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Abstract. This study presents a low-cost approach to the localization of and docking with a transport trolley task for an autonomous mobile
robot. The algorithm identifies the trolley and determines the position of its legs based on predefined detection areas and data from a single
LiDAR sensor, allowing navigation and docking using a mechanism that eliminates the need for precise positioning of the robot. The system
consists of a mobile robot with an ESP32-based control system, using the ROS framework for real-time processing. Experimental results
demonstrated successful trolley identification and docking when the robot was positioned in front of the target. The docking mechanism was
validated through multiple trials, confirming feasibility in controlled conditions. This research contributes to the development of efficient,
flexible automated transport systems for warehouses and manufacturing facilities.
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1. INTRODUCTION

Robots are employed wherever they can relieve humans of
tasks that are burdensome, repetitive, or hazardous. Mobile
robots have found widespread applications in factories, ware-
houses, logistics centers, mining, healthcare, search and rescue
operations, as well as in the exploration of other planets. They
are also commonly used to clean residential spaces and for the
transportation of people. In many cases, mobile robots outper-
form humans in physical endurance, precision, repeatability,
operating speed, and data processing capabilities.

The history of robotic transport systems dates back to
the early 1950s, when the first Automated Guided Vehicles
(AGVs) were introduced in industrial settings in the United
States [1]. Since then, transport needs have remained critical
although methods of fulfilling them have evolved significantly.
Today, Autonomous Mobile Robots (AMRSs) are increasingly
deployed in transport applications [2]. Equipped with control
systems based on PLCs or PC-class computers, AMRs uti-
lize advanced sensors, artificial intelligence, machine learning,
and complex computation to perceive their environment, plan
paths, and navigate autonomously within it [3].

In contrast to AGVs, AMRs are not restricted to predefined
physical paths. Thanks to spatial mapping using 2D or 3D
LiDAR scanners, they can follow virtual paths and dynami-
cally adjust them to avoid obstacles. This flexibility reduces
implementation costs by decreasing the need to modify the in-
frastructure and also allows for a more universal application,
compatible with different transport systems [3].

Mobile transport robots can be classified into three main
types based on their function: unit load vehicles, towing ve-
hicles, and fork vehicles. A crucial aspect of implementing
such systems is their integration with the operating environ-
ment. This includes both mechanical adaptation, such as lift-
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ing, coupling, or docking, and synchronization of the informa-
tion flow. As a result, many innovative solutions have emerged
for load pickup, placement, and trailer connection.

One popular application is order fulfillment in warehouses,
where robots bring entire shelving units to human workers for
further processing. A well-known example is the KIVA Sys-
tems robot system [4, 5], which navigates using QR codes on
the floor, and requires that the shelving units be precisely po-
sitioned. Although effective, this system has limitations, such
as the robot bearing the full load of the rack and the need for
strict environmental constraints.

When multiple robots operate in shared spaces, effective
task and path management is essential. Optimization algo-
rithms are used to reduce travel time and avoid collisions [6].
Tasks are typically assigned wirelessly based on incoming cus-
tomer orders. The assignment of tasks is usually done by ware-
house management systems [7].

Alternatively, a mobile robot can be designed to drive over
the trolley, and engage with it using a docking mechanism. An
example of such an implementation is described in [8], where
multiple sensors are used simultaneously, including three vi-
sion cameras and two laser scanners. The trolleys used in this
approach must be equipped with four AR markers, enabling
continuous observation and the correct identification of a se-
lected cart among several visible units. However, this solu-
tion requires that all trolleys be specially adapted and that the
robot be outfitted with numerous sensors, which significantly
increases the cost and complexity of the system.

In some configurations, the load transfer process between
the robot and the loading station is automated using a roller
conveyor mounted directly on the robotic platform [9]. Other
solutions, particularly those requiring automatic cargo loading
and unloading, rely on custom trolley designs that incorporate
dedicated docking mechanisms [10, 11].

Another approach is described in [12], where the focus is on
detecting and approaching the load. In this case, a camera, a
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3D scanner, and a neural network are used to identify the load
in the captured image. The system is designed to recognize
Euro pallets, which are relatively uniform; however, the algo-
rithm does not differentiate between individual pallet types or
configurations.

