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Abstract: In order to improve the quality of the laser and shorten the optical path of the fast steering
mirror (FSM) laser compensation system, this paper proposes a four-degrees-of-freedom (4-DOF)
voice coil motor (VCM) with the function of reducing laser geometrical fluctuations. The feature
of this paper is the combination of a DC brushed spindle motor and the proposed 4-DOF VCM.
A diffuser is installed on the shaft of the DC brushed motor for suppressing the laser speckle.
The proposed 4-DOF VCM is combined with a laboratory-designed mirror set, controlling the laser
direction to compensate for laser fluctuations. The proposed actuator was designed and verified by
using the commercial CAD software SolidWorks and finite element analysis (FEA) software ANSYS.
A mathematical model was built to simulate the dynamic response of the proposed 4-DOF VCM in
MATLAB Simulink.

Keywords: voice coil motor; actuator; motor; laser fluctuations; laser speckle

1. Introduction

Lasers are widely used in numerous fields, such as manufacturing, precision mea-
surement, and even cosmetic surgery. The global demand of lasers has increased year
by year and manufacturers’ requirements of laser quality have also grown. The laser
seems to be stable when observed by naked eyes for a short period of time, but long-term
measurement through the sensor reveals that the laser spot will be disturbed over time [1].
The stability of the laser changes with the environment and time, resulting in a total of
four-degrees-of-freedom (4-DOF) fluctuations, including two translational fluctuations and
two angular fluctuations. The causes of fluctuations include external temperature, air flow,
vibration, laser power and laser wavelength stability, and so on [2–5].

The fast steering mirror (FSM) laser compensation system is one of the most common
active compensation systems on the market [6–10]. FSM is mainly composed of a mirror,
flexure structures, and actuators [11–14]. In the process of compensation, the system first
measures fluctuations through the sensors, and then controls the actuators to drive the
mirror, changing the laser direction to complete the laser compensation. The voice coil
motor (VCM) is the most common actuator in FSMs. VCM has the advantages of low cost,
simple structure, and fast response. Due to these advantages, VCM is also widely used in
camera modules and hard disks [15,16]. Multiple DOF motions could be achieved with
different configurations of VCMs [17–20]. However, to the best of our knowledge, the
commercial FSM has only 2-DOF, driving the mirror and steering the laser in rotational
motion along the X and Y axes [21]. Therefore, the commercial FSM laser compensation
system must have two sets of FSMs to fully compensate laser 4-DOF fluctuations. Hence,
the optical path will be longer, and this part is what we want to improve. According to our
previous studies, we have presented a new FSM compensation system with double Porro
prisms to compensate for the 4 DOF laser errors of the laser source, which is chacterized by
shorter optical path length, fewer elements, and easier setup at different locations [22,23]. In

Actuators 2021, 10, 320. https://doi.org/10.3390/act10120320 https://www.mdpi.com/journal/actuators

https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0000-0002-3537-5828
https://doi.org/10.3390/act10120320
https://doi.org/10.3390/act10120320
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/act10120320
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act10120320?type=check_update&version=2


Actuators 2021, 10, 320 2 of 14

this paper, we aim to design a new compact 4-DOF actuator to implement the idea of FSM
based on double Porro prisms, and to integrate all parts in a very compact configuration.

In addition to laser fluctuations, laser speckle also reduces the quality of the laser.
Laser speckle is mainly caused by coherence and scattering of the laser. For suppress-
ing laser speckle, scholars use deformable mirror, deformable lens, and liquid crys-
tals, etc., to improve the randomness of light scattering and reflection to equalize the light
intensity [24–26]. Another way to suppress laser speckle is using a rotating diffuser. The
rotating diffuser can make the laser spot more uniform because the particles in the diffuser
rotate with it and make the situation of laser light scattering change over time. According
to our previous studies, laser speckle from a laser light source (Edmund #83–838, 635 nm,
Barrington, NJ, USA) can be effectively suppressed when the rotating speed of the diffuser
reaches 2000 rpm [27–29].

