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Abstract—A fundamental challenge in robot perception is the
coupling of the sensor pose and robot pose. This has led to
research in active vision where robot pose is changed to reorient
the sensor to areas of interest for perception. Further, egomotion
such as jitter, and external effects such as wind and others
affect perception requiring additional effort in software such
as image stabilization. This effect is particularly pronounced
in micro-air vehicles and micro-robots who typically are lighter
and subject to larger jitter but do not have the computational
capability to perform stabilization in real-time. We present a
novel microelectromechanical (MEMS) mirror LiDAR system to
change the field of view of the LiDAR independent of the robot
motion. Our design has the potential for use on small, low-power
systems where the expensive components of the LiDAR can be
placed external to the small robot. We show the utility of our
approach in simulation and on prototype hardware mounted on
a UAV. We believe that this LiDAR and its compact movable
scanning design provide mechanisms to decouple robot and
sensor geometry allowing us to simplify robot perception. We
also demonstrate examples of motion compensation using IMU
and external odometry feedback in hardware.

I. INTRODUCTION

Modern autonomy is largely driven by vision and depth
sensors for perception. Most such techniques make an implicit
assumption that the relative pose of the sensor w.r.t. the robot
is fixed and changes in sensor viewpoint require a change in
the robot pose. This implies that fast-moving robots must deal
with motion compensation (i.e. camera-robot stabilization) and
that robots need to reorient themselves to observe the relevant
parts of the scene. Correspondingly, stabilization [19, 5, 24,
21] and active vision [4, 2, 34, 22] are well-studied problems.

Let us consider the specific example of image stabilization.
While successful, most such methods compensate through
post-capture processing of sensor data. We contend that this
is simply not feasible for the next generation of fast minia-
ture robots such as robotic bees [30], crawling and walking
robots [11], and other micro-air vehicles [18]. For example,
flapping-wing robots such as the RoboBee exhibit a high
frequency rocking motion (at about 120 Hz in one design)
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Fig. 1: Our design is given above with the prototype motion-
compensated LiDAR (up), and we also prepared a design for
future work to integrate this onto smaller platforms.

due to the piezo-electric actuation [10]. Environmental factors
such as wind affects micro-robots to a greater extent than a
larger robot. There might be aerodynamic instability due to
ornithopter-based shock absorption [31]. The egomotion of
small robots (and onboard sensors) is quite extreme making
any sensing challenging. While there have been software meth-
ods to correct for such effects for cameras [3] and LiDARs
[20], this is often difficult to perform in real-time onboard due
to the computational, energy and latency constraints on the
robot mentioned above. Without proper motion compensation
for miniature devices, we will not be able to unlock the
full potential of what is one of the ten grand challenges in
robotics [32].

A. Key Idea: Compensation during Imaging

Our idea is for motion correction to happen in sensor
hardware during imaging such that measurements are already
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Fig. 2: Biological motion compensation. The position and
the angle of the head of the hawk remain stable despite
body motion to provide the hawk an stabilized vision.
https://www.youtube.com/watch?v=aqgewVCCOkO

compensated without requiring onboard computing. This paper
shows the motion compensation advantage of decoupling
robot-camera geometry, and providing the ability to control the
camera properties independent of the robot pose could bring
about a new perspective to robot perception and simplify the
autonomy pipeline. We demonstrate this through the design
of a MEMS-driven LiDAR and perform compensation in two
ways - (i) onboard IMU, and (ii) external feedback of robot
pose at a high rate.

We are inspired by animal eyes that have fast mechanical
movements that compensate for motion, in real-time and at
high accuracy [1]. In Fig. 2, we show frames V(¢) from
a video of a hawk (Buteo jamaicensis) being moved by a
human trainer [8]. We also show the average of the video
Dot @ over a time interval 7T'. Note that the averaged image
shows motion blurring, except where the eagle mechanically
compensates for the shifts. We envision biologically-inspired
motion compensation that happens during sensing. These
sensors need to adaptively change their orientation, in real-
time, and in concert with robot goals such as mapping or
navigation. Effectively, the rotation matrix R must cancel out
robot motion to provide a “’stable” view of a scene.

B. MEMS Mirror-enabled Adaptive LIDAR

The ability to reorient sensor pose could have many uses
in robotics, particularly in image alignment during motion
such as in SLAM. If the camera and robot are rigidly at-
tached, then the camera experiences all the motion the robot
experiences, including jitter and other potential disturbances

that are detrimental to the Visual SLAM task. This could
result in spurious features, errors in localization, and incorrect
feature association leading to an inaccurate map. In this
paper, we describe a sensor design that can perform image
reorientation of a LiDAR in hardware without the need for
any software processing for such compensation. Previously,
pan-tilt-zoom (PTZ) cameras have attempted to address this
problem. However, they use mechanical actuation which can
react in ones of Hz making it not suitable for tasks such as
egomotion compensation in real-time. This is evidenced by the
limited use of PTZ cameras on robots - most robots just have
sensors rigidly attached.

