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Abstract
This paper presents a 2D flexible printed circuit board (FPCB) micromirror and a scanning 3D
light detection and ranging (LIDAR) based on it by integrating the 2D FPCB micromirror with a
commercially available single point LIDAR. The 2D FPCB micromirror retains the benefits of
previously developed 1D FPCB micromirrors, i.e. large aperture and low cost while providing
rotation of the mirror plate about two orthogonal axes to be able to scan a laser beam about both
vertical and horizontal axes to achieve 2D scanning. One 2D FPCB micromirror is integrated
with a single point LIDAR to achieve a 3D scanning LIDAR, which, in comparison to the
previously developed 1D FPCB micromirror based 3D LIDAR, achieved more compact
structure and easier fabrication/assembly due to no strict requirement on the alignment between
two micromirrors while only one 2D micromirror rather than two 1D micromirrors used.
Prototypes of the 2D FPCB micromirror and the 3D LIDAR based on it are fabricated and
tested. The test results demonstrate that the 2D FPCB micromirror based 3D LIDAR achieved a
volume reduction over the previous 1D FPCB micromirror based 3D LIDAR from 1042 cm3 to
754 cm3 with a field of view of 40◦× 24◦ at 150 Hz horizontal scanning and 2 Hz vertical
scanning.

Keywords: 2D FPCB micromirror, 3D LIDAR, Micromirror scanning LIDAR,
Large aperture micromirror

(Some figures may appear in colour only in the online journal)

1. Introduction

Light detection and ranging (LIDAR) is an advancing techno-
logy of interest in the field of autonomous vehicles on roads
and automated guided vehicles (AGVs) for applications in the
manufacturing and logistics industries [1–4]. 3D maps of a
surrounding environment can be obtained using a scanning
LIDAR. Traditional scanning LIDARs depend onmotor-based
scanning mechanisms which come with disadvantages of a
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bulky and heavy structure, low reliability, high power con-
sumption as well as high cost due to an array of emitting
lasers/receivers required to achieve multiple-line scanning as
well as the expensive motors/encoder required long time and
continuous accurate rotating [1, 5]. Microelectromechanical
systems (MEMS) mirrors are currently drawing interest as
an alternative component in motor-based scanning LIDARs
with advantages of significantly lower cost, lighter weight,
more compact size, higher reliability (no macro rotation part)
and lower power consumption [2, 6, 7], after various MEMS
micromirrors have been successfully developed and applied
to display, bio-medical imaging, communication, and LIDAR
[8–19].

A new type of MEMS micromirror technology, i.e. flex-
ible printed circuit board (FPCB) micromirror, was developed
in our group since 2016 [20–31], which uses (a) the flexible
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Figure 1. FPCB micromirror based scanning 3D LIDAR. (a) Two 1D FPCB micromirrors based scanning 3D LIDAR. (b) One 2D FPCB
micromirror based scanning 3D LIDAR.

printed circuit board as the supporting substrate and flexible
structure (e.g. torsion beams), (b) the embedded copper coils
as the driving element to generate oscillating Lorentz forces,
and (c) a metal film coated silicon plate diced off a silicon
wafer as the mirror plate to be bonded to the FPCB supporting
substrate. Since the mirror plate is separately fabricated and
then bonded to the FPCB structure, a large aperture can be
achieved, e.g. 1 mm to >10 mm. The FPCB micromirror tech-
nology has the advantage of very low cost due to the usage
of mature FPCB industrial process instead of the expensive
micromachining processes except for the low-cost fabrication
of the silicon mirror plate which requires only thin metal film
coating and silicon wafer dicing. Various 1D FPCB micromir-
rors have been developed for different applications as repor-
ted in [25–29]. 1D FPCB micromirrors can generate rota-
tion of the mirror plate about one axis to scan the laser beam
such as to turn a single point LIDAR into a line scanning 2D
LIDAR [21, 25, 26, 28, 29, 31]. Two 1D FPCB micromirrors
can be cascaded to realize 2D scanning, i.e. the 1st 1D FPCB
micromirror for vertical scanning and the 2nd 1D micromirror
for horizontal scanning as shown in figure 1(a). The two 1D
FPCB micromirrors constructed 2D scanner can be integrated
with a single point LIDAR to form a scanning 3D LIDAR as
reported in [25, 29–31]. However, the 2D scanner based on
two 1D FPCB micromirrors is bulky. In addition, the two 1D
micromirrors in the 2D scanner must be well aligned. Other-
wise, the laser beam scanned by the 1st 1D FPCBmicromirror
would be off the 2nd 1D FPCB micromirror. Consequently,
the maximum vertical scanning angle is limited by the aper-
ture size of the 2nd 1D FPCB micromirror and the align-
ment between the two 1D FPCB micromirrors. Thus, a 2D
FPCBmicromirror, in which the mirror plate rotates about two
axes to realize both vertical and horizontal scanning is highly
desired, which does not require strict alignment between two
micromirrors with the vertical scanning angle not limited by
the 2nd micromirror’s aperture and the alignment between
two micromirrors. In addition, the total size and cost of the
2D scanner can be decreased when using a 2D micromirror