Based on the above advance, in this paper, we aim to design a 4-DOF VCM, which is
combined with a specific mirror set to suppress laser 4-DOF fluctuations and shorten the
optical path of the FSM laser compensation system [22,23]. Additionally, we integrated the
proposed 4-DOF VCM with a rotating diffuser (2000 rpm) to suppress the laser speckle
by using a DC brushed spindle motor [27–29]. The detailed design goals are illustrated in
Section 2.1.

2. Design Goals and Structure of Proposed Actuator
2.1. Design Goals

The common commercial 2-DOF FSM is composed of VCMs and spring plates, which
have the advantages of high dynamic performance and simple/compact structure char-
acteristics [22]. In order to integrate the function of suppressing the laser speckle, a
conventional FSM laser compensation system must have two sets of VCMs and a spindle
motor (three actuators) to fully compensate the laser’s 4-DOF errors. It is not easy to reduce
the overall size, and the cost cannot be reduced. Therefore, this paper continues to use the
simple structure characteristics of VCMs to design the proposed actuator. The design of the
proposed actuator includes a 4-DOF VCM and a DC brushed motor, and cooperates with
our special mirror group to reduce the number of actuators. The focus of the proposed
design is to integrate the DC brushed motor with the rotating diffuser into the 4-DOF VCM
and share the magnets to reduce the optical path and reduce the overall volume of the
system. Here, the DC brushed motor uses commercially available parts, so each part’s size
of the proposed actuator is designed based on the sizes of commercially available parts. It
is noted that the shape and geometry of the proposed actuator are not particularly limited.
The proposed actuator is designed with a square structure because it is convenient for
design, production, and installation.

Based on previous research [27–29], the problems of laser speckle from a laser light
source can be significantly improved when the laser passes through the diffuser with a
rotational speed above 2000 rpm. Therefore, the minimum speed of the DC brushed motor
is set to 2000 rpm. Referring to the specifications of the commercial 2-DOF FSM (FSM-
300-01, Newport), the travel range of the rotational VCM is set to ±1.5◦ (±26.2 mrad) [21].
Considering the assembly tolerance, the laser fluctuation range [1] and the VCM must have
a stable output performance when moving, setting the travel range of the translational
VCM to ±0.05 mm, which is greater than that of the actuator developed in our previous
study [22]. The above-mentioned design goals are listed in Table 1.

Table 1. Design goals of proposed actuator.

Rotational Speed of
DC Brushed Motor

Travel Range of
Rotational VCM

Travel Range of
Translational VCM

Design goal 2000 rpm ±1.5◦ (±26.2 mrad) ±0.05 mm



Actuators 2021, 10, 320 3 of 14

2.2. Structure

Figure 1 shows the structure of the proposed actuator. It is mainly composed of three
parts, including a translational VCM, a rotational VCM, and a DC brushed motor. Figure 2
shows the schematic diagram of the experimental setup and the optical path of the laser.
The proposed actuator is installed on the experiment table by using two pedestal posts. As
shown in Figure 3a, the DC brushed motor is arranged inside the translational VCM and
shares the magnets with it. The shaft of the DC brushed motor is hollow, and a diffuser is
installed at the end of it. Motions of the proposed actuator are shown in Figure 3b. The
internal DC brushed motor drives the diffuser to continuously rotate in the Z-axis direction.
The external VCM has total of 4-DOF, including translational movements in X- and Y-axis
directions and rotational movements along X- and Y-axis directions.

Figure 1. Structure of proposed actuator.

Figure 2. Setup of proposed actuator.

Figure 3. (a) Main composition of the proposed actuator, and (b) schematic diagram of motions.
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The detailed optical path is shown in Figure 4a. Laser beam diameter is enlarged
after the laser passes through the hollow shaft and the diffuser. Therefore, lenses are
installed behind the DC brushed motor for laser collimation, as shown in Figure 4b. After
the collimation, a mirror is utilized for guiding the laser into the mirror set. The mirror
set is installed inside the rotational VCM. The proposed 4-DOF VCM drives the mirror
set to change the laser direction and compensate for laser 4-DOF fluctuations, and the DC
brushed motor and translational VCM use a shared permanent magnet design to shorten
the overall optical path, decrease system space, and reduce costs. The detailed structure and
operating principle of the proposed 4-DOF VCM will be explained in subsequent sections.

