [11–13]. However, the pull-in effect and electrical
isolation are two critical designs considered for electrostatic
torsional actuators. The electromagnetic force has an advantage to drive torsional actuators with large displacement.
Presently, Lorentz force [12] and magnetostatic force [13] are
the most common electromagnetic driving forces for torsional
actuators.
In general, for the Lorentz force torsional actuator, the
deposition of a conducting film is required for the electrical
routing of the input current [12]. Moreover, deposition

1. Introduction
Presently
microelectromechanical
system
(MEMS)
technologies have found extensive applications in
various areas. For instance, the characteristics of smaller
feature size and lower power consumption make the MEMS
sensors capable of being used in consumer applications
[1–3]. The MEMS actuators, such as the linear and torsional
actuators, are also promising and key devices for many
consumer electronic products [4, 5]. The micro-torsional
actuators play an important role in various micro-optical
systems, for instance, the digital micromirror device [6], the
micro-scanner [7] and the laser printer [8]. In general, the
micro-torsional actuator for optical application consists of
flexible springs, a stiff mirror plate and the driving components
0960-1317/11/095007+08$33.00
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Figure 1. Actuation concepts of the torsional actuator driven by the
magnetostatic force.

A’

of the ferromagnetic film is required for the magnetostatic
force torsional actuator [13]. A thicker ferromagnetic (or
conducting) film can increase the torque applied on torsional
actuators. However, the film thickness is limited to the
fabrication process. Moreover, conducting and ferromagnetic
films deposited on the surface of Si structures will introduce
eccentric force and cause unwanted wobble motion [14]. The
wobble motion of the torsional actuator may lead to problems
for its applications, for instance, the reflective laser beam shake
of micro-scanner [9]. The process on a double SOI (silicon
on insulator) wafer has been employed to fabricate a torsional
actuator with an axial symmetric structure to suppress the
unwanted wobble motion [9]. Moreover, the design to drive
the actuator by pure torque has also been reported to reduce
the wobble motion [10].
This study presents the design and implementation of
a torsional actuator driven by the magnetostatic force. The
torsional actuator consists of a Si substrate with embedded
thick Ni structures (Si–Ni compound), and the embedded Ni
structures are patterned to a slender shape [15]. Thus, the
volume and magnetization of ferromagnetic material increase
significantly and the magnetostatic torque applied on the
torsional actuator increases further. Moreover, the wobble
motion of the torsional actuator is reduced since the Si–Ni
compound structure is nearly symmetric about the torsional
axis in the out-of-plane direction [16]. The fabrication
processes have been established to realize the proposed
torsional actuator. Moreover, measurements demonstrate the
superior performance of the proposed actuator as compared
with the existing ones. In applications, the optical scanners
have been implemented to demonstrate the feasibility of the
proposed design.

Embedded Ni structure

Si structure

A

A’
Moving space

(b)

Si structure

Ni

Torsional spring

Figure 2. Design concepts. (a) Top view of the torsional actuation
device, and A–A cross-section of Ni embedded inside the Si
structure and (b) cross-section of existing design with Ni on the Si
surface.

The magnetic field H is generated after applying the current to
the solenoid. According to equation (1), the torque applying
on the magnetostatic torsional actuator can be enlarged by
increasing Vmag and M. This study employs the magnetostatic
scanner in figure 2 to demonstrate the proposed design concept.
As indicated in figure 2(a), the torsional actuator consists of
the torsional springs, the actuating frame (Si–Ni compound
structure) and the mirror plate. The ferromagnetic material of
Ni is patterned to the slender shape and embedded in the thick
Si to form the Si–Ni compound structure. Figure 2(a) also
shows the A–A cross-section of the proposed design. The
backside cavity on the Si substrate provides sufficient moving
space for large scan angle operation. This study directly
employs a patterned and etched Si substrate as the mold
to electroplate the ferromagnetic material. Thus, the thick
ferromagnetic material can be electroplated and embedded into
the Si mold to increase Vmag . By using the patterned Si mold,
the ferromagnetic material can also be electroplated to the
slender shape to enhance the magnetization M. The proposed
torsional actuator is then driven by the magnetostatic torque
introduced by such a Si–Ni compound structure. As a result,
the Si and Ni structures respectively provide their superior
mechanical properties and magnetostatic characteristic. In
comparison, the ferromagnetic material is electroplated and
patterned on the surface of Si structures (on top electroplated
Ni) [13], as shown in figure 2(b).