over two 1D micromirrors. This paper proposes a 2D FPCB
micromirror design, which retains the benefits of previous 1D
FPCB micromirrors, i.e. large aperture and low cost while
providing rotation of the mirror plate about two orthogonal
axes to be able to scan a laser beam about both vertical and
horizontal axes to achieve 2D scanning with one micromir-
ror. Thus, the 2D FPCB micromirror can be integrated with
a single point LIDAR to achieve a 3D scanning LIDAR (as
shown in figure 1(b)) with a more compact structure and lower
cost with no strict requirement on the alignment between two
micromirrors over the previous two 1D FPCB micromirrors
based 3D scanning LIDAR [30].

In the paper, section 2 introduces the design and principle.
Section 3 presents the modeling and simulation. Section 4
describes the application of the 2D FPCB micromirror to 3D
scanning LIDAR. Section 5 presents the prototype and testing
of the 2D FPCB micromirror and the 3D LIDAR based on it.
Conclusions are in section 6.

2. Design and principle

2.1. Design of the 2D FPCB micromirror

As shown in figure 2, the 2D FPCB micromirror has the mir-
ror plate seated on an FPCB substrate with embedded cop-
per coils, two plate permanent magnets are located beside
the coils to generate the Lorentz force on the coils when the
current is applied to the coils. As a result, the Lorentz force
oscillates the mirror plate about the inner axis. The mirror
plate is supported by the rectangular gimbal, which is rotated
about the outer axis by the electromagnetic forces generated
between the two permanent magnet discs and the two under-
neath solenoids. The two permanent magnet discs are bonded
to the two tips of the gimbal with two solenoids underneath the
permanent magnet discs. Thus, the mirror plate’s oscillation
(frequency and amplitude) about the inner axis is controlled
by the current though the coils embedded in the FPCB
substrate and the oscillation about the outer axis is controlled
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Figure 2. Design of the 2D FPCB micromirror. (a) 2D FPCB micromirror without assembly structure (b) 2D FPCB micromirror with
assembly structure.

by the current applied to the solenoids. The oscillation about
the inner axis is at the frequency close to the natural resonant
frequency to realize a large oscillation angle (e.g. ∼150 Hz
and max optical angle of ∼60◦), which is always used for
horizontal laser scanning, while the oscillation about the outer
axis is at the frequency far below its natural resonant frequen-
cies and thus is quasi-static rotation (e.g. 2.5–5 Hz), which
is usually used for vertical laser scanning. According to the
above working principle, the mirror plate can rotate about two
orthogonal axes, i.e. the inner and outer axes, to realize 2D
laser scanning if a laser beam is shot on to the mirror plate.
In addition, the 2D FPCB retains the benefits of the previ-
ous 1D FPCB micromirror, i.e. large aperture (e.g. >10 mm
in square).

2.2. 3D scanning LIDAR

As shown in figure 1(b) the 2DFPCBmicromirror is integrated
with a single point LIDAR to form a 3D scanning LIDAR. The
2D FPCB micromirror has a large aperture (12 mm× 12 mm)
to both scan the emitting laser from the single point LIDAR
horizontally and vertically in the 3D space and receive the
scattered-reflected light from the object and reflected the light
to the single point LIDAR’s receiver. The mirror’s rotation can
be defined as the following: inner axis rotation is the oscilla-
tion about the vertical axis torsion beams which drive the mir-
ror to scan horizontally, and outer axis rotation is the oscilla-
tion about the horizontal axis torsion beams which drive the
mirror to scan vertically.