An additional example comes from the domain of au-
tonomous surface vehicles. In [13], a docking method is pre-
sented in which the platform must connect to a base station
under wave-induced disturbances. Navigation is accomplished
using a vision system that detects AprilTags, combined with a
simple positioning algorithm. A mechanical docking system is
also employed, using a force-based grip to center the platform
and enable the connection to a charging interface. A similar
vision based system implemented on a land-wheeled robot is
presented in [14].

In our solution, we employ an RGB camera and a single
2D LiDAR scanner in a setup similar to [15]. In our case, Li-
DAR also fulfills the role of a safety sensor, which is manda-
tory in autonomous mobile systems. This allows for signifi-
cantly lower implementation costs compared to contemporary
solutions, as well as a minimal amount of changes required to
modify the transport trolleys to work with the system. Regard-
ing mechanical coupling, our proposed system ensures stable
docking through four contact points between the robot and the
trolley, whereas the system described in [13] utilizes only two.
This difference imposes higher structural requirements on both
the robot and the docking mechanism. Furthermore, our design
includes a mounting system that actively aligns and centers the
robot with respect to the trolley, enhancing the robustness and
precision of the docking process.

This paper proposes a 2D LiDAR-based algorithm for trans-
port trolley localization during the final docking phase, sup-
plemented by an RGB camera for trolley identification. The
article is organized as follows: Section 2 describes the trans-
port system’s architecture and operating principles. Section 3
details the localization and docking algorithms, alongside ex-
perimental validation on a physical robot. Section 4 analyzes
the experimental results, and Section 5 provides concluding re-
marks.

2. ROBOTIC TRANSPORT WITH TROLLEY

The robot operates in an industrial setting, where tasks are as-
signed by a central computer and distributed using a wireless
Wi-Fi network with the IoT MQTT protocol [16] (Examples
of message topics: robot\trolley, robot\target). To connect the
MQTT communication protocol to the robot, we use the ROS
MQTT_bridge package [17]. To simulate the conditions of a
real-life application, we send messages on those MQTT topics
manually. This provides compatibility with different operating
systems and allows the robot’s on-board hardware to be sig-
nificantly simpler. Similar solutions are used in various appli-
cations and have been previously described in different works
[18, 19].

During its operation, the robot may need to dock with a
transport trolley. In industrial settings, transport trolleys are
usually located in pre-designated areas marked by colored

tape. This tape is used only to indicate the dimensions of a
parking space for a human worker and is not required by the lo-
calization algorithm in any way. Workers are required to return
the trolley to the designated area after use. In such a setting,
the general placement of the transport trolley is known; how-
ever, due to the manual placement of the trolley and the parking
space being larger than the trolley itself, the exact location and
orientation of the trolley are unknown. An automated docking
maneuver requires that the exact location and orientation of the
trolley be known. This necessitates an algorithm that utilizes
the available sensor data to define the exact location and ori-
entation of the trolley. The general idea of how the docking
maneuver should be performed is presented in Figure 1.
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Fig. 1. The general idea of using a mobile robot with a transport trolley.
The robot approaches the occupied trolley parking spot from the front,
drives underneath the trolley, docks with it and hauls it away from the
parking space.

In such a scenario, the localization of the trolley is per-
formed at the start, and further navigation is conducted using
the localization data obtained from the algorithm. The nav-
igation process does not need to perform obstacle avoidance
maneuvers, as it takes place in an industrial setting with re-
stricted access when the robot is in the zone, and no obstacles
should be present at the time of the scenario.

2.1. Mobile robot

The robot frame was built using extruded aluminum profiles.
Two wheels are attached to the chassis, creating a class (2, 0)
drive system. An additional castor wheel is placed on the front
of the robot to provide passive stability to the platform [20, 21].

If we assume that the robot moves on a planar surface, the
description of its movement can be accomplished using only
three parameters. Two of those (Xp,Yp) are used to describe
the position of the robot, and ¢ is used to describe its orien-
tation. This allows the robot to be described using a three-
element vector ¢ = (Xp,Yp, )7 based on a local coordinate
system, as shown in Figure 2 [22].