Our designs break through these past difficulties by exploit-
ing recently available microelectromechanical (MEMS) and
opto-mechanical components for changing camera parameters.
Opto-MEMS components are famously fast (many kHz), and
they allow the changing of the LiDAR projection offset
orientation during robot motion, such that the view of LiDAR
is effectively static. By changing LiDAR views two orders
of magnitude (or more) faster than robot motion, we can
effectively allow for camera views to be independent of the
robot view. In this work, we can compensate the LiDAR point
cloud using an onboard IMU or external feedback such as
motion tracking setup. More generally, such compensation
allows the robot to focus on the control task while the camera
can perform perception (which is required for the control task)
independently, and greatly simplifies robot planning as the
planner does not need to account for perception and just needs
to reason about the control task at hand.

II. CONTRIBUTIONS

MEMS LiDAR optics have the advantages of small size
and low power consumption [25, 14, 15]. Our algorithmic and
system design contributions beyond this are:

o We present the design of a novel LiDAR sensor adopting
a MEMS mirror similar to this LIDAR MEMS scanner
[28]. This design enables wide non-resonant scanning
angles for arbitrary orientations. We integrate this with
two types of feedback (IMU and external sensors) to
demonstrate quick and high-rate motion compensation.
Fig. 1 shows the design of our sensor.

o We present the compensation control algorithms for our
LiDAR. We further characterize the performance of com-
pensation control through experiments and simulations in
Sec. IV.

o We show UAV flight with a proof-of-concept hardware
prototype combining external feedback with the MEMS
mirror for egomotion compensation. We enable UAV
flight by tethering the MEMS modulator to the other
heavy necessary components, like the laser, photodetec-
tor, optics, the driver circuit, and the signal process-
ing circuitry. The frequencies of the mirror modulation
and IMU measurement are much higher than typical
robot egomotion. Our prototype MEMS compensated
scan system can perform such compensation in under
10 ms. Please see the accompanying video for proper
visualization, and see Fig. 5.



III. RELATED WORK

Small, compact LiDAR for small robotics: MEMS mirrors
have been studied to build compact LiDAR systems [25, 14].
software-based compensation: Software-based compensa-
tion for robotics motion has been studied in great detail
in SLAM algorithms [24] or expectation-maximization (EM)
methods[21]. Software-based motion compensation have a
relative high computation barrier for micro-robotics and may
degrade if the point cloud have large discrepancy.
Motorized gimbals: Comparing to motorized image stabiliza-
tion systems [13], MEMS mirrors not only have smaller size
and lighter weight, but their frequency response bandwidth are
better than the bulky and heavy camera stabilizer.

Motion compensation in displays and robotics: Motion-
compensated MEMS mirror scanner has been applied for
projection, [6], where hand-shake is an issue. In contrast,
we deal with the vibration of much higher frequencies, and
our approach is closest to adaptive optics for robotics. For
example, [23] change the zoom and focal lengths of cameras
for SLAM. Our prior work [25] changed zoom in LiDARs. In
this work, we compensate using small mirrors, utilizing a rich
tradition of compensation in device characterization[16] and to
improve SNR [9]. Compared to all the previous methods, we
are the first to show IMU-based LiDAR compensation with a
MEMS mirror in hardware.

IV. METHOD: NOVEL LIDAR DESIGN

We propose a simple and effective design, where the MEMS
mirror and photodetector are placed on a movable head. For
image stabilization, we are also able to place the IMU there.
A LiDAR engine and accompanying electronics are tethered
to this device, which can be light and small enough for micro-
robots. To enable both the LiDAR scanning and compensated
scanning at high rate, it is important to understand the char-
acterization of the MEMS scanner.