Figure 4. (a) Schematic diagram of the optical path, and (b) optical elements in the proposed actuator.

3. Design and Simulation of DC Brushed Motor

For reducing the processing difficulty, design time, and cost, the DC brushed motor
in this paper uses parts from a commercial product, including commutator and silicon
steel sheets of a motor. The original magnets’ configuration and coil windings are changed.
Additionally, the motor shaft is changed to a hollow one for letting the laser pass through.
The DC brushed motor in this paper has 4 poles and 12 slots. The symbols and dimensions
of silicon steel sheets of the rotor are shown in Figure 5 and Table 2.

Figure 5. The rotor of the DC brushed motor: (a) symbols of slot and (b) 2D model of silicon
steel sheet.

Table 2. Dimensions of silicon steel sheets of the rotor.

Parameter Value

Outer diameter 42 mm
Inner diameter 10 mm

Stacking thickness 30 mm
Stacking factor 0.833

Tooth width 4.5 mm
Hs0 0.8 mm
Hs2 5.5 mm
Bs0 2.65 mm
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In most of the commercial DC brushed motors, magnets are installed on a magnetic
shell for guiding magnetic flux and providing a uniform magnetic field for the rotor. In this
paper, because the DC brushed motor shares the magnets with the external translational
VCM, there is no outer shell. The magnetic flux of the motor becomes more non-uniform
without a magnetic shell, as shown in Figure 6. Figure 6b shows that the magnetic field
at the tip of the magnets is relatively stronger. A non-uniform magnetic field will cause
the motor to operate un-smoothly. For obtaining a more uniform magnetic field, the shape
of magnets is changed by doing chamfers, as shown in Figure 7a. Figure 7b shows the
magnetic flux distributions after the magnet shape is changed. The magnet material of the
DC brushed motor in this paper is Ndfe50. Compared to Figure 6b, the magnetic field at
the corners of magnets is relatively uniform. There are 12 slots of the rotor, and the coil
winding type is lap winding. There are 12 sets of coils, and each set is composed of 30 turns
of the coil. The detailed coil winding parameters are listed in Table 3. The material of the
shaft is Steel 1008, and the inner diameter is 7 mm. The moment of inertia of the rotor
is 7.93 × 10−5 kg m2 obtained by using SolidWorks. The finite element analysis (FEA)
simulation results of 12 V input are shown in Figure 8. The motor reached a stable speed of
2835 rpm in 0.15 s after starting and reached design target of 2000 rpm. At a stable speed,
the average torque of the motor is 0.052 N-m.

Figure 6. Magnetic flux distributions of DC brushed motor: (a) with magnetic shell and (b) without magnetic shell.

Figure 7. DC brushed motor in the proposed actuator: (a) dimensions of the magnet and (b) magnetic flux distributions.

Table 3. Coil winding parameters of the DC brushed motor.

Parameter Value

Multiplex number 1
Coil pitch 3

Coil diameter 0.404 mm
Coils per set 30 turns
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Figure 8. Simulation results of the DC brushed motor: (a) rotational speed and (b) total torque.

4. Design and Simulation of 4-DOF VCM

In this section, the detailed structure and simulation results of the proposed 4-DOF
VCM will be introduced. For the convenience of explanation, the models in this section
only show the 4-DOF VCM temporarily.

4.1. Structure and Working Principle of 4-DOF VCM

The 4-DOF VCM includes two parts: the translational VCM and the rotational VCM,
as shown in Figure 9. The translational VCM is composed of 4 coils and 4 magnets, which
are shared with the inside DC brushed motor. Coils are moving parts and magnets are
stationary parts, respectively. The coils are installed on the coil holder A, and connected to
the magnet holder B by 4 elastic strings. The rotational VCM is composed of 4 coils and
4 sets of magnets. The coils and mirror set are installed on the coil holder B and connected
to the magnet holder C by 2 spring plates. The translational VCM and rotational VCM are
assembled by using 4 connecting rods and screws. When the translational VCM is actuated,
the rotational VCM and mirror set could move simultaneously. The components of the
4-DOF VCM are shown in Figure 10.

Figure 9. 3D model of the 4-DOF VCM.