2. Concept and design
As illustrated in figure 1, a magnetostatic torque T will be
applied on the torsional actuator after introducing a magnetic
field H. The torque T is expressed as
T = Vmag . M × H

Torsional axis

(1)

where Vmag is the volume of ferromagnetic material embedded
in the actuating frame and M is the magnetization. The
permanent magnets near the torsional actuator are employed to
specify the magnetization direction of ferromagnetic material.
2
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to the torsional axis. The free-body and kinetic diagrams of
the angular-oscillating actuating frame are further illustrated
in figure 3(b). The centripetal acceleration (aG )n and the
tangential acceleration (aG )t in the model can be expressed as

Spring

B

(aG )n = ω2 d

(5)

(aG )t = αd

(6)

B’

Thus, the actuating frame will introduce both in-plane force
(FO )x and out-of-plane force (FO )y to the torsional spring.
These forces can be expressed as

Metal films

Anchor
Torsional axis

Metal films

O

B

θ

B’

d
CG

Actuating frame

Reinforced structures

SiO2

Metal

(FO )x = m(aG )n sin(θ ) − m(aG )t cos(θ )

= mdω02 θ02 cos2 (ω0 t) sin (θ0 sin(ω0 t))


+ θ0 sin(ω0 t) cos θ0 sin(ω0 t)

(7)

(FO )y = −mg − m(aG )n cos(θ ) − m(aG )t sin(θ )

= −mg − mdω02 θ02 cos2 (ω0 t) cos(θ0 sin(ω0 t))

− θ0 sin(ω0 t) sin(θ0 sin(ω0 t))

(8)

Since the maximum mechanical scan angle θ 0 is only onefourth of the optical one, these forces can be simplified by the
approximate relations as follows:

Si

(b)

sin(θ0 sin(ω0 t)) ≈ θ0 sin(ω0 t)
cos(θ0 sin(ω0 t)) ≈ 1
Moreover, the cubic term of θ 0 can be ignored.
equations (7) and (8) can be rewritten as

+

+

+

(4)

(FO )y = −mg − mdω02 θ02 cos(2ω0 t)

(11)

2Ew 3 h
L3

(12)

2Ewh3
(13)
L3
where E is the Young modulus of the spring, w is the spring
width, h is the spring thickness and L is the spring length. After
being subjected to the forces in equations (10) and (11), the
equations of motion for the dynamic system shown in figure 3
can be expressed as

where θ 0 is the maximum mechanical scan angle, ω0 is the
operation frequency of the torsional actuator. Thus, the angular
velocity ω and angular acceleration α can be determined as

α = −ω02 θ0 sin(ω0 t)

(10)

(kO )y =

(2)

(3)

(FO )x = mdω02 θ0 sin(ω0 t)

(kO )x =

As a typical dynamic model of the torsional actuator
shown in figure 3(a), this study analyzes the unwanted wobble
motion of an actuating frame introduced by the eccentric force
during operation. The model indicates that either the frontside metal film (such as the electrical routings and magnetic
layers [12, 13]) or the back-side reinforced structures [15]
could lead to off-center mass as well as the eccentric force on
the angular-oscillating actuating frame. The torsional actuator
has an angular oscillation about the center O with a mechanical
scan angle of ±θ . The angle θ can be expressed as

ω = ω0 θ0 cos(ω0 t)

Thus,

As a result, the magnitude of the time-varying eccentric force
is proportional to both mass m and CG-offset d. The in-plane
stiffness (kO )x and out-of-plane stiffness (kO )y of the torsional
spring are respectively,

Figure 3. Analysis of the unwanted wobble motion induced by the
eccentric force. (a) Top view and B–B cross-section of the typical
dynamic model, and (b) free-body and kinetic diagrams of the
angular-oscillating actuating frame.

θ = θ0 sin(ω0 t)

(9)

mẍ + cẋ + (ko )x x = mdω02 θ0 sin(ω0 t)

(14)

mÿ + cẏ + (ko )y y = −mg − mdω02 θ02 cos(2ω0 t)

(15)

where c is the damping constant of the dynamic system.
The dynamic responses of x(t) (in-plane wobble motion of
actuating frame) and y(t) (out-of-plane wobble motion of
actuating frame) can be respectively expressed as
mdω02 θ0
x(t) = 
2
1/2 sin(ω0 t − φx )
(kO )x − mω02 + c2 ω02

The equivalent center of gravity for the off-center mass in
figure 3(a) has an offset of d (in the out-of-plane direction)
3
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Table 1. Comparisons of the Si–Ni compound structure and the
on-top electroplated Ni design.
Items

