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A B S T R A C T   

This study designs and implements the piezoelectric MEMS scanning mirror with large scan angle and reflection 
area for light beam manipulating applications. In this design, the scanning mirror has a large mirror plate (3 mm 
in diameter) supported by two T-shape torsional springs. The U-shape piezoelectric cantilever acts as the actuator 
to drive the scanning mirror through the transmission spring. The analytical model is established to provide the 
design guideline of transmission spring to increase the scan angle. In application, the proposed designs are 
fabricated on the SOI (silicon on insulator) wafer deposited with the PZT film. Measurements indicate the 
fabricated mirror could reach an optical scan angle of 140-degree (mechanical scan angle of ± 35-degree) when 
driving at its resonant frequency of 1.5 kHz with a unipolar driving voltage of 42 V. Moreover, no vacuum 
environment is required for the presented scanning mirror to achieve the above scan angle. This is an extremely 
large optical scan angle for the MEMS scanner with a mirror plate of 3 mm in diameter. In addition, another U- 
shape piezoelectric cantilever serves as the position sensor to detect the scan angle of mirror plate. The sensing 
signals show good linearity with the scan angles and can be exploited as the feedback control. Measurements also 
demonstrate that the micro scanner could withstand 1500 g shock loading, and the deviation of scan angle is less 
than 10% after the cycling test under 10 Vpp resonant driving in 95%RH and room temperature for 0.2 billion 
cycles.   

1. Introduction 

The optical scanning mirror for light beam steering has been applied 
in broad fields such as scientific tools, medical instruments, etc. The 
microelectromechanical system (MEMS) technology has demonstrated 
its capability to miniaturize the optical scanning mirror. Many advan-
tages, for example higher scanning frequency, lower power consump-
tion and cost, smaller device, etc., could be achieved by using the MEMS 
scanning mirror. The MEMS scanning mirror could also be employed to 
steer the laser beam to enhance light intensity for sensing and display 
[1–4]. Texas Instrument successfully demonstrates the commercial 
product by using the MEMS scanning mirror array [5,6]. To date, the 
MEMS scanning mirror can find wide applications in the projection 
display [7], optical switch [8], biomedical imaging [9], light detection, 
and ranging (LiDAR) system [10,11], and so on. Consequently, the 
MEMS scanning mirror is considered as one of the promising 

components to realize the head-up display and the LiDAR for the 
booming autonomous vehicles. 

The existing MEMS scanning mirror are mainly driven through 
electromagnetically or electrostatically approaches [12–19]. The 
micromachining processes for electrostatic MEMS scanning mirrors are 
relatively simple and mature. Various electrostatic scanning mirrors 
have been demonstrated using the SOI wafer processes [12], and the 
poly-Si fabrication platforms [13]. The gap-closing and vertical comb 
electrodes together with different novel transmission mechanisms are 
exploits to enhance the performances of scanning mirrors [13–15]. For 
electrostatic scanning mirrors, smaller gaps between electrodes are 
frequently designed to decrease the driving voltage or increase the scan 
angle of mirror. However, scanning mirrors are often operating in harsh 
environments with vibration and shock for autonomous vehicle appli-
cations, and hence the pull-in effect will be a critical concern in this 
regard [16]. The electromagnetic force is another option to drive 

* Corresponding author at: Power Mechanical Engineering Department, National Tsing Hua Univ., Hsinchu, Taiwan. 
E-mail addresses: howard.cheng@coretronicmems.com (H.-C. Cheng), fang@pme.nthu.edu.tw (W. Fang).  

Contents lists available at ScienceDirect 

Sensors and Actuators: A. Physical 

journal homepage: www.journals.elsevier.com/sensors-and-actuators-a-physical 

https://doi.org/10.1016/j.sna.2022.114010 
Received 5 July 2022; Received in revised form 8 November 2022; Accepted 11 November 2022   

mailto:howard.cheng@coretronicmems.com
mailto:fang@pme.nthu.edu.tw
www.sciencedirect.com/science/journal/09244247
https://www.journals.elsevier.com/sensors-and-actuators-a-physical
https://doi.org/10.1016/j.sna.2022.114010
https://doi.org/10.1016/j.sna.2022.114010
https://doi.org/10.1016/j.sna.2022.114010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2022.114010&domain=pdf