To describe the movement of the robot, it is necessary to
place the coordinate system xpyp in the middle of the axle that
connects the two driving wheels. The longitudinal velocity v,
along with the rotational velocity m, creates a set of input pa-
rameters that allows for control over the robot. This allows
for a concise presentation of the equations that represent the
kinematics of the platform, as presented in Equation (1) [23].
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The mobile platform kinematic model in the form of Equa-
tion (1) has natural input parameters (v, ®). This model repre-
sentation is used in motion planning algorithms. Calculations
for individual wheel velocities based on the values of (v, @) are
carried out in a low level controller module, given the knowl-
edge of robot wheel spacing d and using Equation (2) [23].
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Odometry is calculated and converted to SI compliant units
by the low-level controller module at a frequency f, by calcu-
lating each wheel speed (Vz_,,,, V&, )> as seen in Equation (3).
They are calculated using the current (Sz,,,,,Sr,,,,) and pre-
vious position data (Sz,,,,,SR,,.,) obtained from the encoders.
Afterwards, using the calculated velocities and data from the
previous odometry calculation, a numerical integration is per-
formed to obtain the current position of the robot (X,,Y,), as
described in Equation (4).
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2.2. Sensory and control system

The schematic of the robot’s sensory and control systems is
shown in Figure 3. The main computer of the robot uses
the Linux operating system with the Robot Operating System
(ROS) [24] software platform installed. ROS is used to provide
compatibility with a large library of developed software and to
simplify communication between sensory systems, control al-
gorithms, and command-executing software. The main com-
puter is connected to the robot’s onboard Wi-Fi router using an

Ethernet cable, allowing the operator to supervise data collec-
tion and launch various programs to realize different scenarios
while remaining out of range of the stationary infrastructure.
Connection to a stationary Wi-Fi network and the internet is
still possible using the PCs onboard network card.
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Fig. 3. Control and sensory systems of the mobile robot and their power
requirements.

The main way to obtain data about the robot’s environment
is by using a 2D LiDAR sensor. LiDAR (Light Detection and
Ranging) is an active ranging technology that calculates the
distance to an object by measuring the round trip time of a
laser pulse [25]. Due to favorable parameters and availabil-
ity, the SICK S300 2D LiDAR [26] was selected for use in
the robot. It is connected to the main computer using a USB-
UART converter, which allows the driver to interface with the
hardware and, after decoding, feed the sensor data into ROS.

The low-level hardware consists of an ESP32-WROOM-32
module [27] based on an ESP32-DOWDQ6 chip [28]. Commu-
nication between the main computer and the microcontroller
is carried out via the USB port and the microcontroller’s on-
board USB-UART converter. This allows for easy transfer
of commands and odometry reporting between the main com-
puter and low-level hardware.

The drive system is entirely controlled by the ESP32 micro-
controller. Each wheel is driven by a separate H-Bridge and
has its own magnetic encoder mounted directly on the motor
[29]. The ESP32 reads the encoder data and calculates the cur-
rent velocities for each wheel by multiplying the correspond-
ing motor velocity by 9.78, which is the inverse of the gear
ratio between the motor and wheel speeds. Using the wheel
speed, the distance traveled by each wheel is then calculated,
and the wheel velocity is fed into a PI controller, which, in
turn, controls the H-Bridge, forming a closed-loop control sys-
tem [30]. The target speed is received from the main computer
in the form of longitudinal and angular speeds, which are then
recalculated to determine the target speed for each wheel. The
control loop is run at a frequency of 100 Hz. Additionally,
odometry calculated using data from the encoders is returned
to the master computer at a frequency of 10 Hz.

2.3. Trolley docking mechanism

To provide the robot with the ability to move the trolley, a me-
chanical docking system had to be designed. It was determined
that the system should offer tolerance for trolley positioning in-
accuracies while remaining simple to control using the robot’s
on-board microcontroller.
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The mechanism was designed to consist of a minimal num-
ber of links. Four passive links were designed, each responsi-
ble for immobilizing one leg of the attached cart. The kine-
matic diagram presenting the arrangement of these links is
shown in Figure 4. All passive links are controlled by a sin-
gle active link, which is an electric actuator. The drive system
is attached on one side to the main body and on the other to a
passive link. The motion of this link is transmitted to the others
via tendons mounted on ball joints. The dimensions were se-
lected to allow passive links to rotate within a 90 degree range,
ensuring a secure grip on the cart. The operation of the cou-
pling mechanism is shown in Figure 5.

