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Development of a Lightweight, Low-cost, Self-balancing
Personal Mobility Vehicle for Autonomous Indoor Navigation

Dilshan Ranasinghe1, Kavisha Vidanapathirana1, Tilan Wickramarachchi1, Kavindie Katuwandeniya1,
Peshala Jayasekara1 and Shimon Ajisaka2

Abstract— Travelling along routine paths on foot is an ex-
hausting and mundane task. Current personal mobility vehicles
(PMVs), which address this issue, are driven manually and are
too heavy to be carried by the user when needed. As a solution
to this, an autonomous, self-balancing, lightweight, compact and
low-cost PMV is developed. The device is capable of simultane-
ously self-balancing and navigating autonomously in an indoor
environment. Moreover, it can be manually controlled using
the developed smart mobile phone application. Self-balancing,
localization, navigation and obstacle avoidance are achieved
in real time using on-board sensors and processing units.
Systematic experiments are carried out with the developed
PMV in typical indoor environments in order to assess the
robustness of the above features. The results show that the
robot is able to successfully achieve its navigation tasks both
with and without a human passenger. In addition, feedback
obtained from the general public during a 3-day exhibition
shows the public acceptance of the vehicle.

I. INTRODUCTION

Jobs that require long walking hours such as security
patrolling, warehouse managing and exam invigilating are
tiresome to the employees. According to a study carried
out by Yang et al. [1], about 18% of daily walking trips
of Americans were more than 1 mile (1.6 km). Personal
mobility vehicles (PMVs) provide a solution to overcome
this issue. However, there are several areas which need to
be addressed in order to make PMVs more practical for
use in indoor environments. The form factor of most PMVs
make them unsuitable for indoor environments: PMVs with
a seat generally have a large footprint, which is disruptive
in crowded indoor environments. While being compact, the
Segway Personal Transporter [2], which is one of the most
popular PMVs, weighs 48 kg and hence cannot be carried
by the user when untraversable regions (e.g. staircases) are
encountered. Autonomous navigation is another important
feature which is lacking in most PMVs. Currently, most
PMVs are manually controlled by the rider.

Research on PMVs has explored a variety of structural and
technical implementations. PMVs with autonomous naviga-
tion has been an active area of research with recent devel-
opments using probabilistic methods such as Simultaneous
Localization and Mapping (SLAM) and Monte Carlo Local-
ization (MCL) for mapping and localization [3]. The PMV
developed by Andersen et al. [4] adopts an MCL scheme for
pose estimation on a previously mapped environment using
a 2D LiDAR. Our proposed system uses a similar method on
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a more compact self-balancing vehicle which is more suited
for indoor environments. In addition to the LiDAR, we make
use of a 3D depth sensor to detect obstacles which are outside
the horizontal field-of-view of the LiDAR.

Self-balancing PMVs is another active area of research.
Two-wheeled vehicles have a smaller footprint and hence
are less disruptive in indoor environments. It also allows
the vehicle to be lightweight and hence enable the pos-
sibility of being carried by the user when needed. Chun
Lin et al. [5] describe the construction of an inexpensive
self-balancing human transportation vehicle using feedback
control. Tomokuni et al. [6] propose a seated self-balancing
PMV with roll posture control, and pitch posture stability
to maximise the comfort of the rider. However, the vehicle
weighs 168 kg and is not compact with a base length larger
than 1 m. A portable personal vehicle developed based on the
inverted pendulum model is introduced in [7]. It is compact
and lightweight, and hence can be easily carried by the
user. This is a vital feature in facilitating the use of PMVs
indoors. However, none of the above self-balancing vehicles
are capable of autonomous navigation.

Research that integrates both self-balancing and au-
tonomous navigation on a PMV is scarce. Klöppel et al. [8]
describe the development of a self-balancing PMV with an
autonomous localization system using QR-code landmarks.
The system is not robust to sensor occlusion and has trouble
recognizing landmarks when travelling at high speeds. Our
proposed system does not depend on external landmarks for
localization, and it is also robust to occlusions that would
be expected in typical crowded environments, as a result of
fusion of wheel odometry, IMU data and laser scan data for
pose estimation.