Sensors and Actuators: A. Physical 349 (2023) 114010

2

scanning mirrors with decent actuation loads [17–20]. To enlarge the 
actuation loads for mirror, the assembly of magnets and the coil winding 
outside the mirror chip are frequently required [21]. Thus, extra efforts 
and cost are needed for these non-batched assembly processes, and the 
device size is also relatively large after assembly. Moreover, the power 
consumption and temperature rising are other concerns for the elec-
tromagnetic scanning mirrors [21]. The MEMS actuators and scanning 
mirrors driven by the piezoelectric thin films have also been investigated 
[21]. The characteristic of piezoelectric actuation could prevent the 
pull-in and temperature rising effects. The piezoelectric MEMS scanning 
mirror also has relatively low driving voltage and power consumption. 
Since the PZT (Lead-Zirconate-Titanate) thin film exhibits a relatively 
large piezoelectric coefficient [22], it is considered as an excellent 
candidate for the implementation of piezoelectric scanning mirrors. The 
quality and availability of the PZT films are gradually improved in 
recent years. Designs of PZT MEMS scanning mirrors with different 
structures, actuators, driving and sensing electrodes, and so on have 

been reported [23–26]. For example, the meandering actuator and large 
mirror plate are designed for different applications [23,24]. The PZT 
scanning mirror with special driving electrodes or equipped with 
sensing electrodes are reported in [25,26]. 

This study will focus on the development of piezoelectric MEMS 
scanning mirror which has the potential to apply in the vehicle LiDAR. In 
general, high luminance and large field-of-view are important specifi-
cations for the vehicle LiDAR [27]. In this regard, the large reflection 
area (mirror plate) and wide scan angle are two design requirements for 
the MEMS scanning mirror. However, it is not straightforward to design 
the MEMS scanning mirror to exhibit both large mirror plate and scan 
angle [28]. The approach to combine multiple scanning mirrors to 
enlarge the field of view (FOV) has been presented in [28]. To imple-
ment this design, multiple scanning mirrors with independent control 
system are required for each scanning mirror. Various approaches to 
design actuation schemes and mechanical structures to increase the scan 
angle have also been reported [29–33]. As discussed in [29,30], the 

Fig. 1. (a) Isometric illustration of the proposed scanning mirror and the zoom-in diagram of transmission spring and T-shape torsional spring, and (b) the backside 
and cross section views of the proposed scanning mirror. 

H.-C. Cheng et al.                                                                                                                                                                                                                               



Sensors and Actuators: A. Physical 349 (2023) 114010

3

Fig. 2. The physical model of the proposed scanning mirror design, particularly the transmission spring, to determine the linear static displacement δSA of the 
actuator tip, and further find out the dynamic displacement of the mirror plate δDM. During actuation, the U-shape actuator tip is allowed to have the linear 
displacement δz about z-axis and the angular displacement θy about y-axis, so that the transmission spring will be deformed to move the mirror plate. 
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meandering structures deposited with PZT film are used as the spring 
and actuator to enlarge the scan angle. The PZT film on large supporting 
frame has been employed to drive the mirror plate and large scan angle 
is achieved when operating at the out of phase resonant mode [31]. The 
approach to exploit connection springs between the actuators and the 
mirror plate to increase the scanning angle have been reported [32,33]. 
However, it remains challenging to achieve large mirror plate and scan 
angle simultaneously. To meet the above goals, this study leverages the 
concept in [32,33], to establish the analytical model as the design 
guideline for connection springs. After that, the finite element method 
(FEM) simulation is used to fine tune the structure design. In applica-
tion, this study will demonstrate the design of a scanning mirror with a 
large reflection area (a mirror plate with 3 mm in diameter). The designs 
are implemented by the micromachining processes with the piezoelec-
tric film on the SOI wafer. Measurements indicate that the fabricated 
MEMS scanner with a 3 mm diameter mirror plate have a 140-degree 
scan angle in air (not in vacuum) which could meet the application 
specifications. 