Fig. 4. Kinematic diagram of the docking mechanism with each me-
chanical link numbered, where 1 - base; 2 - actuator; 3, 5, 7, 9 - passive
links; 4, 6, 8 - tendons (couplers).

The stiffness of the robot-cart connection can be adjusted
within a certain range by indirectly regulating the force applied
by the passive links to the cart’s structure, using the force gen-
erated by the drive system. Additionally, the selected dimen-
sions minimize the space occupied by the mechanism, leaving
a larger portion of the main body free. This allows the remain-
ing area to be utilized as cargo space or for other equipment.

i

(a) (b)

Fig. 5. Operation of the robots docking mechanism. (a) Docking mech-
anism retracted. (b) Docking mechanism extended.

An additional advantage of the mechanism is its high scal-
ability, achieved by modifying the length of the tendons. This
enables the rapid adaptation of the robot to transport differ-
ent carts or even transfer the mechanism to a different robot
with dissimilar dimensions. The mechanism consists solely of
rotary and ball joints, making its construction simple. Further-
more, it is mounted to the main body at only five points using
screws, which simultaneously serve as the rotational axes for

the passive links and the actuator. After designing, the pro-
totype elements of the mechanism were manufactured using
rapid prototyping technologies, such as 3D printing.

3. LOCALIZATION ALGORITHM AND EXPERIMENTAL
VALIDATION

The initial conditions for the algorithm consist of the robot be-
ing positioned in front of the trolley parking site, with the trol-
ley inside, similar to those shown in Figure 6.

Fig. 6. The initial state before the localization, featuring a robot in front
of the trolley.

This state is a result of a previous movement task sent by a
central planning computer, which placed the robot in front of
the trolley parking space. This movement could have been per-
formed by any combination of the movement planner and the
executor, as this does not impede the operation of the localiza-
tion algorithm in any way.

U

Leg searching
areas

U

Fig. 7. Representation of where the transport trolley legs are expected
to be.

This initial state may result from any other navigation algo-
rithm compatible with the ROS system and a previously cre-
ated environmental map.

The operation of the localization algorithm using 2D LiDAR
sensor data is illustrated in the diagram presented in Figure 8.

Due to the relatively low map resolution of 50 mm and the
possible inaccuracy of trolley placement within the parking
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area, the algorithm must localize the trolley without relying on
previously obtained data. For this task, an onboard 2D LiDAR
scanner, already used for mapping and localization, is utilized.

!

Calculation of leg
coordinates

Scan loading

Object found
inarea Op

Parameter
configuration

Calculation of
navigation points
coordinates
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detected

Yes

No C:
correct
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Fig. 8. Block diagram of the trolley localization algorithm.

Because the task received from the planning computer re-
quires docking with a specific trolley, the algorithm verifies
that an appropriate trolley is present in the parking space by
reading the ArUco marker attached to the trolley. Markers are
detected using an RGB camera mounted on the robot. If the
trolley ID read from the ArUco marker matches the one given
in the task, the robot proceeds to the detection phase.

The proposed detection is based on the localization of the
trolleys’ legs using predetermined areas of interest defined by
the minimum distance Dist,;;,, maximum distance Dist,,,,, and
minimum o,; and maximum o, angles for each side of the
trolley, as shown in Figure 7. Pre-determining those parame-
ters ensures the reliability and repeatability of the localization
process, as well as eases debugging.

Figure 9 compares how the trolley is seen using an RGB
camera and LiDAR. Due to the height at which the LiDAR is
mounted, only the legs of the trolley are visible in the collected
data. Ultimately, due to the simplicity of the data, a solely
LiDAR based approach was selected.

(b)

Fig. 9. Comparison of how the trolley placed near a wall is visible
on camera and using LiDAR data. (a) Front view of the trolley using
an RGB camera and featuring the detected and correctly recognized
ArUco marker. (b) Top-down view of representation of the robots vicin-
ity using LiDAR data, where the robots position is described using an
arrow.

If the trolley legs are found in the designated area, the in-

nermost detected points are saved, and their coordinates are
marked as Ly and Ly for the left leg, and Rx and Ry for the
right leg, as visualized in Figure 10. Based on the coordinates
of the inner leg, a point 7' located in the middle of the trolley
is determined, as seen in Equation (5).