As a solution to the aforementioned problems, we are
proposing a lightweight self-balancing personal mobility
vehicle with autonomous navigation capabilities for indoor
environments. The main contributions of this work are as
follows: (i) the proposed work combines autonomous nav-
igation and self-balancing personal mobility in a limited
resource, low-cost, lightweight platform for the first time to
the best of our knowledge; (ii) the proposed PMV is capable
of navigating (either autonomously or manually) both with
and without a passenger; (iii) the proposed PMV has the
ability to be commanded through a smart phone to travel to a
selected destination without further human intervention; (iv)
the navigation system is capable of detecting and avoiding
obstacles in real-time.

The compact PMV gives the user complete control over



Fig. 1: CAD drawing of vehicle structure

their movements without hindering nearby people while trav-
elling in an indoor environment. Lightweight feature of the
device makes it more convenient for carrying. Autonomous
navigation capabilities assist in traversing unfamiliar areas.
The device is capable of building a map of an unknown
environment. The user-interface presents the user with the
map, so the user is able to select the desired destination and
be transported to that destination without further intervention.

The rest of the paper is organized as follows: section II
describes the procedure carried out in developing the per-
sonal mobility vehicle along with the systems involved in
self-balancing and autonomous navigation; the results of the
implemented solution and the challenges faced are given in
section III; section IV draws important conclusions on the
work carried out.

II. METHODOLOGY

This section describes the hardware design of the vehicle,
the self-balancing algorithm and the navigation system.

A. Hardware design

The structure of the vehicle is shown in Fig. 1. The
skeleton of the platform is constructed using one-inch box
extruded aluminum bars. Component mounts and enclo-
sures are constructed using 3D printing and laser cutting
technologies. All the components except the sensors and
tablet are mounted inside the enclosure. The device’s power
consumption with and without a human rider are less than
40 W and 100 W respectively. The final specifications of the
system are given Table I.

B. System Architecture

The architecture of the system is shown in Fig. 2, where
the bottom half is solely responsible for the self-balancing
of the system while the top half brings in the additional
functionality of autonomous navigation and communication
with the user. The Base Control CPU receives IMU sensor
readings, wheel encoder counts and velocity commands. This
information is processed in order to send the suitable control
signals to the motor controllers to keep the system dynami-
cally stable and moving with the desired velocities. A Single
Board Computer (SBC) is used as the Main CPU which

Fig. 2: Overall system architecture

is responsible for autonomous navigation, teleoperation and
communication with the user. It receives odometry data from
the Base Controller CPU, laser scan data from the LiDAR,
obstacle data from the depth sensor and navigation goals
from the user interface. It processes these inputs using the
Robot Operating System (ROS) [9] to generate the suitable
velocity commands to be sent to the Base Controller CPU.
In addition, it supports communication with the user through
the smart phone application.

C. Self-balancing

The system should maintain stability while executing
desired control velocities. The implemented controller is
given in Fig 3. The IMU sensor and the wheel encoders
are used to estimate the system state. The accelerometer and
gyroscope information from the IMU sensor are fused using
a Kalman filter to get an estimate for the pitch angle θ of the
platform. The wheel encoder readings are used to estimate
the system’s linear velocity vx and angular velocity vth.

The base angle θBA and rotational motor speed ua are
calculated using PID controllers based on the velocity com-
mand inputs (vxref

,vthref
) and the current system velocities.

TABLE I: System specifications

Weight 11.3 kg
Base width 0.46 m
Height 1.10 m
Wheel diameter 0.1651 m
Motors 350 W Brushless DC hub
Battery 42 V, 4400 mAh Li-ion
Sensors :
Lidar RPLIDAR A1
Depth Sensor Microsoft Kinect v1.0
Inertial Measurement Unit MPU 6050 (3-axis)
Processing Units :
Main CPU Raspberry Pi 3 Model B
Base Controller CPU Microcontroller Atmega 2560



Fig. 3: Controller for self-balancing and velocity execution

The base angle is compared with the system pitch angle to
calculate the pitch angle error e1 of the device, which is fed
to another PID controller to calculate the required system
linear motor speed ul. Finally, these linear and rotational
motor speeds are combined to calculate the PWM signals
for the left and right motor separately (PWM l, PWMr).