Figure 11a only shows the coils and magnets of the translational VCM. Figure 11b
is the section view obtained from Figure 11a. According to the directions of current and
magnetization of permanent magnets in Figure 11b, the coils will generate upward force,
FVCM, individually, causing a displacement in the Y-axis direction. When the power is
cut off, the moving part will return to its initial position due to the restoring force of
elastic strings.
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Figure 10. 4-DOF VCM 3D model: (a) connecting parts and (b) section view.

Figure 11. Translational VCM: (a) schematic diagram of section view and (b) working principle.

The rotational VCM shown in Figure 12a,b is the section view obtained from Figure 12a.
Directions of current and magnetization of permanent magnets are shown in Figure 12b.
According to the right-hand rule, the upper coil will generate a force, FVCM, in the positive
Z-axis direction. On the contrary, the lower coil will generate a force, FVCM, in the negative
Z-axis direction. Coil holder B rotates on an angle along the positive X-axis direction due
to the opposite forces. The restoring force of spring plates will make the part move back to
its initial position when the power is shut down.

Figure 12. Rotational VCM: (a) schematic diagram of section view and (b) working principle.
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4.2. Mathematical Modeling

It is necessary to establish mathematical models for preliminary evaluation of the
performance of the proposed VCM. In the proposed actuator, the VCM has a total 4-DOF
motions. Assuming translational and rotational motions of the proposed 4-DOF VCM are
ideal and independent of each, schematic models of the proposed 4-DOF VCM could be
simplified as Figure 13a,b.

Figure 13. Schematic model of the proposed 4-DOF VCM: (a) translational VCM and (b) rota-
tional VCM.

Figure 13a illustrates the simplified ideal model of the translational VCM. In the
translational VCM, the moving part and the stationary part are connected by 4 elastic
strings. In Figure 13a, m denotes the mass of the moving part, k denotes the stiffness of
elastic strings, and c denotes the damping coefficient of the translational VCM. According to
Kirchhoff’s circuit laws, the electrical equation of the translational VCM could be expressed
as follows:

V(t) − i(t)R − L
di(t)

dt
= 0 (1)

where V, i, R, and L are the input voltage, input current, resistance, and inductance of
the translational VCM, respectively. Based on Newton’s second law and Hook’s law, the
dynamic equation of the translational VCM could be expressed as follows:

2FVCM − kx − c
.
x = m

..
x= ma (2)

2KVCMi(t) − kx(t) − c
dx(t)

dt
= m

d2x(t)
dt2 (3)

where 2FVCM is the Lorentz force generated by VCMs on both sides, x means the dis-
placement, and a is the acceleration of the moving part. Equation (3) is obtained from
Equation (2). In Equation (3), 2FVCM is replaced by 2KVCMi(t), and 2KVCM denotes the
motor coefficient of the translational VCM. After the Laplace transform and organizing of
Equations (1) and (3), the transfer function of the translational VCM could be expressed
as follows:

G(s) =
X(s)
V(s)

=
2KVCM

(Ls + R)(ms 2 +cs + k)
(4)

Figure 13b is the schematic model of the rotational VCM. The moving part and the
stationary part are connected by 2 spring plates. In Figure 13b, I denotes the moment of
inertia of the moving part, kθ denotes the stiffness of spring plates, θ denotes the rotational
angle, c denotes the damping coefficient, and l denotes the distance between the coil and
the center of the rotational VCM. According to the torque formula, the dynamic equation
of the rotational VCM could be expressed as:

M − kθθ − cl2
.
θ = I

..
θ= Iα (5)
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2 × KVCMi(t)l − kθθ(t) − cl2 dθ(t)
dt

= I
d2θ(t)

dt2 (6)

where M is the torque generated by VCMs on both sides, and α denotes the angular
acceleration. Since the rotational angle θ is quite small, the approximation of tanθ ∼= θ
is utilized in Equation (5). Equation (6) is obtained from Equation (5). In Equation (6),
the torque, M, is replaced by 2 × KVCMi(t)l, and KVCM denotes the motor coefficient of
the rotational VCM. After the Laplace transform and organizing of Equation (6) and the
electrical equation, the transfer function of the rotational VCM could be expressed as:

G(s) =
θ(s)
V(s)

=
2 × KVCMl

(Ls + R)(Is 2+cl2s + kθ

) (7)

4.3. Simulation of Electromagnetic and Mechanical Structure

After the mathematical modeling, the FEA software ANSYS Maxwell was used to
simulate the motor constants of VCMs. The material of all magnets was Ndfe50 in the
proposed actuator. The translational VCM is composed of 4 magnets and 4 coils. Coils in
the same axis direction are connected in series and are actuated in pairs.