2. Design concepts and principles 

Fig. 1 shows the schema of the proposed design. As indicated in 
Fig. 1a, the scanning mirror is consisted of a mirror plate supported by 
two T-shape torsional springs which anchored to the substrate. In 
addition, the scanning mirror is driven by the U-shape cantilever 
piezoelectric actuator through the transmission springs. Another U- 
shape cantilever acts as the piezoelectric sensor to detect the scan angle 
of the mirror plate. The circular mirror plate is 3 mm in diameter to offer 
a large reflection area, and the slots on the mirror plate are designed to 

reduce the stress on torsional spring. As the backside and cross-section 
views indicated in Fig. 1b, the mirror plate with rib-reinforced struc-
tures could maintain the stiffness to reduce dynamic deformation during 
operation [35,36]. The T-shape torsional springs are exploited to reduce 
the torsional stiffness to increase the scan angle, while maintaining 
sufficient amount of robustness in out-of-plane direction to prevent 
failure when device is under severe shock or vibration. In this design, 
one of the U-shape unimorph piezoelectric cantilevers is employed to 
excite the scanning mirror. The U-shape cantilever will be bent by the 
piezoelectric film to actuate the mirror when a driving signal input into 
the scanner. On the other hand, an output signal can be detected from 
the piezoelectric film when the sensing U-shape cantilever bent by the 
rotating mirror. Note the vibration energy is transmitted from the 
actuator to the mirror plate through the transmission springs. Thus, the 
performances of the presented scanning mirror are influenced by the 
design of the transmission springs, the T-shape springs, and the U-shape 
actuators. This study will focus on the design of the transmission springs. 
In this regard, the analytical model will be established to evaluate and 
decide the design of transmission springs. After that, the finite element 
simulations are used to predict the dynamic characteristics of the 
scanning mirror design. 

2.1. Analytical solution 

The schematic illustrations in Fig. 2 depict the model used to derive 
the analytical solution. The top and bottom illustrations respectively 
show the scanning mirror before and after actuation. Various important 
parameters are also marked in figures. To simplify the analytical model, 
this study assumes that the dynamic system is formed by the mirror 

Table 1  
Summarized static tip displacement δSA of the U-shape actuator and the maximum stress of the T-shape torsional spring for both reference and proposed designs. The 
analysis and simulation results are included for comparison.  
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Table 2  
Summarized of the stiffness matrix for both reference and proposed designs. Where Iij is the moment of inertia of the springs, and the first subscription i depicts the 
direction of neutral axis, the second subscription j indicates the direction of the beam; Jk is torsional moment of inertia of the springs, and the subscription k represents 
the direction of perpendicular axis. In addition, E and G are respectively the elastic modulus and the shear modulus.  

(continued on next page) 
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Table 2 (continued ) 
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plate, and the T-shape and the transmission springs. In addition, the 
dynamic system is driven by the U-shape piezoelectric actuator through 
the transmission springs. Thus, the analytical model is established to 
find the transmission spring design to achieve a larger dynamic response 
of mirror plate δDM. For the dynamic system driven by the actuator in 
Fig. 2, the dynamic response of mirror plate δDM is expressed as [37], 

δDM = δDATR (1)  

where and δDA is the dynamic displacements applied on the mirror by 
the actuator, and TR is the transmission ratio of the dynamic system. The 
parameter TR determines the efficiency of vibration energy transmission 
between actuators and mirror plate. In general, TR is dependent on the 
operating frequency. Moreover, the dynamic displacement of the actu-
ator δDA can be denoted as, 

δDA = δSAQF (2)  

where δSA and QF are respectively the static displacement and the 
quality factor of the piezoelectric actuator. From Eqs. (1) and (2), the 
dynamic displacement of the mirror δDM (i.e. scan angle) is proportional 
to the static displacement of the piezoelectric actuator δSA. Conse-
quently, this study will design the transmission springs to enlarge the 
δSA. 

As shown in Fig. 2, the actuator is flexible to perform the linear tip 
displacement δz in z-axis and the angular tip displacement θy about the 

y-axis. The rest of the tip displacements can be ignored for this actuator. 
The transmission spring, with one end fixed to the actuator, is also 
having the tip displacements δz and θy. Thus, the deformed transmission 
spring will generate elastic restoring loads acting on the connection 
between the spring and the actuator, 
[
Fs
Ms

]

=

[
kzz kzt
ktz ktt

][
δz
θy

]

(3)  

where Fs is the force in the z-axis and Ms is the bending moment about 
the y-axis, and kzz, kzt, ktz, and ktt are the stiffness terms of the trans-
mission spring. Note the first subscript of the stiffness term denotes the 
direction of strain, and the second subscript denotes the direction of 
applied force. Moreover, in this study, the piezoelectric film is employed 
to generate a force Fp on the actuator. The force Fp can be found through 
the integration over the length L of the piezoelectric thin film using the 
Hamilton’s principle [38], 