Sections II-C.1, II-C.2, and II-C.3 present further details
on the Kalman filter implementation, estimation of system
velocities and PID controller implementation, respectively.

1) Pitch Angle Estimation: A Kalman filter was imple-
mented to better estimate the pitch angle θ. The prediction
is done using the gyroscope reading θ̇ and it is corrected
using the estimate of the pitch angle θAcc calculated using
the accelerometer readings as in eq. (1)

θAcc = arctan(−ax/az) (1)

where ax and az are the accelerations in the x and z direc-
tions as measured by the accelerometer. The implementation
of the Kalman filter is as follows:

xt =

[
θt
˙θbt

]
(2)

xt = Atxt−1 +Btθ̇t + εt (3)

where At =

[
1 -∆t
0 1

]
, Bt =

[
∆t
0

]
and εt = N(0, Rt)

zt = Ctxt + δt (4)

where Ct = [ 1 0 ] and δt = N(0, Qt).

State transition model is given in eq. (3), where xt is
the state vector at time t, θ̇b is the pitch angle rate bias
representing the drift in the gyroscope angular rate θ̇, A is
the state transition matrix, B is the control input matrix and
the process noise is represented by a zero mean Gaussian
random vector ε with R covariance. Measurement model is
given in eq. (4), where z is the predicted measurement, C is
the observation matrix and the sensor noise is represented by
a zero mean Gaussian random vector δ with Q covariance.

2) Velocity Estimation: The velocity of a single wheel can
be calculated using the encoder difference ∆E within a time
period ∆T as shown in eq. (5).

wheel speed =
∆E × π × wheel diameter

encoder count per cycle× ∆T
(5)

The calculated left wheel velocity vl and the right wheel
velocity vr can be used to compute the linear velocity vx
and angular velocity vth of the system as given in the
equations (6) and (7).

vx = (vr + vl)/2 (6)

vth =
vr − vl

Base width of the platform
(7)

3) PID Controllers: PID is a widely used control mecha-
nism, which can be easily implemented on a microcontroller
with low resources. A PID controller produces an output u(t)
based on the error value e(t) of the system as in eq. (8).

u(t) = Kpe(t) +Kd
de(t)

dt
+Ki

∫
e(t)dt (8)

In eq. (8), Kp, Kd and Ki are scalar PID gains dependent
on the control application. This system contains three PID
controllers: to maintain the desired pitch angle and to achieve
the required linear and angular speeds respectively.

e1(t) = θt − θBAt
(9)

e2(t) = vxt
− vxref

(10)
e3(t) = vtht

− vthref
(11)

The error values e1(t), e2(t) and e3(t) are used as inputs to
calculate the PID outputs ul(t), ∆θBAt and ua(t) according
to eq. (8). θBAt is the sum of the initial base angle (θBA0 )
and ∆θBAt

. The PWM control signals are calculated as;

PWMlt = ul(t) + ua(t) (12)
PWMrt = ul(t) − ua(t) (13)

The nine PID gains for the three different PID controllers
were tuned experimentally to meet the system requirements.
Due to acceptable stability under variable passenger weights,
adaptive control mechanisms were not considered.

D. Autonomous Navigation

Autonomous navigation of the PMV consists of mapping,
localization, path planning and obstacle avoidance in real
time. This functionality is implemented using a customized
and fine-tuned version of the ROS navigation stack proposed
in [10] . Our modifications to the ROS navigation stack are
shown in Fig. 4. Interaction with the user is done through a
mobile application which reads and updates an NGINX [11]
server hosted on the SBC via WiFi. The navigation stack
reads user inputs from the server and outputs control signals
to the two motors.



The navigation stack is initialized with a static occupancy
grid map of the environment created using the ROS ‘gmap-
ping’ package [12], which is a laser-based SLAM implemen-
tation that uses a Rao-Blackwellized particle filter [13]. The
default parameters were changed to best fit the system as
outlined in [14]. Localization is achieved using the Adaptive
Monte Carlo Localization [15] algorithm implemented using
the ‘amcl’ package [12], which combines laser scan data and
odometry information to estimate the position of the robot
on a map. Wheel odometry is calculated first based on the
velocity estimates using wheel encoder readings as given in
equations (6) and (7). The velocity estimates vt and ωt are
used to calculate wheel odometry, which tracks the robots
pose (Xt = [xt yt Θt]

T ) as given in eq. (14).