Figure 14 shows the magnetic flux distributions of the translational VCM. The magnets
in the X-axis direction are magnetized radially inward, and the magnets in the Y-axis
direction are magnetized radially outward. Within displacement of ±0.05 mm, the average
motor constant of the translational VCM 2KVCM ∼= 10.3 N/A. The rotational VCM consists
of 4 coils and 4 sets of magnets. Figure 15 only shows one pair of them. The simulation
results show that the average motor constant of the rotational VCM KVCM ∼= 4.36 N/A,
within the rotational angle of ±1.5◦. Table 4 shows the design parameters of the proposed
electromagnetic structure.

Figure 14. Magnetic flux of translational VCM: (a) in X-axis direction and (b) in Y-axis direction.

Figure 15. Magnetic flux of rotational VCM.
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Table 4. Design parameters of electromagnetic structure.

Coil Outer Dimensions Coil Cross-Sectional Area Magnet Dimensions

Translational VCM 64 × 40 × 8 mm 10 × 8 mm Length 84 mm, detailed in Figure 7a

Rotational VCM 55 × 20 × 6 mm 8 × 6 mm 20 × 12 × 45 mm

To ensure that the connecting parts of the VCM will not undergo plastic deformation,
the FEA software ANSYS was used to simulate the stress of the elastic string and the spring
plate under the maximum displacement. The material of elastic strings is Ti-6Al-4V, and the
spring plate is C17200 copper. In the translational VCM, the distance between the coil and
magnet is 2 mm, which means that the maximum displacement of the elastic string is 2 mm.
The maximum stress of the elastic string under 2 mm displacement is 338 MPa, as shown in
Figure 16a. Figure 16b shows the simulation result of spring plates under a 1.5◦ rotational
angle. The maximum stress of spring plates is 528.8 MPa. Through simulations, it is known
that the stress of elastic strings and spring plates under the maximum displacement is less
than the yield strength of the material, and no plastic deformation occurs. The relevant
material parameters and dimensions are shown in Table 5.

Figure 16. Von Mises stress of connecting parts: (a) elastic string and (b) spring plates.

Table 5. Design parameters of the mechanical structure.

Variable Elastic String Spring Plate

Material Ti-6Al-4V C17200 copper
Young’s modulus 109 (GPa) 128 (GPa)

Shear modulus 43 (GPa) 50 (GPa)
Yield strength 860 (MPa) 1143 (MPa)

Ultimate strength 925 (MPa) 1395 (MPa)
Dimensions Φ 2.2 mm, Length 50 mm 96 × 96 × 0.45 mm

4.4. Dynamic Response Simulation

In this section, MATLAB Simulink was used for step response simulations. The
transfer functions of the translational VCM and rotational VCM, Equations (4) and (7),
were built by using block diagrams. Models in MATLAB Simulink are shown in Figure 17.
The modeling parameters of the proposed 4-DOF VCM are listed in Table 6. In Table 6, the
spring constant, k, is obtained by simulating the ratio of a given load to displacement in
ANSYS mechanical, and the damping ratio, c, is set based on a previous study [22]. There
is also a method for calculating the damping characteristics of rigid materials used in finite
element calculations [30]. In the translational VCM model and the rotational VCM, the
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input parameter is voltage, and the output parameters are displacement and rotational
angle, respectively.

Figure 17. Mathematical models in MATLAB Simulink: (a) translational VCM and (b) rotational VCM.

Table 6. Design parameters of the mechanical structure.