A. The MEMS mirror

All the compensation effects and size advantages described
so far will be nullified if the MEMS mirror cannot survive
the shock, vibration and shake associated with real-world
robots. Here we analyze the robustness of the MEMS mirror
device for such platforms. Most MEMS mirrors rely on high-
quality factor resonant scanning to achieve wide field-of-view
(FoV), which leads to heavy ringing effects and overshoot with
sudden changes of direction [17, 26]. A suitable MEMS mirror
for motion-compensated scanning is expected to have a wide
non-resonant scanning angle, smooth and fast step responses,
can operate under common robotics vibration and can survive
shock. To achieve this goal, we adopt a popular electrothermal
bimorph actuated MEMS mirror design [12, 27] to build this
MEMS mirror. The employed MEMS mirror is fabricated
with Al/SiO- based inverted-series-connected (ISC) bimorph
actuation structure reported in [12]. This type of MEMS
mirror has the advantages of simple and mature fabrication
process [33, 29], wide non-resonant scanning angle, linear
response and good stiffness. A new electrothermal MEMS
mirror is designed and fabricated with the adaption of the

motion compensation application. We note that other previ-
ously reported MEMS mirrors with electrothermal actuators,
electrostatic actuators, or electromagnetic actuators may also
be applicable to the motion compensated LiDAR scanning [14,
28].

B. Compensation Algorithm

In the previous sections, we saw the advantages of MEMS
mirror-based compensation and the feasibility for use in a
robotic LiDAR. Here we focus on the details of the hardware-
based rotation compensation algorithm using MEMS mirror
scanning LiDAR and sensing for the compensation.

The MEMS mirror reflect a single ray of light towards a
point in the spherical coordinate {«, 8,7}. The {«, 8} are the
two angular control input to the mirror to achieve such target.
We will first establish the local(robot) and global (world)
frames, then introduce known helper conversion from spherical
to Cartesian coordinates, and finally gets into the details of
compensation.

1) Preliminaries:

a) Coordinate System: Our LiDAR can compensate for
rotation, but it can not compensate for translation. So all
discussion heres on in drops the translation from SE(3) and
will only be focus on SO(3). Let the robot have rotation
R} .. € SO(3) relative to the world frame. In here, the
frame of the un-moving base of the LiDAR sensor have
Identity rotation Rj,,. € SO(3) and therefore identical
SO(3) transformation as the robot frame.

b) Spherical-to-Cartesian Conversions: It is important to
outline the conversion from the spherical, which is the control
coordinate, to normal Cartesian coordinate. Points in the
spherical coordinate {c, 3,7} can be converted to Cartesian
coordinate via known equations,

T 7 cos a cos f3
Pcartesian — |Y | = | 7T COS SN ﬂ (])
z rsin o
and vice versa:
zZ
a arctan

Bl = arctan £ (2)

Note that both pcgrtesian and Psphericar are points located
in the robot’s local coordinate frame, R, ,. Other literature’s
refer to this frame as the local frame, or camera frame.

c) Spatial Scanning: A set of i spherical control coordi-
nates {o;, 5;,7;} defines the scanning pattern of the LiDAR.
We use r; = 1 for unit length vectors. In our setup, {a;, 5;}
defines a rectangular scanning grid in the spherical coordinate,
whose center is the principle axis. See figure 3a. Within this
limit, the mirror can direct its beam to any point desired by
the user.

d) Desired Sensor World Frame Rotation: In our design,
users can define a desired world frame rotation of the sensor,
separately from the world frame rotation of the robot. The
rotational decoupling of a sensor and a robot provides many
benefits which we demonstrate through various application in

Pspherical =
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(a) Depicting Spatial Scanning Grid in the sensor’s base frame. In the
real sensor, the resolution of the scanning grid is higher at 20x20. The

input rotation here is zero. In other words, Rcontror = I.
z

FOV e
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(b) Depicting Spatial Scanning Grid in the sensor’s base frame, The
input rotation is none-zero here.

Fig. 3

this work. Let R} ,;,..q € SO(3) be the desired rotation target
in the world frame. RY. ;. ., can be decided by the users. For
example, it can be a slower changing rotation, relative to the
robot’s body frame.We will touch on the exact details later in
IV-B4. Other possibility includes aiming towards a specific
world frame target ¢ € R? which we will touch on later, in
IV-B5.

2) General Rotation Compensation: Given robot world
frame rotation R, ., user desired sensor rotation R, ., ..
and a set of spatial scanning, spherical, sensor input coordi-
nates {«;, f3;,7:}, we need to find the adjusted sensor input
coordinates {a, 3, r*}, in order to achieve user desired
sensor rotation R} .. ... We will outline the calculations step
by step.

a) Stepl: we first translate each {«;, 8;,7;} to Cartesian
Deartesian DY EQ. 1. This step is necessary, in order to calculate

points transformation with rotation matrices.

b) Step2: The control rotation input to the sensor
R.onirol, 18 the difference between the desired world frame
sensor rotation Ry, ., and the robot’s current world frame
rotation R}, ..