Xt = Xt−1 +

[ ( vt
ωt

) sin (Θt−1 + ωt∆t) − ( vt
ωt

) sin (Θt−1)

−( vt
ωt

) cos (Θt−1 + ωt∆t) + ( vt
ωt

) cos (Θt−1)

ωt∆t

]
(14)

Odometry accuracy is improved by fusing wheel odometry
with the angular velocity estimate obtained from IMU sensor
data using an Extended Kalman Filter as described in [16]

The navigation stack maintains two costmaps (global
and local) and uses two path planners. The global path
planner uses Dijkstras algorithm [17] to find the shortest
path between the current robot location and the destination
while taking into account the obstacles marked in the global
costmap. The local path planner is based on the Dynamic
Window Approach proposed by Fox et al. [18]. The param-
eters of the costmaps and planners were tuned to achieve
reliable navigation in dynamic indoor environments while
being computationally efficient enough to run in real time
on our resource constrained SBC which has a 1.2 GHz quad-
core processor and 1 GB RAM.

The sensor streams are limited to 2 Hz and 5 Hz for the
Kinect and LiDAR respectively, and they are transformed
using the pitch angle estimated in section II-C.1 to account
for the dynamic pitch of the PMV. The sole purpose of the
Kinect is to detect obstacles which are outside the horizontal
field-of-view of the LiDAR. However, processing the 3D
point cloud data of the Kinect is computationally expensive.
Hence, the frequency of Kinect data is reduced. In addition,
the 90° portion of the 360° laser scan, which is obstructed by
the rider, is filtered out. The update frequency of the global
costmap was reduced to 1 Hz.

The local planner was tuned to ensure safe and smooth
motion while considering the velocity execution constraints
of the self-balancing vehicle. The maximum linear speed is
limited to 0.4 m/s (in autonomous mode) to have enough
time to react to dynamic obstacles detected using sensors
of reduced frequency. The local planner selects velocity
commands by forward simulating sampled commands and
evaluating them based on the cost function;

cost = pscale · (dp) + gscale · (dg) + occscale · (c) (15)

where dp is the distance to path, dg is the distance to goal
from the endpoint of simulated trajectory, c is the maximum

Fig. 4: Customized ROS navigation stack and its integration
with platform specific nodes

(a) Gazebo environment (b) Rviz [12] visualization

Fig. 5: 3D simulation of self-balancing robot

obstacle cost along the trajectory and pscale, gscale, occscale
are scalar factors. The scalar factors were tuned through ex-
perimental observations. Since the priority of the navigation
system is to avoid obstacles, it is intuitive to increase the
occscale. However, this results in adverse behaviours where
the robot wanders away from the global path and sometimes
towards undetected obstacles hence reducing the smoothness
of the motion. Therefore, occscale was kept at default and
pscale was increased to reduce deviation from the global path.

E. Simulation

A 3D simulation of a two-wheeled self-balancing robot
was created in Gazebo [19] in order to test the integration of
software related to the navigation stack and user interface.
For the two-wheeled self-balancing robot, the openly avail-
able Robosavvy [20] robot model was used. This model was
modified in order to match the design of our proposed PMV
as in Fig. 5a. Sensor models for the LiDAR and Kinect along
with respective plugins for generating sensor readings were
added to simulate the hardware of the PMV as in Fig. 5b.

III. EXPERIMENTS AND RESULTS

Several snapshots of the functionality of the PMV are
shown in Fig. 6 and summarized in a short video at [21].
Device capabilities are tabulated in Table II. Maximum
payload was calculated using a stress, strain and deformation
analysis of the structure using SolidWorks software.

A. Self-balancing Algorithm Performance

The performance of the self-balancing control algorithm
was evaluated under two cases.