Frame types

Si-Ni compound structure

Moment of inertia

Off-axis of

Resonant

(10-3 g · mm2)

CG

frequency

Ni

Si

Total

(μm)

(Hz)

5.81

1.90

7.71

0

690

5.84

3.42

9.26

50

630

(a)

(b)

On-top electroplated Ni

(c)

mdω02 θ02
mg
− 
2
1/2
(kO )y
(kO )y − 4mω02 + 4c2 ω02
× cos(2ω0 t − φy )

y(t) = −

where the phase angles of φ x and φ y are,


cω0
φx = tan−1
(kO )x − mω02
φy = tan−1



2cω0
(kO )y − 4mω02

(17)

(d)

(18)



(e)

(19)

According to equation (17), the vibrating frequency of the outof-plane wobble motion is twice the scanning frequency ω0 of
the actuating frame. In this study, the thicknesses of the Si
structures (frame, spring and mirror) and the electroplated Ni
are all 80 μm. Table 1 summarizes the characteristics of the
proposed design and the one in figure 2(b). As compared with
the design in figure 2(b), the proposed actuator can decrease
the total moment of inertia to 83%. Moreover, the wobble
motion induced by the off-axis of CG (center of gravity) is
also reduced since the Si–Ni compound actuating frame is
nearly symmetric about the torsional axis in the out-of-plane
direction.

SiO2

Au

Ni

Si

Cr

Figure 4. Fabrication process flow of the torsional actuator with
embedded Ni structures.

the Ni supporting layer and Au seed layer from the backside
of the Si substrate, the SiO2 hardmask was patterned again
and the following DRIE was used to define the shape of the
Si mechanical structure. Finally, the Cr adhesion layer and
SiO2 were removed to release the device from the substrate, as
shown in figure 4(e). Figure 5 further schematically illustrates
the details regarding the implementation of the embedded Ni
structure. As indicated in figure 5(a), the SiO2 on the top of the
Si structures acts as a hard mask. The Cr adhesion layer, Au
seed layer and Ni supporting layer were respectively deposited
on the back side of the Si structures. As shown in figure 5(b),
the Si acting as a mold for Ni electroplating was defined by
DRIE, and then the Cr adhesion layer was patterned by wet
etching. The Au seed layer in this study was only 0.2 μm
thick. Hence, the suspended thin Au seed layer would easily
be damaged during the following fabrication processes. In
this regard, the Ni supporting-layer (15 μm) was employed to
support and protect the thin seed layer. After the electroplating
process in figure 5(c), the bulk electroplated Ni material was
embedded in the Si mold structure. This method can avoid
the problems induced by the non-uniformity of the seed layer
deposited on the Si mold, and the plating voids and pinch-off
problems for deep cavity plating [17].
In comparison, the torsional actuator in figure 2(b) was
also implemented by the process shown in figure 6. As

3. Fabrication and results
The magnetostatic torsional actuator with embedded Ni
structures was implemented by using the process shown in
figure 4. As indicated in figure 4(a), the thermal SiO2 was
grown on both sides of the Si substrate, and then the SiO2
film at the backside of the Si substrate was patterned to
define the window for bulk Si etching. After that, the Si
substrate was etched by TMAH to define the thickness of
the Si structure. As illustrated in figure 4(b), the Cr, Au
and Ni layers were respectively deposited on the backside
cavity of the Si substrate as the adhesion layer, seed layer and
supporting layer. As shown in figure 4(c), the SiO2 film at
the front side of the Si substrate was patterned to act as the
hardmask for the following dry etching, and then the DRIE
process was used to define the area for Ni plating on the Si
structure. After removing the Cr adhesion layer to expose
the Au seed layer, the Ni structure embedded in the Si mold
was electroplated. As depicted in figure 4(d), after striping
4
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(b)

SiO2

thick Ni structures and patterned to define the Cr and Au
layers. Finally, the DRIE was used to define and release the Si
structures, and the photoresist, Au, Cr and SiO2 layers were
removed, as shown in figure 6(e).
The SEM (scanning electron microscopy) micrographs
in figures 7(a) and (b) show the front side and backside
of a typical fabricated torsional actuator.
The mirror,
Si–Ni compound structures and torsional springs are observed.
The frame is embedded with the slender Ni structures to
increase the magnetostatic torque. The zoom-in micrographs
in figures 7(c) and (d) respectively show the top and crosssectional views of the Ni–Si compound structures. It is clearly
observed that the electroplating Ni was successfully molded
and patterned by the Si structures. The Si frame and the
embedded Ni structure are near 80 μm thick, and the aspect
ratio of the presented Ni structure is 2. Figure 7(e) shows the
existing design with on-top electroplated Ni (as illustrated in
figure 6(e). The side view micrograph in figure 7(f ) shows
the two-step electroplating for 80 μm thick Ni.