Put it formally, Let Ryt be the rotation from robot

rotation R, . to the desired rotation R}, ., , therefore
w w
desired — RCOntTOerobot' We have,
_ w w T
Reontrol = Rdesired(Rrobot) 3)

Intuitively, When there is no difference between the desired
sensor rotation and the robot rotation, where RY, .. ..q
R:”Uobot then Rcontrol = iy )T I. And

Z}esired( desired
{as, Bi,ri} = {aF, 5F,rF} This default orientation is shown
in figure 3a. When there is a difference however, an example
is shown in Figure 3b.

c¢) Step3: Now, all points in the spatial scanning pattern

Deartesian = 1Ti, Vi, 2} of the robot frame R . . can be

transformed to have the desired sensor world frame rotation

w .
Rdesired"
Pdesired—cartesian = Rcontrolpcartesian (4)
substituting R.,,¢r01, We have
T
Pdesired—cartesian = R:]I,]egired(R;«ﬂobot) Pcartesian (5)
d) Step4: Finally, we can translate the rotated

POINtS  Pdesired—cartesian; back to the spherical coordinate
Ddesired—spherical;» Via Eq. 2 for point ¢’s rotation control
input to the sensor. Now that we have come to our answer
for {af, BF, 7}

It is important to note that, this full SO(3) compensation is
only achievable because our LiDAR project individual point
p; independently from other points in the set. In the case of
a traditional camera or a commercially available LiDAR like
Velodyne, The entire set of p; can be viewed as being projected
as a group and correlate to each other. In these other sensors,
Full SO(3) compensation is not achievable, even if the sensors
are mounted to the robot by a universal joint with 2 degree-
of-freedoms «, 5. But we will also analyze this special case
of grouped points re-projection since our LiDAR can achieve
this 2-axis-only compensation.

3) Special Case: 2-axes only compensation: It is important
to analyze the case where the sensor can only rotate in two
axes relative to the robot. Such setup is commonly seen in
robots with cameras mounted by a 2-axis gimbal, as well as
PTZ cameras. Another applicable scenario is when we mount
a commercially available Velodyne on a UAV via a universal
joint, to perform LiDAR SLAM studies and design motion-
compensated LiDAR SLAM. Furthermore, when it comes to
the target aiming IV-BS5, 2-axis rotation is often preferred.
Our sensor can perform such compensation as well.

In this subsection, we will outline the control not only for
our sensor but all sensors, that mount on robots via joints or
gimbals with 2-axis orientation controls.

In IV-B2b we define R.,,:0; as the difference between
the sensor orientation and the robot’s orientation. Since
R onirot € SO(3) it requires at least 3-axis rotation control
to achieve.



We can collapse this R.,,tr0; Matrix into a rotation matrix
that is the composition of two Euler angles. The new rotation
matrix will not be identical to R ,ntr01 » but it keeps the
same sensor principle axis ray direction. We herein refer to
the collapsed version as R, .,..;-

Let R ontror be limited to 2-axes rotation only:

cosB —sinfB 0 cosa 0 sina
ontrol = |SInf cosB 0 0 1 0
0 0 1 —sina 0 cosa
(6)

Here is how to find R}, from a given R.ontros Step
by step.
a) Stepl: Rotate the principle axis e;, with R ;407 i
our case e; = {x = 1,y = 0,2 = 0}T.

Erotated = Rcontrolel (7)

€rotated 18 NOW the new principle axis that our sensor should
target. Note that, e,otqteq 1S closely related to the ray vector
from robot to target in the aiming application, more on this
later at IV-BS.

b) Step2: We then translate this Cartesian coordinate
€rotated VEctor into the Spherical coordinate, using Eq. 2. We
will get {«, 5,1}.

c) Step3: Finally, we can use Eq. 6 to find the collapsed
R:ontrol with a, ﬁ

Our LiDAR can then use R, to perform 2-axis only
compensation. We can simply follow the same steps in IV-B2,
except we replaces Roontro; in Eq. 4 with RS, ..

Further, this compensation can be readily extended to com-
mercially available cameras and LiDARs (such as Velodyne)
mounted on a universal joint to the robot frame or a 2-axis
gimbal-mounted camera. The 2-axis angles «, /3 are enough
to describe the two joint rotations.

4) Rotational FoV Stabilization: 1Tt is often desirable to
have relatively slow rotating sensor world frame FoV in many
SLAM related applications. In here we go into details of how
it is achieved with our sensor.

a) Quaternion Lo — mean: Supposedly qi.....q, is the
world frame quaternions store in a queue data structure,
representing the robot’s world frame rotation in the last n
time stamps. We can find its average via LERP, summing and
normalizing the quaternions as 4-vectors [7]:

n
o = izt B

avg — n
12200 @il
avg can be converted into a rotation matrix Ry, ;, . . Along
with the robot’s current world frame rotation R;., ., we can
find the adjusted spherical coordinate control input to our

sensors {a;, B, r}}, according to IV-B2.