Lx+R

Ty = X F5%%
- )

Ly +Ry
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Based on this, Equation (6) of a line L, located between the
point of the left leg and the point of the right leg, is determined.
Then, Equation (7) of a line L, that is perpendicular to the line
L, and passes through the midpoint 7 is determined.
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X and Y coordinates of two navigation points N; and N,
located on the line L,, at a distance Disty from the point 7', are
calculated using Equation (8).

a=(Ly,)*+1
b=2,,1,, — 2L, Ty — 2T
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A=b*—4ac )
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In rare cases where one of the values |Ly — Rx|, |Li,| is less
than 107, the calculations are stopped, and the next measure-
ment is taken.

After calculating the navigation points, the algorithm checks
whether point N, is closer to the current position of the robot.
If not, the N; and N, points are switched to conform to the
schematic presented in Figure 10.

All coordinates are defined using the laser scanner as the
base point. To use them for navigational purposes, it is neces-
sary to apply a transform using the robot’s odometry from the
time when the scan was made.

The functioning of the algorithm was tested in many dif-
ferent situations. The tests involved checking the success rate
of the algorithm at different distances, as shown in Figure 11,
at various angles of approach, as illustrated in Figure 11, and
in the presence of other objects within the scanner range, as
shown in Figure 12. Each test was repeated at least 10 times
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Fig. 10. Trolley leg detection. (a) General view. (b) Details.

to verify whether the algorithm functioned correctly in each
scenario. Only a clean docking without hitting the trolley was
counted as a success.

The algorithm performed successfully within a range of up
to 2 m, correctly recognizing the legs, docking with the trolley,
and exiting the parking area. Above that distance, the algo-
rithm often misidentified the front trolley legs as the rear ones
and either attempted to dock while still in front of the trolley
or, if only one leg was recognized correctly, tried to drive un-
derneath the trolley at an angle, resulting in a failure of the
task.

Similar results were obtained during the angle-of-approach
tests. If the robot was located almost directly in front of the
trolley, the algorithm worked correctly. If the angle caused the
LiDAR to pick up one of the front legs as the inner one, the
algorithm misidentified the position of the trolley and failed to
complete the task.

() (b)

Fig. 11. Algorithm robustness test. (a) Changing the distance. (b)
Changing the angle.

The algorithm functioned correctly in the presence of ad-
ditional objects, provided that the initial conditions were well
defined.

Additionally, it was observed that the slight reflectivity of
the trolley legs may cause minor data errors due to the Li-
DAR’s laser reflecting off the surface, similar to those seen
in Figure 12. This was easily resolved by making the surface
matte; however, in cases where this is not possible, it could
be addressed by filtering the data from several LiDAR sensor
passes.

Algorithm verification was performed using the Python pro-
gramming language [31]. To visualize the results of the sim-
ulations, the PyGame library was used [32]. All parameters

(a) (b)

Fig. 12. An example showing uncertainty in the detection of trolley legs.
(a) Another object in the surroundings. (b) Laser reflection.

for the algorithm were selected based on observations of the
simulation results.

3.1. Algorithm implementation and experiments

The implementation of the algorithm into the ROS environ-
ment was achieved by creating a ROS node that addresses the
transport trolley localization problem. The main goal of this
node is to localize the trolley in front of the robot using the
previously described localization algorithm and to use the ob-
tained navigation points to drive underneath the trolley, attach
it using the robots docking system, and clear the docking area
to allow for further operations. In addition to the parame-
ters needed for the localization algorithm, implementation re-
quires an additional "trolley_width" parameter. This parameter
is used for the validation of the localization process.

Furthermore, the algorithm requires access to the
"sick_scan" topic, where current data from the LiDAR
sensor are published using the ROS "LaserScan” message,
which can be found in the "sensor_msgs" package. Addition-
ally, to correctly transform between frames of reference, the
algorithm needs access to the current transform between the
robot base and its environment.

The sending of movement commands is handled using an
"action_lib" client that is compatible with the "move_base" in-
terface. This allows the algorithm to be compatible with most
widely used ROS movement planners.