Fp = e31V
w
L
Zm (4)  

where e31 is the piezoelectric coefficient of the PZT film, V is the input 
voltage, w is the width of the PZT film, and Zm is the distance between 
the neutral axis and piezoelectric thin film. In addition, the residual 
stress of PZT film also applies an equivalent bending moment Mσ on the 
actuator. The strain energy contributed by the thin film residual stress σ 

Fig. 3. The FEM simulation results: (a) typical model used in FEM simulation, (b) the 1st mode of the proposed design, featuring angular motion (about the T-shape 
torsional spring) of mirror plate, (c) the 2nd mode of the proposed design, featuring piston motion of the mirror plate, and (d) the 3rd mode of the proposed design, 
featuring rocking motion of the device. 
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could be express as, 

Uσ =

∫ L

0

1
2
(xL wtpσZm)

2

x
L(EI)eff

dx (5)  

where tp is the thickness of piezoelectric thin film, and (EI)eff is the 
equivalent moment of inertia of the actuator; and this strain energy can 
also be represented by the equivalent moment My of the residual stress, 

Um =

∫ L

0

1
2

(Mσ)
2

x
L(EI)eff

dx (6) 

Since the strain energies Uσ and Um are identical, Mσ can be deduced 
from Eqs. (5,6) as, 

Mσ =

(
wtpσZm

)2

2ln(L)
(7) 

After that, the Castigliano’s theorem is applied to evaluate the static 
displacements of δz and θy through the actuator. In this regard, the strain 
energy of the actuator could be found as, 

U =

∫ L

0

1
2
(F • x+M)

2

x
L(EI)eff

dx (8)  

where the total forces F and moments M on the actuator are respectively, 
F ¼ Fs þ Fp, and M ¼ Ms þ Mσ. According to the Castigliano’s theorem 
[39], the linear tip displacement δz and angular tip displacement θy 
could be expressed as, 

δz =
∂U
∂F =

F • L3

2(EI)eff
+
M • L2

(EI)eff
(9)  

θy =
∂U
∂M =

L •M • ln(L)
2(EI)eff

+
F • L2

(EI)eff
(10) 

Substituting Eqs. (3), (4), (7) into the simultaneous Eqs. (9,10), the 
static displacement can be found as, 

δSA = δz

= (

(
L
EI

)[(
e31V w

LZm
)(

L2

2 +
C1L2(ln(L)− 2)

2

)
−
(wtpσZm)

2

2ln(L) (L+ w (2ln(L)− 1)
2 + C3

3L2

2 )]

L ∗ (ln(L) − 4 )(C0C1L+ C2C2L) + 4C2L+ C2L2 + C1ln(L) + 1
)

(11)  

where 

Fig. 4. The FEM simulations for von Mises stress distributions, (a) the stress distribution when the device is operating at 140-degree scan angle, and (b) the stress 
distribution when the device encounters a 1500 g shock. The unit of color bar is Pa. 
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C0 =
kzz • L

2(EI)eff
, C1 =

ktt • L
2(EI)eff

, C2 =
ktz • L

2(EI)eff
, C3 =

ktz • L
2(EI)eff

(12) 

If the residual stress is negligible then Eq. (11) can be simplified as, 

δSA = δz =
L3

2EI
f(kzz , kzt , ktz , ktt)

(
e31V

w
L
Zm

)
(13)  

where   

Finally, the Eq. (1) used to predict the dynamic displacement of 
mirror can be rewritten as, 

δMD =
L3

2EI
f(kzz , kzt , ktz , ktt)

(
e31V

w
L
Zm

)(
QF)(TR) (15) 

As depicted in Eq. (15), the first term is the compliance of the 
actuator; the second term is mainly determined by the stiffness matrix of 
transmission spring (in Eq. (3)); the third term is the equivalent piezo-
electric force; the fourth term is the quality factor of the actuator, and 
the last term is the transmission ratio. These terms show the design 
guideline to improve the scan angle. In addition to the straightforward 
approach to enhance the scan angle by using the piezoelectric thin film 
with higher e31 or increasing the driving voltage V, this study will focus 
on the design of transmission spring to increase the f(kzz, kzt, ktz, ktt). 
Based on Eq. (15), this study shows the transmission spring design on the 
proposed scanning mirror in Fig. 1. In comparison, the schematic illus-
trations in Table 1 show three scanning mirrors with the proposed and 
two reference transmission spring designs. The stiffness terms for these 
three spring designs are available in Table 2. Analytical solution sug-
gests that the δSA of proposed design is 11.32 µm under 10 V driving. 
Comparing with the straight transmission spring design in A, the U- 
shape transmission spring could reduce the kzz and ktt by 73% and 28% 
respectively, so as to increase the displacement δSA for 85%. In addition, 
the proposed meandering transmission spring design could further 
reduce the kzz and ktt by 75% and 80%, this lead to a near two-fold 
improvement on δSA. The analytical results in Table 1 are also 
confirmed by the finite element method (FEM) simulations (by using the 
commercial FEM software COMSOL Multiphysics). Analytical results 
show good agreement with FEM simulations. In summary, based on the 
design guideline arrived from the analytical model in Eq. (15), this study 
presented the meandering transmission spring design to reduce its kzz 
and ktt and further increase the dynamic displacement δDM as well as the 
scan angle of the mirror plate. 