(c)

Au

Ni

Si

Cr

Figure 5. Details about the implementation of the embedded Ni
structure.
(a)

(b)

4. Experiments and discussions
In applications, a micro-scanner driven by the presented
magnetostatic torsional actuator is demonstrated. As shown
in figure 8(a), a 5 mm × 8 mm Si chip containing the
micro-scanner and the micro-actuator is assembled with the
permanent magnets and the solenoid on a plastic stage. The
permanent magnets are employed to specify a magnetic field
to ensure the magnetization direction of the embedded Ni
structures. The solenoid embedded inside the plastic stage
provides a periodic magnetic field to actuate the scanner.
Figure 8(b) shows the driving test of the scanner in a
measurement stage to characterize the scan angle. The incident
green laser beam was focused on the scanner through the
window of the testing stage. After that, the reflective laser
beam was projected to the curved screen, and the optical scan
angle was read directly from the scale on stage. Typical test
results show that the presented scanner in figure 7(a) has
an optical scan angle of θ optical = 90◦ when operated at its
resonant frequency of 619 Hz with an input power of Pinput =
81 mW. In comparison, the scanner in [13] was operated at
the resonant frequency of 367 Hz with an optical scan angle
of θ optical = 88◦ using 170 mW input power. Despite the
presented scanner having a stiffer torsional stiffness, it requires
a much smaller input power when driving at the same scan
angle. Measurements in figure 9 show the dynamic responses
of the scanner characterized by laser Doppler vibrometer. As
indicated in figure 9, the laser spot was focused on position
A (position A is on the nodal line of the scanning mode)
to detect the out-of-plane wobble motion of the actuating
frame. In addition, the laser spot was focused on position
B to characterize its scan angle. As limited by the numerical
aperture of objectives, the measurements are only available
for small scan angles. As the scanner is scanned with an
optical angle of θ optical = 15◦ , the out-of-plane wobble of the
actuating frame is 44 nm. Note that the excitation introduced
by the periodic eccentric force has a frequency double the

(c)

(d)

(e)

SiO2

Au

Ni

Si

Cr

Photoresist

Figure 6. Fabrication process flow of the existing design with Ni
structures on the surface of Si structures (on-top Ni design).

shown in figure 6(a), the thermal SiO2 was deposited and
patterned on the backside of the Si substrate for TMAH bulk
etching. After that, the topside SiO2 was patterned as the
hardmask for the following DRIE. The Cr and Au layers
were respectively deposited on the topside Si substrate as the
adhesion layer and seed layer. As illustrated in figure 6(b),
a 40 μm thick photoresist (AZ4620) acted as a mold after
photolithography, and then the thick Ni was electroplated
and molded. Figure 6(c) shows the second molding process
without stripping the photoresist in the previous step. The twostep electroplating process enabled the Ni layer to become
80 μm thick. As shown in figure 6(d), after stripping the
photoresist, a 13 μm thick photoresist was coated on the 80 μm
5
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(b)

(a)

Mirror

Actuating frame

Si-Ni compound structures

Si cavity

Spring

(d)

(c)

Si

Slender Ni

Ni

Si

(f)

(e)

Ni

Ni

Slender Ni

Figure 7. SEM micrographs of (a) front side and (b) backside of a typical fabricated torsional actuator with embedded Ni structures, (c) and
(d) top and cross-section of Si–Ni compound structures, (e) front side of existing design with slender Ni structures on Si surface and (f ) two
step electroplating of slender Ni structures.