The mirror has an aperture of 12 mm × 12 mm and when
aligned with the single point LIDAR it can scan in two rota-
tional axes as shown in figure 2. The single point LIDAR is
aligned at a 30◦ angle to the mirror to increase the amount of
scanned light and received diffuse reflected light. The inner

axis scan can reach 40◦ optical angle oscillating in a sine
pattern at a resonance of 150 Hz, while the outer axis scan can
reach 24◦ at a quasi-static 5 Hz in a triangular pattern. With
the mirror simultaneously rotating in both axes, a 3D LIDAR
map can be obtained.

The optical path can be seen in figure 1(b). As the infrared
laser beam from the single point LIDAR exits the emitter in
a straight line, the mirror reflects the beam in a 2D sinus-
oidal pattern and scattered reflected light from this pattern is
captured by the FPCB 2D micromirror and reflected to the
single point LIDAR’s receiver and sampled at 10 000 points
per second as single points along the sinusoidal pattern. Thus,
a minimum of 1000 points are required at 5 Hz to build a single
‘image’ of a scene that’s covered by the 2D scan pattern. How-
ever, a 2000-point sample is better as it includes the forward
and backward sweep of the mirror which helps in aligning the
image accurately.

A position sensitive detector (PSD) is mounted to the back
of the 2D FPCB micromirror, which in combination with a
small silicon circular mirror attached to the backside of the
FPCB structure, can detect the rotation angle along both hori-
zontal and vertical directions. The general method of using a
1D PSD to measure 1D FPCB micromirror’s rotation angle
is introduced in [30]. The method used to obtain the mirror
plate’s rotation angles about along two directions in a real time
mode uses a single 1D PSD to derive both horizontal and ver-
tical oscillation angles is presented in [32]. The details of the
PSD measurement setup are shown later in section 5.

3. Modeling and simulation

The simulation of the 2D micromirror requires a model to be
used in static analyses. Figure 3 shows a modification applied
the model to simplify and accelerate the simulation process.
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Figure 3. FPCB simulation and layout models. (a) Top view. (b) Section view. (c) PCB layout.

The copper coil traces shown in the PCB layout of figure 3(c) is
simplified to a copper plate in the center of the mirror platform
in figure 3(b). In addition to this, the simulation leaves out the
FR-4 frame as it is assumed to be a static body.

The FPCB substrate follows a similar manufacturing pro-
cess as the 1D FPCB micromirror [30], which consists of five
polyimide layers totaling 169.5 µm in thickness with four lay-
ers of embedded copper (∼18 µm thick each layer). The mir-
ror plate is made of 200 µm thick silicon with 100 nm gold
film coated. There are 21 turns of copper coil with line width
of 0.1 mm. For simplicity in the simulation, a 36 µm thick
copper layer is sandwiched between two 84.75 µm thick poly-
imide layers. The polyimide layers in the simple simulation
together make up the same thickness as the real version, and
the copper layers were simplified as a plate that’s half the total
thickness of 72 µm but is the same total mass. The reason the
simulated copper thickness does not match the design is due
to keeping the copper thinner for the simulation and to keep
the mass distribution close to the design as the plate model is
denser than the coil model.

Similar to [30], the design of the torsion beams is
3-tine forked as shown in figure 3(a). The reason the torsion
beams of three-pronged slices are termed ‘3-tine forked’ is to
describe the difference of this design compared to a singu-
lar beam. The definition of ‘forked’ here is having a divided
path between two points. The two additional slices to the sides
of the middle slice allows for a greater distribution in stress
along all three beams to reduce the stress in the embedded
copper. This also has the effect of increasing the resonant fre-
quency. The material properties used in the simulation are
shown in table 1. For the magnetostatic simulation section,
the BH curve used is for a N52 neodymium magnet [33]. The
inner 3-tine forked flexure’s middle beam has the dimension
of 5.5 mm in length, the outer two beams are 3.38 mm in
length. All three beams of the inner 3-tine forked flexure have
a width of 0.5 mm. The outer torsion 3-tine forked flexure
has the middle beam length of 6.5 mm with 0.5 mm in width,
outer beams length of 4 mm with 1 mm in width. The inner

Table 1. Material properties used in simulation.