2.2. FEM simulations 

After soliciting the transmission spring designs using Eq. (15), the 
FEM simulations are employed to determine the stress distribution on 
springs to prevent failure under ultra-wide scan angle. Simulation re-
sults in Table 1 reveal that the proposed meandering spring design could 
reduce the stress. The FEM simulations are also employed to predict the 
dynamic responses of the designs. Fig. 3a shows the typical finite 
element model established in this study. Simulation results in Fig. 3b- 
d respectively depict the first three resonant frequencies and their cor-
responding mode shapes of the scanning mirror. Based on the design in 
this study, the scanning mirror is operating at its first resonant frequency 
at 1493 Hz with a torsional vibration mode, as indicated in Fig. 3b. 
Simulation shows that the 2nd mode (mirror plate having the out-of- 
plane linear motion) at 3984 Hz is far enough to avoid the cross talk 
with the operation mode, as depicted in Fig. 3c. Moreover, the 3rd mode 
in Fig. 3d features the rocking motion of the device at 8629 Hz. 

Fig. 5. Fabrication process steps.  

f(kzz , kzt , ktz , ktt) =

⎛

⎜
⎝

1
2 +

(ln(L)− 2)
2

L ∗ (ln(L) − 4 )(C0C1L+ C2C2L) + 4C2L+ C2L2 + C1ln(L) + 1

⎞

⎟
⎠ (14)   
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The FEM simulations are also used for stress analysis of the scanning 
mirror during operation. Fig. 4a demonstrates stress distributions (von 
Mises stress with unit in Pa) on the scanning mirror when operating at 
140-degree optical scan angle. Simulations indicate higher stresses are 
distributed at the torsional spring and the transmission spring, especially 
near the connections with the mirror plate. As shown in Table 1, the 
proposed meandering transmission spring design could lower its stress, 
yet still have a large scan angle. Moreover, the slots on the mirror plate 
could provide additional compliance to reduce the stress on torsional 
spring. Simulations indicate the maximum stress of the mirror at a 140- 
degree optical scan angle was 3.13 GPa. It is worth to note that the slot 
will induce a large stress when device is under shock loading. Simulation 
results in Fig. 4b show the stress distribution (von Mises stress with unit 
in Pa) of the proposed scanning mirror when encounter a 1500 g shock 
loading. The maximum stress occurs at the edge of the slot with a value 
of 456 MPa which is much smaller than the yield strength of silicon. 

3. Fabrication and results 

Fig. 5 displays the fabrication steps to implement the proposed 
scanning mirrors. In this study, the 10-mask micromachining processes 
were performed on the SOI (silicon-on-insulator) substrate with a 15 µm 
thick device layer. As shown in Fig. 5a, the Pt and ZrO2 films were 
deposited on the substrate to serve as the bottom electrode and adhesion 
layer, and then the 5 µm thick PZT film was sputtered on the bottom 
electrode. After that, the Pt film was deposited and then patterned by the 
lift-off process to act as the top electrode. As depicted in Fig. 5b, the PZT 
thin film was patterned by the ion milling process. The bottom Pt elec-
trode was then patterned by using the RIE (reactive ion etching) process. 

Moreover, as indicated in Fig. 5c, a thin Si3N4 film was deposited by 
PECVD as the passivation layer to protect the PZT film from environ-
mental moisture. After that, the backside oxide layer was etched by the 
RIE to define the cavity region. As displayed in Fig. 5d, backside deep- 
RIE processes on the Si substrate were performed to define pattern 
and thickness of mirror ribs. After that, the Si3N4 passivation layer was 
patterned by the RIE to expose the contact area of top electrode and 
metal film was deposited and then patterned by the lift-off process to 
define the bonding pads. As exhibited in Fig. 5e, the Si3N4 passivation 
layer was again patterned by the RIE to expose reflection area, and then 
the front-side deep-RIE etching process on the device Si layer was 
employed to define the shape of scanner (such as the spring, mirror 
plate, etc.). The second backside deep-RIE was performed to etch the 
remaining Si handle layer, illustrated in Fig. 5f. Finally, the reflection 
metal layer was deposited on the mirror plate by using the shadow mask, 
then the buried oxide was etched to release the structure, shown in 
Fig. 5g. 