(a) Navigation with
human

(b) Navigation with-
out human

(c) Inclination test
(5°)

Fig. 6: Functional results of the proposed PMV

TABLE II: Device capabilities

Maximum weight of the person 90 kg
Maximum linear speed : Autonomous mode 0.4 m/s (1.44 km/h)
Maximum linear speed : Manual mode 1 m/s (3.6 km/h)
Maximum tested surface inclination 5° (Fig. 6c)

1) Maximum deviation of system states under free motion
2) Ability of the device to recover after a disturbance
Free motion is when the device is left on its own to self

balance without issuing any velocity commands. Therefore,
the device itself would have to maintain zero angular and lin-
ear velocities. Under this condition, the maximum recorded
deviations of system states (pitch angle, linear velocity and
angular velocity) are given in Table III.

The time variation of linear displacement X and orien-
tation (Yaw) Θ of the system are shown in Fig. 7 with
their ideal values as the reference. The device’s free motion
is disturbed around the 5 s mark by exerting a force on
the device to change its pitch angle. This test evaluates
the self-balancing control systems ability to recover from
external disturbances. The results suggest that the device has
successfully recovered back to free motion in a matter of
seconds. As a safety feature, the power to the motors will
be cut off for pitch angle deviations greater than 20°.

B. Autonomous Navigation Performance

The results of mapping were compared with the actual
measurements of the mapped environment as shown in
Fig 8. The percentage error in measurements is 0.021%.
The localization accuracy was tested as described in [22]
by manually navigating the robot in a 3 m x 3 m square.
The improvement in odometry accuracy due to fusing of
wheel encoder and IMU readings can be seen in Fig 9. The
final position error for the above test was 0.4581 m for the
fused odometry estimate and 0.0448 m for the final ‘amcl’
pose. The accuracy of the fused odometry estimate makes
the ‘amcl’ pose robust to occlusion of the LiDAR in typical
crowded environments as shown in Fig. 11a. The above
localization test on a static environment resulted in an error

TABLE III: Deviation of system states under free motion

System state Maximum Deviation
Pitch angle 3.70180

Linear Velocity 0.2134ms−1

Angular Velocity 0.1634 rads−1

Fig. 7: Device state recovery from an external disturbance

(a) Real map (b) Created map

Fig. 8: Mapping accuracy

of sum of squared distances (SSD) between the ground-truth
and ‘amcl’ poses of 0.026 m2. In a dynamic environment,
where the laser scans were occluded by 9 people walking
in close proximity to the PMV as shown in Fig. 10, the
SSD was 0.0813 m2. This shows that no significant error
has occurred due to occlusion. Path execution accuracy was
tested as shown in Fig. 11b, which depicts that the executed
path is within acceptable limits compared to the planned
path.

IV. CONCLUSION AND FUTURE WORK

A lightweight, low-cost and compact self-balancing PMV,
which is capable of autonomous navigation in indoor envi-
ronments, has been developed and tested in multiple environ-
ments with and without a human rider. The use of low-cost

Fig. 9: Odometry accuracy



Fig. 10: Testing localization robustness to laser scan occlu-
sion in a crowded environment. The robot pose is shown
by the blue arrow. The red arcs are where the laser scan is
occluded by the legs of nearby people.

(a) Localization accuracy (b) Path execution accuracy

Fig. 11: Navigation accuracy

hardware components, without compromising real-time per-
formance, resulted in the final overall cost of the PMV being
less than 390 USD. The designed system is capable of self-
balancing and executing velocity commands simultaneously.
Accuracy of mapping, localization and velocity execution
were evaluated, separately. According to the results, the
device is able to localize within a few centimeters and exe-
cute smooth velocity commands without significant deviation
from the planned path. During the 3-day exhibition held at
the University of Moratuwa (Expose Exhibition 2019), the
positive feedback from the general public highlighted the
user-friendliness and user-acceptability of the PMV.

Future work aims to improve the usability of the PMV.
More specifically: (i) the PID gains need further tuning,
and advanced control techniques such as Linear Quadratic
Regulator (LQR) will be tested; (ii) vehicle structure can
be adjusted to improve alignment and make the vehicle
more compact; (iii) public acceptance will be validated using
scientific methods. It should be noted that (i) upgrading
the SBC will allow the device to explore the full potential
of the algorithms mentioned, (ii) upgrading sensors will
allow higher range, frequency and resolution. However, this
increases the cost of the total system.
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