Translational VCM Rotational VCM

Parameter Value Parameter Value

m (kg) 1.875 I (kg-m2) 0.0002343
k (N/m) 19,724 kθ (N-m/rad) 35

c (N-s/m) 60 c (N-s/m) 20
2Kvcm (N/A) 10.3 Kvcm (N/A) 4.36

R (Ω) 11.06 R (Ω) 4.66
L (H) 0.0164 L (H) 0.0024

l (m) 0.035

During the step input response simulations, the time it takes for the proposed VCM
moving from 10% to 90% of the target displacement is called the rise time. In the process of
moving to the target position, the proposed VCM will oscillate back and forth for a while
due to elastic strings, spring plates, and system damping, before it gradually stabilizes.
The time it takes from driving to when the oscillation range is less than ±2% of the target
position error is called the settling time.

The 1 V step input response simulation result of the translational VCM is shown in
Figure 18a. The translational VCM produces a displacement around 0.047 mm under an
input voltage of 1 V. The rise time is about 12 ms, and the settling time is approximately
230 ms. When the input voltage is about 1.05 V, the translational VCM can reach the target
displacement of 0.05 mm. The open loop Bode plot of the translational VCM is shown in
Figure 18b and its bandwidth is 25 Hz.

Figure 19a shows the 1 V step input response simulation result of the rotational VCM.
Under an input of 1 V, the rotational VCM produces a rotational angle around 0.11◦. The
rise time is about 4 ms, and the settling time is approximately 82 ms. When the input
voltage is about 15 V, the rotation angle reaches the design goal of 1.5◦. Figure 19b shows the
Bode plot of the rotational VCM, and the figure shows that the bandwidth of the rotational
VCM is 94 Hz. The above-mentioned Bode plots were generated by inputting transfer
functions in MATLAB. The prototype of the proposed actuator will be manufactured
after the optimization and establishment of a complete closed loop control system in the
future. Table 7 compares the performance of the proposed actuators in this paper and
our previous study [22]. The proposed actuator in this paper has a higher DOF (with a
rotating movement (2000 rpm)), and both the translational VCM and the rotational VAM
have larger movement strokes. Only the simulation of the open loop control was used in
this paper. From the simulation results, the rotating VCM has a much higher bandwidth.
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In future works, the signal output to the 4-DOF VCM can be controlled at any time with
the sensor to measure the disturbance amount for closed loop control, which may further
improve the motor’s bandwidth and dynamic response.

Figure 18. Translational VCM: (a) 1 V step input response and (b) open loop Bode plot.

Figure 19. Rotational VCM: (a) 1 V step input response and (b) open loop Bode plot.

Table 7. Performance comparison of the proposed actuator and the actuators developed in [22].

Proposed Actuator Developed Actuator [22]

Degrees of freedom 4 4
Rotating movement (2000 rpm) With Without

Travel range for the translational movement ±0.05 (mm) ±0.04 (mm)
Travel range for the rotational movement ±1.5◦ ±0.3◦

Bandwidth for the translational movement 25 (Hz) 39 (Hz)
Bandwidth for the rotational movement 94 (Hz) 10 (Hz)

Control system Open loop control Closed loop control
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5. Conclusions

In this paper, a 4-DOF VCM with the function of reducing laser geometric fluctuations
was first proposed. A DC brushed motor was integrated into the proposed 4-DOF VCM.
While the proposed 4-DOF VCM drives the mirror set to compensate laser fluctuations, the
internal DC brushed motor drives the diffuser, suppressing laser speckle simultaneously.
The optical path was shortened, and the laser quality can be improved. Under 12 V
constant voltage input, the speed of the DC brushed motor can reach 2835 rpm, reaching
the design goal of 2000 rpm. The translational VCM and the rotational VCM can reach
target displacement of 0.05 mm and a rotational angle of 1.5◦ when the input voltages
are 1.05 and 15 V, respectively. The open loop bandwidths of the translational VCM and
rotational VCM are 25 and 94 Hz respectively. It is enough to reduce the long-term and slow
laser disturbance of the laser, but it may still be slightly insufficient in the case of rapid and
drastic changes. The proposed actuator was designed and verified by using the commercial
CAD software SolidWorks and the FEA software ANSYS. A mathematical model was built
to simulate the dynamic response of the proposed 4-DOF VCM in MATLAB Simulink. In
the future, the design of this actuator will be optimized, and a laboratory prototype will be
manufactured to evaluate its dynamic performance.
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