Typical fabrication results are shown in Fig. 6. The SEM (scanning 
electron microscope) micrographs in Fig. 6a-b respectively display the 
front side and backside of a typical fabricated chip which containing the 
proposed scanning mirror. The rib-reinforced structures are observed 
through the backside cavity of the chip. The zoom-in SEM micrograph in 
Fig. 6c exhibits the proposed meandering transmission springs with both 
ends respectively connected to the piezoelectric actuators and the mirror 
plate; and the T-shape torsional spring with both ends respectively 
connected to the mirror plate and the substrate. The slot on mirror plate 
for stress release is also observed. The micrograph in Fig. 6d shows the 
chip with micro scanner is fixed and wire-bonded on the printed circuit 
board (PCB) for testing. This study characterized the shape of the 

Fig. 6. The scanning electron microscope (SEM) micrographs of typical fabricated piezoelectric MEMS scanning mirror, (a) overview of the proposed design, (b) the 
backside view to show the rib reinforcement structure, and (c) the zoom-in micrograph of transmission springs and T-shape torsional spring; and the optical 
micrograph of (d) the scanning mirror wire bonded on the PCB ready for testing. 
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fabricated scanning mirror before performance tests. According to 
measurements from the commercial optical interferometer, as depicted 
in Fig. 7a, the bending radius of curvature of the mirror plate is 5.03 m, 
and this value could fulfill the optical requirements [40]. The results 
show that the proposed mirror plate design has sufficient stiffness to 
suppress the influence of thin film residual stresses. This study also 
employs the laser confocal microscope to measure the thickness of the 
rib. As shown in Fig. 7b, the thickness of ribs is near 84 µm, which is 
close to the original design value of 80 µm. 

4. Measurements and discussions 

This study performed various tests to evaluate the performances of 
the fabricated scanning mirrors. The micrograph in Fig. 8a display the 
micro scanning mirror with no input voltage. The micrograph in Fig. 8b 
further exhibits the micro scanning mirror driving at its resonant fre-
quency. The blurred pattern of the mirror plate depicts its mechanical 
scan angle. The commercial Laser Doppler Vibrometer (LDV, Polytec 
GmbH) and Digital Holographic Microscope (DHM, Lyncee Tec) are 
employed to measure the dynamic characteristics of the scanning mir-
rors. Results in Fig. 9a show typical frequency responses of the scanning 
mirror (under 15 kHz frequency sweeping) measured by the LDV, and 
three resonant frequencies are detected within the frequency range. 
Moreover, as displayed in Fig. 9b, typical measurement results from the 
DHM (see the supplementary information in Video 1 and Video 2) are 
used to observe the corresponding mode shapes for each resonant fre-
quency. According to the results from LDV and DHM, the 1st resonant 

frequency of the scanning mirror is 1502 Hz with the quality factor of 
near 440, and the vibration mode is featuring with the tilting oscillation 
of mirror plate. Measured 1st resonant frequency shows good agreement 
with simulation result. As shown in Fig. 10a, the experiment setup was 
established to measure the optical scan angle of the micro scanner. The 
actuating U-shape cantilever was driven by the function generator and 
power amplifier. A laser beam was incident on the scanning mirror and 
then projected on a fixed circular screen. The optical scan angle can be 
directly measured from the attached protractor. The left photo in 
Fig. 10b shows the typical scanning pattern during the test. The chip 
with micro scanner can be observed in the right top zoom-in photo of 
Fig. 10b. Moreover, as display in the right below photo, the optical scan 
angle is measured from the protractor. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.sna.2022.114010. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.sna.2022.114010. 