5) Target Aiming: Lett}’,. ., € R be the target of interest
in the world frame, and let t¥ be the robot’s current world

robot
frame translation. Then

Paim = (R;Uobot)T( ;,Uarget - t:”l)obot) ©))

outlines the ray direction which we want to align our principle
axis”, or the projection center point towards. Following a very
similar process as to IV-B3 we can find the controls:

®)

a) Stepl: We can simply translate Cartesian coordinate
Daim to spherical coordinate via Eq. 2 to find «, .

b) Step2: Then compose a R, .., via Eq. 6 for the
entire scanning grid. We can simply follow the same steps in
IV-B2, except we replaces Reontror in Eq. 4 with R ..,

For all other sensors mounted on 2-axis gimbals or universal
joints, v, 8 is enough to describe the joint inputs.

6) MEMS Related details: MEMS-related details, relating
to the 1-dimension controls of each actuation axis {«, 3},
including analysis of robot motion shock on the MEMS as
well as preliminary pointcloud stitching, are included in the
appendix.

C. LiDAR Hardware Specifics

Our prototype (Fig. 4) uses an InGaAs avalanche photodi-
ode module (Thorlabs, APD130C). A fiber with a length of
3 m delivers the laser from the laser source to the scanner
head. The gain-switch laser (Leishen, LEP-1550-600) is col-
limated and reflected by the MEMS mirror. The X-axis of the
IMU (VectorNav, VN-100) is parallel to the neutral scanning
direction of the MEMS mirror. The in-run bias stability of the
gyroscope is 5 — 7°/hr typ. The scanner head sits on a tripod
so that it can be rotated in the yaw and pitch directions. In the
LiDAR base, an Arduino microcontroller is used to process
the time-of-flight (ToF) signals, sample the IMU signals and
control the MEMS mirror scanning direction. The data are sent
to a PC for post-processing and visualization.

Since our motivation was to use micro-robots, our maximum
detection distance is 4 m with a 80% albedo object and the
minimal resolvable distance is 5 cm. The maximum ToF mea-
surement rate is 400 points/sec. According to the compensation
algorithm described in the previous section, the MEMS mirror
scanning direction is updated and compensated for motion at
400 Hz. We now describe our experiments. Please see the
accompanying video for further clarification.

V. UAV EXPERIMENT

Next, we demonstrated the motion compensated LiDAR
by flying it on a UAV. The robot pose is from an external
motion capture system that tracks the UAV. We vary the
robot pose sampling rate and study its effect on the effect of
compensation. The UAV is controlled to hover at a designated
position with yaw/pitch rotation as motion jitter. Motion
compensated LiDAR is set to compensate all the rotational
motion, including the controlled rotation and the random
motion disturbance. The compensated MEMS scanning laser
uses a visible light, and the other visible laser is fixed at a
relative higher position on the UAV, as shown in the images
in Fig. 5b. The target scanning direction is a fixed point on
the target.

Here, the entire scanning grid {a;, 8;,1} consist of 20x20
grid pattern points. We use the aiming compensation outline
in IV-BS

We trim about 12 s videos in each experiments while
the UAV is flying, and then each frames of the videos are
accumulated into an image to track the motion of the UAV
and the errors of the compensated scanning.
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Fig. 4: The movable LiDAR MEMS scanner head, which include the MEMS mirror, an IMU and a fiber laser collimator. (a)
shows the top view and (b) shows the LiDAR scanner head mounted to the bottom of the UAV.

The robot pose sampling rate is set from 1 Hz to 200
Hz to investigate its effect on the compensation results. The
controlled UAV rotations are in the yaw and pitch direction.
However, the actual motions cause some random motions
during the flying. Point clouds are also collected when the
UAV is hovering and we overlap several frames. As the robot
pose sampling frequency increases from 1Hz, 2Hz to 50Hz,
the width of the overlapping area shrink from 10 to 11 points
at 1Hz (Fig. 6f), to 6 points at 50 Hz (6d). As Fig. 14
demonstrated, the compensation frequency has clear impacts
on the quality of the captured point-cloud.

VI. CONCLUSIONS

We have designed an adaptive lightweight LiDAR capable
of reorienting itself. We have demonstrated the benefits of
such a LiDAR in simulation as well as experiment. We have
demonstrated in experiment image stabilization in hardware
using an onboard IMU. We have also demonstrated viewing
an object of interest using this LiDAR through external robot
pose feedback.
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