Material
Density
(kg m−3)

Young’s
modulus (GPa)

Poisson’s
ratio

Copper 8300 110 0.34
Polyimide 1420 2.5–4 [34, 35] —
Silicon 2330 169 0.28
Gold 19 320 77.2 0.32

torsion beam’s stiffness is: 1.74 × 10−3 N·m rad−1 (for poly-
imide Young’s modulus of 4 GPa) 1.13× 10−3 N·m rad−1 for
polyimide Young’s modulus of 2.5 GPa. Outer torsion beam:
5.39 × 10−3 N·m rad−1 (for polyimide Young’s modulus of
4 GPa) 3.4 × 10−3 N·m rad−1 for polyimide Young’s modu-
lus of 2.5 GPa.

3.1. Modal simulation

The modal simulation is conducted in ANSYS 2020R1 [36].
The resulting modes are shown in figure 4 and the frequency
of each mode is listed in table 2. Note that the Young’s mod-
ulus of polyimide was simulated at 2.5 GPa and 4 GPa due to
the nature of the material being variable [34, 35]. Thus, sim-
ulations were done for both settings to acquire the potential
range of results to be expected in manufacturing. Modes 1 and
2 are the modes of resonance that are relevant to the present
2D FPCB micromirror design. Mode 2 shows the resonance
about the inner axis, i.e. for the horizontal scanning. Mode 1
sets the boundary for outer axis (i.e. vertical scanning) oscil-
lation as it operates quasi-statically and at most operates at
15 Hz, which should be much lower than its resonant mode
for the number of scanning lines to be reasonably high. This
is because the number of scanning lines is proportional to the
ratio between the fast and slow scanning axes and is further
discussed in section 3.4. Modes 3 and 4 also set the bound-
ary on stable operating modes, as the operating frequency of
either axis must avoid being exited in unstable modes. While
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Figure 4. Resonant vibration modes. (a) 1st mode. (b) 2nd mode.
(c) 3rd mode. (d) 4th mode.

Table 2. Resonant frequencies of different modes.

Mode
2.5 GPa polyimide
frequency (Hz)

4 GPa polyimide
frequency (Hz)

1st 45 56
2nd 143 180
3rd 159 194
4th 436 541

mode 3 is close to mode 2, during experimentation as shown
in section 5.2, mode 3 is not excited. Mode 4 is out of range
from the operating frequencies of the 2D micromirror.

3.2. Static simulation of the oscillation about the inner axis

The static simulation is conducted in ANSYS 2020R1. This
simulation is used to characterize the mirror’s rotation angle.
The Lorentz forces acting on the mirror are calculated as fol-
lows. The simulation environment places the 12 mm× 12 mm
mirror between the two N52 neodymium magnets [33] and
calculates the magnetic flux density on the mirror. Since the
Lorentz forces only act on the coils perpendicular to the field,
the magnetic flux density is measured at the location of the
coils over the mirror plate starting from 1.3 mm from the cen-
ter to 11.2 mm in 0.2 mm increments for 21 turns. The coil
plane’s length along the magnetic field direction is 10.6 mm,
the coil plane is 1.14 mm away from the magnet and in the
middle between the two magnets. In figure 5, the magnetic
field is along the x-axis and thus, only forces for the coil seg-
ments along the z-axis are summed as they are orthogonal to
the field. The path of interest is shown in figure 5(b), starting
from 1 (center of plate) to 2 (edge of plate).With the additional

knowledge that the resistance of the entire copper coil is 32Ω,
these values are then used to calculate the Lorentz force at that
section of wire by equation (1) [37]

FL = ILBsin(θ) (1)

where I is the current (A), L is the length of coil segment per-
pendicular to the field (m), and B is the magnetic flux dens-
ity (T) and θ is the angle of the normal to the coil plane with
respect to B.

After calculating the Lorentz force, the torque can then be
calculated by multiplying the distance from the center of the
mirror platform to the specific coil location. This is done for
the 21 segments of copper coil.