mirror scanning frequency. Thus, the frequency of the wobble
motion is double the scanning frequency.
In comparison, the existing torsional actuator designs as
shown in figure 2(b) have also been fabricated (with two
different thicknesses, 40 and 80 μm, of electroplated Ni) and
tested. To make a fair comparison, these actuators have the
same torsional stiffness. The actuators were driven at the
following two conditions: (1) with the same input power
Pinput = 81 mW and (2) with the same optical scan angle
θ optical = 15◦ . The measurement results of the optical scan
angle and out-of-plane wobble displacements are summarized
in table 2. As indicated in table 2, the optical scan angle
is increased from 65◦ to 90◦ (i.e. 138%) at the same input
power when the thickness of Ni structures increases from 40 to
80 μm. It shows the thickness of the Ni structure successfully
increases the optical scan angle and further increases the
driving force. Furthermore, table 2 also shows that the wobble
displacement of the proposed design is only 44 nm. However,
the scanners with on-top electroplated Ni have a larger wobble
displacement. The wobble displacement of the proposed

design is mainly induced by the thickness deviation of the
electroplated Ni. The wobble displacement of the scanner
with on-top electroplated Ni is reduced from 76 to 52 nm
when the thickness of the electroplated Ni film is decreased
from 80 to 40 μm. Comparing the scanners with the same
Ni thickness, the wobble displacement is decreased to 58%
by the proposed embedded Ni design. Note that the torsional
actuators discussed in table 2 are operated at their resonant
frequency of nearly 600 Hz. According to equation (17), the
out-of-plane wobble motion is proportional to the square of
the driving frequency. Thus, the scanner could have a much
larger wobble motion as the driving frequency is increased.
Moreover, the existing scanner in [15] has also been tested
for comparison with the proposed design, as shown in table
3. The wobble displacement of the existing scanner in [15]
is 720 nm. Since the scanners in table 3 have different
spring stiffness, the time-varying equivalent eccentric force
can be determined by equation (17) for a fair comparison. As
indicated in table 3, the eccentric force of the existing scanner
in [15] is 3.39 × 10−5 N, whereas the proposed design is only
6
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Table 2. Measurement results of the scanners with the embedded Ni
design and the on-top Ni of two different thicknesses.

(a)

Plastic stage

Permanent magnet
Items
Devices

Optical scan angle

Resonant frequency

Wobble displacement

with Pinput = 81mW

of scanning mode

at θoptical = 15º

(Degree)

(Hz)

(nm)

90

533

76

65

607

52

90

619

44

On top 80μm Ni

On top 40μm Ni

Embedded 80μm Ni

Solenoid

5mm
Table 3. Comparison of the measured eccentric forces respectively
from the existing scanner and from the proposed embedded Ni
design.

(b)

Window
Curve screen

Items
Devices

Wobble

Out-of-plane

Equivalent

displacement (nm)

stiffness (N/m)

eccentric force (N)

720

1.81× 102

3.39× 10-5

44

8.03× 102

1.70× 10-5

Existing scanner in [15]

Embedded 80μm Ni

Scanner

3cm

5. Conclusion
Figure 8. Experimental setup. (a) Driving stage and (b) optical scan
angle measurement stage.

100

15
Optical scan angle
Out-of-plane wobble displacement

Optical scan angle (Degree)

80
60
40

5

20
0

0

-20
-5

-40
-60

-10

Position A (for wobble motion)

-15

Position B (for optical scan angle)
-0.002

-0.001

0.000

0.001

0.002

-80
-100

Out-of-plane wobble displacement (nm)

10

-0.003

This study presents a magnetostatic torsional actuator design
consisting of a novel Si–Ni compound structure as the
actuating frame. This study establishes the process to
apply the Si substrate as a mold for Ni electroplating to
implement the torsional actuator with the Si–Ni compound
actuating frame. The Si–Ni compound structure with thick and
slender Ni structures is designed to increase the volume and
magnetization of the ferromagnetic material. Thus, the driving
torque for the magnetostaitc torsional actuator is significantly
improved. Typical test results show that the presented scanner
with the 80 μm thick Si–Ni actuating frame has an optical scan
angle of θ optical = 90◦ when operated at its resonant frequency
of 619 Hz with an input power of 81 mW. The input power
has been decreased by two-fold (from 170 to 81 mW) in
comparison to the existing scanner design. Moreover, the
actuating frame consisted of the Si–Ni compound structure is
nearly symmetric about the torsional axis in the out-of-plane
direction, and thus the wobble motion is significantly reduced.
In comparison, the existing torsional actuators with on-top
electroplated Ni are fabricated and tested. The equivalent
eccentric force is reduced by two-fold (from 3.39 × 10−5 to
1.70 × 10−5 N).

-120
0.003

Time (s)

Figure 9. Dynamic responses of the out-of-plane wobble motion.

1.70 × 10−5 N. Therefore, the results show that the embedded
Ni structure design decreases the equivalent eccentric force by
50%. In conclusion, the present design not only increases the
driving force but also suppresses the wobble motion.
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