Measurement results in Fig. 11 exhibit the frequency responses of the 
proposed scanning mirror under four different driving voltages (5 V ~ 
30 V). The results indicate the scan angle of the mirror is increased with 
the driving voltage. Meanwhile, the frequency response curves would 
bend toward high frequency for higher driving voltage and the nonlinear 
jumping phenomenon is also observed. The large scan angle may lead 
the spring hardening effect and further cause the nonlinear dynamic 
responses of the mirror [32,41,42]. Thus, the feedback control of scan-
ning mirror is imperative to achieve large scan angle while preventing 
operation falling into nonlinear jump. Measurements in Fig. 12a exhibit 

Fig. 7. (a) Initial bending of the mirror plate (radius of curvature of the mirror plate is 5.6 m) measured using the optical interferometer, and (b) the thickness of rib 
structure (thickness is around 80 µm) measured using the laser confocal microscope from the backside of the chip. 
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Fig. 8. Optical micrographs to show the presented scanning mirror, (a) before driving, and (b) driving with a 140-degree optical scan angle, the mechanical scan 
angle can be observed from the blur image of the mirror plate. 
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the optical scan angle varying with the driving voltage. The results 
indicate the proposed scanning mirror can reach an extremely large 
optical scan angle of 140-degree under a unipolar driving voltage of 
42 V. It is worth to note that the above scan angle was achieved for 
scanners with no vacuum packaging. The results show the presented 
design determined from the analytical model could improve the scan 
angle of mirror. Measurements in Fig. 13 further depict the relationship 
between the optical scan angle and the signal detected by the PZT film 
on the U-shape sensing cantilever. The sensing signals show good line-
arity with the scan angles and can be exploited as the feedback control. 
In short, one of the U-shape cantilevers acts as the actuator to drive the 
mirror by inverse piezoelectric effect, and the other U-shape cantilever 
picks up sensing signals by direct piezoelectric effect. 

In this study, the PZT layer is protected by the silicon nitride film 
from harsh environment. To verify the reliability of the device, the micro 
scanner was tested in high humidity chamber (95%RH, room tempera-
ture) under 10 Vpp resonant driving for 7 days (equivalent to roughly 0.2 
billion cycles). Measurements in Fig. 14 indicate that the deviation of 
scan angle is less than 10% after the driving tests in harsh environment. 
Finally, based on the standard MIL-STD-883 G TM 2002.4 Condition B 
[43], this study also performed the shock tests with 1500 g loading in six 
different directions (+/- X, +/- Y, +/- Z) on the micro scanner. The peak 
duration of shock was 0.5 ms, and totally 5 shocks in each direction. Test 

conditions were summarized in Table 4 and frequency responses of the 
scanner under 15 Vpp driving before and after shock were displayed in 
Fig. 15. It indicates the frequency responses of the micro scanner have 
minor changes after shock tests (only 7 Hz difference in resonant fre-
quency). Moreover, no damages were observed on the micro scanner 
after shock tests. The results indicate that the micro scanner could 
withstand 1500 g shock loading. The temperature stability of the device 
has also been studied. The scanning mirror was tested in an oven to 
control the ambient temperature (ranging from − 20 ◦C to 80 ◦C). It is 
not straightforward to perform the optical measurement in Fig. 10 inside 
the oven. In this study, based on the calibration curve in Fig. 13, the scan 
angle (at different ambient temperature) is determined from the signal 
measured by the U-shape PZT sensor. Typical measurement results 
shown in Fig. 16 indicate the dynamic responses of the device remain 
consistence as ambient temperature varying from − 20–40 ◦C. However, 
as the ambient temperature increasing to 60 ◦C or above, the dynamic 
responses of the scanning mirror are changed, particularly at and after 
the resonant peak. Further investigations are required to explain the 
measurement results. 

The comparison of the analytical, simulated, and experimental re-
sults is shown in Fig. 12b and Table 3. The d31 coefficient was extracted 
using suspended cantilever testkey. Analytical and experimental results 
have good agreement under small driving voltage (under 10 V), errors 

Fig. 9. (a) The frequency responses of the presented 
scanning mirror measured using the laser Doppler vibr-
ometer, and the first three resonant frequencies were found 
under 15 kHz; (b) the 3D motion images of the presented 
scanning mirror measured using the digital holographic 
microscope; the left and right images captured from the 3D 
motion images (Video 1 and Video 2 of the supplementary 
information) respectively display the scanning mirror 
driven at the tilting mode (the 1st resonant frequency) and 
the piston mode frequency (the 2nd resonant frequency).   
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Fig. 10. (a) Schematic illustration of the experiment setup to measure the optical scan angle. (b) The left micrograph displays part of the test setup. The zoom-in 
micrographs show the laser scan pattern projected on the circular screen, and the scan angle can be measured by the protractor. 