In order to create a trend for this simulation, several test
voltages are chosen as inputs (1 V, 2 V, 4 V, 6 V & 8 V) and
for each voltage, the Lorentz force and torque at each of the 21
segments are calculated. A summation of the torques for each
voltage test is then applied to a static force simulation model to
calculate the displacement. With this displacement, the angle
can be calculated with trigonometry. Some adjustments are
required before the final angle is calculated such as scaling
the result to four copper layers and accounting for both sides
of the micromirror. Figures 6–8 show the process of gather-
ing the simulated data for magnetic flux density and torque for
each coil segment to calculating the torque vs. angle for poly-
imide. These torques correspond to an angle of 0◦. Figure 9 is
the result of applying torques to the mirror model to calculate
the angle and a comparison to the experimental results.

3.3. Oscillation about the outer axis

The outer axis oscillation uses solenoids pushing and pulling
forces simultaneously on N52 neodymium disc magnets to
oscillate the 2D FPCB micromirror along the outer axis. In
order to simulate the static rotation angle, the force acting on
the disc is approximated with equation (2)

Fslnd =
(n× I)2 × u0 ×A

2g2
(2)

where n is the number of turns in the solenoid, I is the current
applied to the solenoid (A), u0 is the relative permeability of
air, A is the cross-sectional area of the solenoid (m2), and g is
the distance of the gap between the solenoid and the magnet
(m). Note that equation (2) is an approximation and will break
down for larger gap distances and for finite angles of the mag-
net. The solenoid has a resistance of 29 Ω, radius of 2 mm,
534 turns, and the gap between the solenoid and the disc mag-
net is 4.3 mm as shown in figure 10(a). The distance from the
center of a disc magnet to the center of the mirror platform is
13.275 mm. The inductance caused current change is not con-
sidered due to the low oscillation frequency (<200 Hz) and
small inductance (e.g. <500 µH).

Similarly to the inner axis, by using several test voltages
(1 V, 2 V, 4 V, 6 V and 8 V), the force of the solenoid for each
voltage can be calculated using equation (2) to create a trend.
With the force of the solenoid calculated, the torque can also
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Figure 5. Inner axis static simulation: magnetic flux density simulation. (a) The whole structure (b) the place between magnets with coils.

Figure 6. Magnetic field density vs. x distance (z = 0).

Figure 7. Torque vs. x distance (z = 0).

be calculated by multiplying the force by the distance between
the center of the mirror platform to the center of a disc mag-
net, of which is co-linear with the solenoid. This torque is then
doubled for both sides and used in a static simulation model
to calculate displacement and thus, the angle can be calcu-
lated. The relationship between voltage and angle is shown in
figure 10(b). The gaps on both sides for a maximum angle of
10◦ are 1.96 mm and 6.64 mm respectively.

3.4. 3D LIDAR based on the 2D FPCB micromirror’s point
cloud performance calculation

This part calculates the 3D scanning LIDAR performance such
as the number of scanning horizontal lines, refreshing frame
rate, number of points in each frame and the theoretical max-
imum outer and inner axes scanning angle according to the
geometric limitations. The mirror oscillates about the inner
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Figure 8. Torque vs. angle (plate at 0◦).

Figure 9. Inner axis static rotation angle vs voltage.

axis at 150 Hz in a sinusoidal trajectory and about the outer
axis at 2.5–5 Hz in a triangular trajectory.With both axes rotat-
ing simultaneously, the following 2D scan pattern in figure 11
is projected by a visible beam. An infrared beam will follow
this pattern under normal operation.

The oscillation about the outer axis is quasi-static and is the
limiting factor in determining the scanning rate of the LIDAR
system. As the mirror rotates about the outer axis at 2.5–5 Hz,
the inner axis is scanning at a much faster frequency (150 Hz)
and can capture details during scans. The horizontal scanning
lines and refreshing frame rate are determined by the display
plot modes, i.e. Half_period mode or Full_period mode. The
calculation method is the same as [30] with the same single
point LIDAR and as such, the steps are repeated here for
convenience.

Plotting of half_period mode means every frame includes
single point LIDAR measurement data acquired during half
the triangular trajectory, e.g. either upward or downward
sweep. The plot of full_period mode means every frame
includes single point LIDAR measurement data acquired dur-
ing the oscillation of full triangular trajectory, e.g. both upward
and downward sweep.