The algorithm itself is divided into two parts, as shown in
Figure 14. The first part implements the trolley localization
algorithm according to the previously discussed algorithm, as
shown in Figure 8. To validate the results of the algorithm, it
is repeated multiple times. Each localization is deemed suc-
cessful if the distance between the legs of the localized trolleys
is less than 15 cm from the declared width of the trolley. The
localization process is deemed successful if the algorithm re-
turns 10 consecutive successes. This process has been imple-
mented to reduce the number of false detections of stationary
obstacles, such as walls. While each pass of the localization al-
gorithm calculates navigation points based on its detected leg
location, only the navigation point coordinates from the last
pass are used for the path planning process.

The second part of the algorithm deals with path planning
for the robot via navigation point one and the point in between
the legs of the trolley. Due to the tight tolerances between
the trolley and the robot, path planners that feature obstacle
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Fig. 13. Operation of the docking mechanism. (a) Top down view of
the robot before docking with the trolley. (b) Top down view of the robot
after docking with the trolley.

avoidance may cause various problems. Because of this, for
experimental purposes, a simple three-phase planner was used.

The movement executor receives the current robot odom-
etry  (XodomsYodom), the coordinates of the target point
(ergez, y,arget), and the target orientation; it continuously pub-
lishes the state of the task until the task is complete.

The first phase consists of aligning the bearing between the
target and the robot position. To do this, the robot rotates in
the appropriate direction at a constant speed until it is within
0.05 radians of the previously calculated yaw;q ge;. This value
is obtained by calculating a two-argument arctangent using the
difference between the coordinates of the target and the starting
coordinates, as shown in Equation (9) [33].

YaWtarget = atanz(Ytarget —Yoaom, Xtarget - Xodom) )

The second phase consists of the robot moving linearly to-
wards the target at a constant speed of 0.1%, while maintaining
its heading using a simple PI regulator with experimentally se-
lected coefficients. This phase ends when the robot is within
5 cm of the target point or if the distance from the target point
increases in the last second.

The last phase consists of the robot matching the final target
bearing. This is done similarly to the first phase; however, the
target yaw is received at the beginning of the task.

This algorithm consists of three separate movement tasks.
The first task is to drive from the starting position to the first
navigation point and face the point in the middle of the trol-
ley. The second task is to drive to the point in the middle of
the trolley while maintaining heading . After this task is com-
pleted, the robot has to deploy the trolley docking mechanism
(Fig. 13). When the deployment is confirmed, the robot drives
with the trolley to the second navigation point, exits the trolley
parking area, finishes the algorithm, and allows further opera-
tions using any available navigation method.

The experimental verification of the algorithm consisted of
multiple attempts to locate and drive under the trolley. The
setup constructed to simulate a real-life use case was made us-
ing a simple four-wheeled trolley made of aluminum extru-
sions, which could be used for the transportation of elements
in an industrial setup. The trolley was built in a rectangular
shape with a length and width of 53 cm. The LiDaR sensor
was placed at the front of the robot, 24 cm above the ground
and 15.5 cm to the left of the longitudinal axis of the robot. The
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Fig. 14. Block diagram of the localization algorithm implementation
during the experiment.

main goal of the experiment was to investigate the limitations
of the algorithm under conditions that would not be encoun-
tered in normal operation, particularly to obtain guidelines for
the appropriate preparation of infrastructure.

The first series of experiments tested the algorithm success
rate depending on the lateral distance of the transport trolley
from the longitudinal axis of the robot. The scenario was con-
structed as follows: The trolley was placed at a longitudinal
distance of 1.0 m from the robot and a lateral distance rang-
ing from -0.2 m to 0.2 m, where the distance to the right is
counted as a positive value. Upon the start of the experiment,
the trolley had to correctly recognize the positions of its legs,
perform a docking maneuver, and drive to the calculated nav-
igation point 2. The success rate is calculated as the ratio of
successful docking maneuvers to the total number of attempts.
Each distance was tested 10 times. The results of this series of
experiments are presented in Figure 15. The shift of 0 m indi-
cates that the robot is in a position where the LiDAR sensor is
directly in front of the trolley.