Fig. 11. Measured frequency responses of the proposed scanning mirror under four different driving voltages (5 V ~ 30 V).  
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between these results were within 10%, showing the feasibility of using 
analytical model to simplify the design process. As the driving voltage 
rises, the error between analytical solutions and measurement results 
increases accordingly. The spring hardening effect discussed in Fig. 11 
was considered as the reason to cause the error between the analysis and 
measurement at higher driving voltage. Thus, the scanning angle per 
driving voltage predicted by the analytical model has higher value. 

5. Conclusions 

This study presents the design and implementation of a piezoelectric 
scanning mirror with large reflection area and wide scan angle for 
vehicle LiDAR applications. The mirror plate is supported by two T- 
shape torsional springs which anchored to the substrate. Two U-shape 
silicon cantilevers covered with unimorph PZT film are respectively 

Fig. 12. (a) Measurements to show the variation of optical scan angle with the driving voltage, and (b) comparison between measurement, analytical, and simulation 
results at small driving voltage range. 

Fig. 13. Variation of measured sensing signals (from the U-shape piezoelectric sensor) with mechanical scan angles.  
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used as the actuator and sensor to drive the mirror plate and also detect 
its scan angle. The U-shape actuator excites the mirror plate through the 
transmission springs. Thus, the transmission spring plays an important 
role to determine the scan angle of mirror plate. In this regard, this study 
has established the analytical model to evaluate and decide the design of 
transmission springs. Moreover, the FEM simulations are used to predict 
the dynamic characteristics and stress distribution of the scanning 
mirror. Based on the design guideline arrived from the analytical model, 
this study presented the meandering transmission spring design to in-
crease the dynamic displacement as well as the scan angle of a large 
mirror plate. The processes on the SOI wafer with the PZT film were 
developed to fabricate the presented scanning mirrors. Measurements 
show the mirror has a maximum optical scan angle of 140-degree when 
driving at its resonant frequency of 1.5 kHz with a unipolar driving 
voltage of 42 V. Since the test is under 1 atm ambient pressure, the 
optical scan angle is extremely large for the MEMS scanner with a mirror 
plate of 3 mm in diameter. The sensing signals detected by the U-shape 
piezoelectric sensor show good linearity with the scan angles of mirror 
plate. The sensor can be exploited as the feedback control for future 
applications. Note that the U-shape piezoelectric sensor can be exploited 
to drive the mirror plate to reduce the driving voltage if feedback 
sensing signals are not required (or can be provided by other position 
sensor [44,45]). The reliability tests show that the micro scanner could 
withstand 1500 g shock loading. In addition, the deviation of scan angle 
is less than 10% after the cycling test under 10 Vpp resonant driving in 
95%RH and room temperature for 0.2 billion cycles. The analytical 

Fig. 14. Deviation of the optical scan angle and the scanning frequency during the cycling tests under the high humidity environment.  

Table 3 
Summary of the parameters used in analysis and simulation, and the comparison 
of the analysis, simulation, and measurement results.   

Analytical Simulation Measurement 

Si Young’s modulus (GPa) 169 
Si shear modulus(GPa) 60 
PZT Young’s modulus (GPa) 61 
d31 coefficient (pm/V) 160 
Quality factor 440 
1st Resonant Frequency (Hz)  1493 1502 
2nd Resonant Frequency (Hz)  3984 2563 
Angle per voltage (◦/V) 5.43 4.61 3.38  

Table 4 
Conditions for the shock test.   

Shock Test Conditions 

Pulse form Half sine 
Acceleration (g) 1500 ± 20% 
Peak duration (ms) 0.5 ± 30% 
Number of shock 5 shocks per direction 
Shock direction (þ/- X, þ/- Y, þ/- Z) 
Total shocks 30  

Fig. 15. Frequency responses of the micro scanner before and after shock test.  
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results have good agreement with FEM simulations and measurements. 
Thus, the analytical model established in this study offer a simple 
guideline to design the transmission spring of the scanning mirror. The 
ad-hoc approach to design the scanning mirror can be avoided. After 
that, the FEM simulations could further provide more detail information 
about the performances of scanning mirror. Nevertheless, at higher 
driving voltage, nonlinear effect starts to become more pronounce, error 
between analysis and measurement results thus increased. To make a 
correction of the error, the nonlinear terms can be added into the stiff-
ness matrix of analytical model, so that the stiffness terms become 
displacement dependent [46]. 
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