In half_period plot mode the horizontal scanning line num-
ber and refreshing rate are expressed in equations (3) and (4)

nhalf_period =
fv

2 · fh
(3)

rhalf_period = 2 · fh (4)

where nhalf_period is the number of horizontal scan lines,
rhalf_period is the refresh rate, fv is oscillation frequency about
the inner axis and fh is the oscillation frequency about the
outer axis. In the plot of full_period mode, the following
equations (5) and (6) hold

nfull_period =
fv

2 · fh
(5)

rfull_period = fh (6)

where nfull_period is the number of horizontal scan lines,
rfull_period is the refresh rate. Half_period mode leads to
double the refreshing rate compared to full_period mode.
However, the full_period mode normally renders double the
data points per frame because during Mirror 1’s upward
or downward scanning sweep, the measurement points are
taken by the single-point LIDAR instead of waiting for both

7
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Figure 10. Outer axis oscillation static simulation. (a) Model showing disc and solenoid spacing. (b) Outer axis static rotation angle vs.
voltage.

Figure 11. Raster scan pattern (visible laser) with 150 Hz sinusoidal and 5 Hz triangular waves.

upwards and downwards scanning sweep in full_period mode.
The single point LIDAR (TF03) generates 10 000 meas-
urement points per second. Thus, the number of horizontal
scanning lines, frame refreshing rate and number of data
points per frame can be calculated with the results listed in
table 3.

4. Circuit and data processing in the 3D LIDAR
based on the 2D FPCB micromirror

In the 2D FPCB micromirror based 3D LIDAR, a live 3D
point-cloud map is derived using a single PSD. This method
uses a 1D PSD to track the oscillation angles about both the

8
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Table 3. Number of horizontal scanning lines, frame rate and number of data points per frame.

Outer axis
frequency (Hz)

Inner axis
frequency (Hz) Plot mode

Refresh
rate (fps)

Number of
horizontal

lines

Data
points

per frame
Points
per line

Horizontal
angular

resolution

Vertical
angular

resolution

2.5 150 Full_period 2.5 30 4000 133.3 0.3◦ 0.09◦

2.5 150 Half_period 5 30 2000 66.6 0.6◦ 0.18◦

5 150 Full_period 5 15 2000 133.3 0.3◦ 0.09◦

5 150 Half_period 10 15 1000 66.6 0.6◦ 0.18◦

Figure 12. Data flow diagram in the 3D LIDAR based on the 2D FPCB micromirror.

inner and outer axes using the method reported in [32]. The
PSD used in this prototype is the 1L10 from On-Trak [38].
The data flow diagram of the 3D scanning LIDAR based on
the 2D FPCB micromirror is shown in figure 12.

The mirror oscillates about the outer and inner axes at 2.5–
5 Hz and 150 Hz simultaneously. The frequency generator that
outputs the signals for both axes are synchronized. With the
use of a small mirror attached to the FPCB backside and a
visible laser, the visible laser is behind the ‘perf board’ to pin-
hole the beam and is reflected off the small silicon mirror onto
the 1D PSD (mounted to perf board) as shown in figure 13(e).
The 1D PSD is meant for tracking in 1D, but with the use of an
algorithm developed in [32], both angles necessary for spher-
ical coordinates can be calculated along with the distance from
the single point LIDAR. With this method, three key pieces
of data are collected at the microcontroller: PSD signal (Ana-
log), LIDAR distance (Digital) reading and timing. This data
is then sent through USB to a computer for further processing.
On the computer, the received data is collected, the spher-
ical angles are calculated and are then converted to Cartesian
coordinates to be plotted in real-time in 3D space. Note that in
figure 12, analog to digital converter and universal asynchron-
ous receiver-transmitter are protocols used to send data to the
microcontroller.

5. Prototype and test

5.1. Manufacturing the 2D FPCB micromirror

The 2D FPCBmicromirror structure and the assembled device
are shown in figure 13. The supporting assembly black frame
structure was manufactured using a 3D printer to support the
micromirror.

Details of assembling the 2D FPCB micromirror prototype
are as follows.