Succes rate
g
®

0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
Distance from robot axis [m]

Fig. 15. Chart showing the algorithms success rate depending on the
trolley’s lateral distance from the longitudinal axis of the robot.
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The second series of experiments tested the algorithm’s suc-
cess rate depending on the angle at which the trolley is placed
in relation to the robot. The scenario was constructed as fol-
lows: The trolley was placed directly in front of the robot at a
distance of 1.0 m and oriented at an angle ranging from —22.5°
to 22.5°, where the positive value represents clockwise rota-
tion. Similar to the first experiment, the robot has to correctly
recognize the trolley’s legs, perform the docking maneuver,
and drive with the trolley to the last navigation point. The suc-
cess rate is calculated in the same way as in the first series of
experiments. Each trolley orientation was tested 10 times. The
results of this series of experiments are presented in Figure 16.

Axis Success rate

-22.5 -17.5 <125 -7.5 -2.5 25 7.5 125 17.5 225
Trolley angle []

Fig. 16. Chart showing the algorithms success rate depending on the
angle at which the trolley is placed at.

The third series of experiments tested the algorithm success
rate depending on the robot’s distance from the trolley.The sce-
nario was constructed as follows: The trolley was placed di-
rectly in front of the robot at a distance of 0.5 to 3.0 m. The
rest of the experiment was conducted in the same way as in the
cases of experiment series 1 and 2. Each position was tested 10
times. The results of this series of experiments are presented
in Figure 17.
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Fig. 17. Chart showing the success rate of the algorithm depending on
the lateral distance to the trolley.

4. DISCUSSION

The results obtained show that the algorithm works correctly
if the robot is in front of or to the left of the transport trolley,
within 2.0 m, at an angle ranging from 0° to 15°, and shifted
sideways by up to 0.2 m. The tight fit between the trolley and
the robot indicates that the proposed docking method achieves
performance only slightly worse than that of more advanced

approaches, such as those shown in [34]. This, in conjunc-
tion with the proposed docking mechanism, ensures the correct
functioning of the whole docking system.

The decreased reliability of the algorithm when the shift dis-
tance is increased beyond 0.2 m or the trolley angle is greater
than 10° is caused by reflections picked up by the LiDAR sen-
sor and the obscuration of the rear legs of the trolleys by the
front ones. The first issue could be resolved by matting or
painting the surface, while addressing the second issue would
require a complete redesign of the trolley to feature only two
legs at the height where the LiDAR sensor is located.

The loss of reliability when the overall distance to the trolley
is increased is caused by inaccuracies in the odometry system.
To solve this issue, the algorithm needs to be run continuously
up to the distance within the reliability range to continuously
update the navigation points.

The aforementioned issues are only relevant if the environ-
ment in which the robot is operating requires detections out-
side the range deemed reliable. For multiple applications, the
docking algorithm would only be used for terminal guidance
and the starting point would be within the range deemed reli-
able.

5. CONCLUSIONS

This article presents an algorithm for the identification and lo-
calization of a transport trolley using an RGB camera that de-
tects an ArUco marker placed on the trolley, in addition to data
from a 2D LiDAR scanner.

The use of a laser-based distance sensor requires proper
preparation of the localized elements. This entails ensuring
that there are no reflective surfaces present, which could cause
incorrect readings, as well as making repeated passes of the
distance reading and filtering the obtained data.

The algorithm presented in this article was tested in various
scenarios that involved the hook-up of the robot to the trans-
port trolley. The experiments carried out not only confirmed
the correct identification and localization of the trolley but also
aimed to determine the boundary conditions under which the
algorithm operates reliably. The results help define the require-
ments that must be fulfilled when preparing the infrastructure
at the robot’s deployment site.

The results obtained show that the algorithm could be viable
for implementation in a potential industrial setting, provided
that the trolley docking process is carried out in a structured
environment where the trolley is located in the vicinity of a
known area. Because such conditions are usually character-
istic of an industrial environment prepared for the presence
of robots, the algorithm is viable for use in such an environ-
ment. To make the process more reliable and independent of
the angle of approach, it would be advisable to use a more
computation-intensive algorithm that recognizes more features
of the trolley and utilizes constant updates of the navigation
points until the accuracy of the current algorithm is enough.

Further research on this topic may focus on developing and
testing different algorithms that detect all four legs of a trolley,
increasing the reliability of the current algorithm, using differ-
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ent sensors, or developing a capability for the robot to dock
with several transport trolleys simultaneously.
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