(a) Slot the rectangular magnets into their holding slots in the
3D printed structure with glue

(b) Use adhesive (glue/double-sided tape) to bond the metal
coated silicon mirror plate to the center of the FPCB sub-
strate/platform

(c) Use adhesive to bond a small silicon mirror to the backside
of the FPCB substrate/platform

(d) Glue the disc magnets to the ends of the gimbal tips where
they will align co-linearly with the holes

(e) Place the FPCB platform onto the 3D printed structure and
screw in the holes along the FR-4 frame

(f) Slot the solenoids into the holders (friction fit) and screw
the holders into the back of the 3D printed structure

9
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Figure 13. Assembled 2D FPCB micromirror. (a) FPCB structure. (b) Front view. (c) Isometric view. (d) Mirror backside. (e) 2D FPCB
micromirror with 1D PSD for sensing angles.

Figure 14. 3D LIDAR system. (a) Early prototype setup. (b) 3D LIDAR system with PSD.

(g) Screw in the 3D printed structure into an adaptor platform
to be surface mounted for alignment

(h) Align a visible laser to the mirror behind the FPCB sub-
strate/platform

(i) Place a PSD in the line of the reflected laser light from the
visible laser

(j) Place a single point LIDAR in front of the 2D FPCB
micromirror

The electronics in the system can be seen in figure 14(a). A
Teensy 3.5 microcontroller is used to collect range data by the
Benewake TF03 single point LIDAR [39] and send the data to
the computer, and a driver is used to increase signal power

from function generators to drive the 2D FPCB micromir-
ror. The circuit of the driver can be found in appendix A.
Figure 14(b) shows the pin holed visible laser which is used
to thin the beam width since the mirror behind the FPCB is
quite small (Ø3 mm), as well as the emitter and receiver pos-
itions on the single point LIDAR. The aperture of the sensors
of the single point LIDAR can be seen being suppressed with
tape. Part of the emitter and receiver are blocked in order to
ensure all emitting laser light is reflected by the 2D FPCB
micromirror aperture as well as much as possible scattered
reflected light is reflected back to the receiver. According to
the single point LIDARmanufacturer, the blocking tape can be
eliminated if a customized single point LIDAR is ordered by

10
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Figure 15. Optical angle of the oscillation about the inner axis vs frequency at various voltages.

reducing the distance between the emitter and receiver, as well
as slightly reducing the emitter/receiver’s apertures without
affecting the performance.

5.2. 2D FPCB micromirror oscillation about inner axis testing

The rotation angle of the 2D FPCBmicromirror is measured at
various frequencies ranging from 0 to 300Hz at several driving
voltages. Figure 15 shows the resonant frequency of oscillation
about the inner axis changes depending on the applied voltage.
For example, at 6 V the max field of view (FOV) at resonant
frequency is 60◦, but at 3 V the max FOV is 36.9◦ at a higher
frequency of 155 Hz.

The tested frequency peaks show that when the driving
voltage (current) is higher, the frequency at the peak lowers as
shown in figure 15. This could be attributed to the nonlinear-
ity of the flexure material (polyimide), non-uniform magnetic
field and non-linear torque versus the rotation angle.

The mode 2 and mode 3’s frequencies are not very far
away from each other. It is possible there would be cross-talk
between the two modes. However, the experimental testing
used the scanning angle to judge the rotation vibration mag-
nitude, even if there is cross-talk (i.e. mode 2 and mode 3 are
both activated), the rotation mode (mode 2) is obvious and the
rotation (not the translation frommode 3) can be used for scan-
ning the laser beam, such as to form the scanning LIDAR. In
the future design, a bigger difference in mode 2 and mode
3 frequencies should be considered to avoid any cross-talk
between the rotation and translation modes.

5.3. Testing of the 2D FPCB micromirror oscillation about
outer axis testing

Static oscillation about the outer axis is conducted and the res-
ult is shown in figure 7(b). The tested rotation optical angle
about the outer axis increases with the applied voltage. How-
ever, the rotation angle shows a plateau when the voltage and
the rotation angle are high (e.g. >7 V and optical angle >8◦).
This is because the increasing of the electromagnetic field
strength with the current applied to the solenoid coils starts to

Figure 16. Testing the 2D FPCB micromirror with PSD tracking
angles.

be not as sharp as that at low current when the current/voltage
is high. In addition, the magnetic discs become unparalleled to
the solenoid core when the rotation angle become large, that
decreases the force component in the direction perpendicular
to the discs’ surface which contribute to the rotation of the
gimbal. Figure 16 shows the testing setup for the 2D FPCB
micromirror.

5.4. Testing of the 3D LIDAR based on the 2D FPCB
micromirror

The testing result of the 3D LIDAR based on the 2D FPCB
micromirror is shown in figure 17. A few videos in [40] show
the operation of the 2D FPCB micromirror as well as demon-
strations of the 3D LIDAR based on the 2D micromirror. The
colors in figure 17 are mapped based on the distance values of
a point in the point-cloud in x, y, z directions. All colors are
distances mapped to 8-bit color (0–255). Increasing values of
red are mapped along the x-direction (red ticked line), increas-
ing values of green are mapped along the y-direction (green
ticked line), and increasing values of blue are mapped along
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Figure 17. Testing 3D LIDAR based on the 2D FPCB micromirror.

the z-direction (blue ticked line). The algorithm for this map-
ping is described in appendix B. The mapping for the x-axis
(depth) was preset to 5 for the upper bound, which unfortu-
nately removes red from any points deeper than 5 m.

Since the 3D LIDAR reported in this paper can only cover
40◦ horizontally, nine such LIDARs are needed in order to
cover 360◦. For example, multiple such LIDARs can bemoun-
ted along the circumferential of the vehicle for full 360◦

coverage.

6. Conclusion and discussion

This paper developed a 2D FPCB micromirror and a 3D
LIDAR based on the 2D micromirror. The 2D FPCB
micromirror retains the benefits of previously developed 1D
FPCB micromirror, i.e. large mirror aperture and low cost.
Prototypes of the 2D FPCB micromirror and the 3D LIDAR
based on it are fabricated and tested. The test results demon-
strate that the 2D FPCB micromirror based 3D LIDAR
achieved a volume reduction over the previous 1D FPCB
micromirror based 3D LIDAR from 1042 cm3 to 754 cm3, a
mass reduction from 250 g to 150 g

The scanning angles of both the oscillation about the inner
axis and outer axis can be further improved using vacuum
packaging of the micromirror as reported in [41]. The current
in the solenoids can also be increased within the maximum

allowed current limit to increase the torque generated by the
solenoids such as to increase the frequency oscillation about
the outer axis since stronger torsion beams can be used. When
converting the distance to colors to plot the image map, the
software uses limited color levels instead of continuum of col-
ors, and the scaling of the distance conversion to color is not
able to clearly show all distance differences very obviously, or
the color resolution is not adequate. This should be improved
in the future.

The design of using solenoids for outer axis oscillation does
not necessarily lead to low frequency due to the extra moment
of inertia brought by the permanent magnet. This is because
the design of using solenoids for the outer axis oscillation
is normally for a large aperture mirror, of which the overall
moment of inertia is quite high due to the large size of the mir-
ror plate. The extra moment of inertia brought by the perman-
ent magnetic discs is not very significant. For example, in the
design reported in this paper, the moment of inertia brought
by the two permanent discs are only about 3% of the over-
all moment of inertia of the oscillation parts about the outer
axis.

Data availability statement

All data that support the findings of this study are included
within the article (and any supplementary files).
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Appendix B. Color mapping algorithm

The algorithm used for the colors are as follows:

R = map(x, xB, 5, 0, 255)
G = map(y, yB, 8, 0, 255)
B = map(z, zB, 30, 0, 255)
stroke(R,G,B)
point(x,y,z)

Note that the map() function works by taking the 1st para-
meter and maps it from the range between the 2nd and 3rd
parameters to a range within the 4th and 5th parameters. The
stroke() functionmodifies the color of the point by RGBvalues
between 0–255, hence the 0–255 bound on the map function.
The point() function plots the x, y, z coordinates in 3D space
with the stroke() function’s RGB values. x, y, z are the point
coordinates in 3D space, while xB, yB, zB are variables for
the lower bound of the mapping. The upper bound is pre-set to
5, 8, 30 for R, G, B.
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