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ABSTRACT Autonomous recharging is a fundamental requirement for autonomous mobile robots in order
to allow them to work continuously without human intervention, and autonomous docking to a charging
station is a challenging yet promising research area. In particular, the docking task becomes even more
complicated in unstructured human environments when the charging station’s location is not fixed and
when there are dynamic obstacles moving around. This paper presents a laser intensity based autonomous
docking approach, which allows a mobile robot to recharge its battery autonomously in unstructured
environments. Laser reflection intensity for a self-adhesive reflective tape is quantitatively investigated,
and the sufficient/necessary conditions for successful reflector detection are discussed. Using the proposed
reflector detection technique, the charging station can be easily distinguished from similar objects in an
unstructured environment. Comparing to the traditional docking methods, the developed approach is easier
to implement and can significantly improve the reliability of autonomous docking and recharging. Extensive
experiments were conducted to verify the effectiveness of the developed autonomous docking approach.

INDEX TERMS Autonomous docking, laser intensity, mobile robots.

I. INTRODUCTION
Autonomous mobile robots have substantial application
potentials in such areas as warehouse automation [1], per-
sonal care [2], surveillance and patrolling [3], planetary
exploration [4] as well as search and rescue operations
[5]–[7]. In order to enable continuous working without
human intervention, power supply has been an important
concern. A typical rechargeable battery can provide power
supply for a mobile robot for a few hours of peak usage,
and has to be recharged before becoming exhausted [8]. As a
result, autonomous recharging has become a fundamental
requirement for autonomous mobile robots. In order to start
the recharging process, a mobile robot needs to identify and
dock to the charging station autonomously, which are com-
plicated tasks in unstructured environments.

Autonomous docking is a challenging yet promising
research topic, which attracted extensive research attention.
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According to the sensors implemented, the autonomous dock-
ing techniques reported in the literature can be categorized
into infrared range (IR) sensor based methods, vision-based
algorithms, and laser-based approaches. In order to improve
the reliability of autonomous docking, many researchers
selected to integrate IR sensors or cameras with laser range
finders.

IR-based autonomous docking methods rely on commu-
nication between the IR transmitters which were normally
mounted on the charging station and the IR receivers that
were usually attached to the mobile platform, in order to
guide the mobile robot to the docking location [9]. The IR
sensor based methods are affordable and easy to implement.
However, the IR receivers need to be installed at a specific
location on the mobile platform in order to guarantee that IR
signals from the IR emitters of the charging station can be
received properly, which put a limitation to the mechanical
design of the mobile platform.

Vision-based autonomous docking algorithms rely on
visual pattern recognition, and artificial landmarks, tags or
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quick response (QR) codes are normally utilized in order to
simplify the detection of charging stations [3], [10], [11]. The
camera does not have to be installed at the same height as the
charging station, relaxing the requirement on mobile robot
design. However, vision-based approaches are prone to errors
induced by camera calibration or varying lighting conditions.
Furthermore, a small error at the charger’s relative location
with respect to the aforementioned landmarks can fail the
autonomous docking operations.

Laser-based autonomous docking approaches detect the
docking stations through their contours, which are nor-
mally designed to be with special shapes in order to make
them stand out from the background [12]. Furthermore,
the traditional laser based techniques usually have strong
requirements on the docking station’s surrounding envi-
ronment [13], limiting their applications in unstructured
environments.

In order to address the limitations of conventional
autonomous docking techniques, laser intensity information
is introduced, for the first time, to detect the docking station
in this paper. The novel laser-intensity based autonomous
docking approach has the below advantages:

� Comparing to the IR-based methods, laser-based
autonomous docking approaches can make use of the
onboard laser range finders that were already equipped
for localization and mapping purposes, and no extra
onboard hardware needs to be introduced.

� Unlike vision-based algorithms, laser-based autono-
mous docking approaches are not affected by the light-
ing conditions, and can accommodate the variance in
the charger’s location.

� Using laser-intensity information, the proposed
autonomous docking approach can easily detect
the charging station from an unstructured environ-
ment, without any requirements on the charger’s
shape or the contour of objects in its adjacent
area.

� Furthermore, attaching two pieces of reflective tape
to a charging station is much easier and more
affordable than fabricating docking station with
special shapes. Thus, the proposed laser-intensity
based autonomous docking approach is easier to
deploy than the traditional laser-based docking
techniques.

The remaining part of this paper consists of five sec-
tions, and the following section provides a detailed overview
of the related work on autonomous docking and recharg-
ing, as well as laser intensity based mobile robot applica-
tions. In section III, the sufficient and necessary conditions
for successful reflector detection are discussed, and a laser
intensity based reflector detection technique is proposed.
Section IV presents the development of a laser-intensity
based autonomous docking approach. Experimental results
are presented in Section V, and concluding marks are given
in Section VI.

II. RELATED WORK
A. AUTONOMOUS DOCKING AND RECHARGING OF
MOBILE ROBOT SYSTEMS
The research onmobile robot recharging can be traced back to
1950s, when the first autonomous recharging mobile robots
were developed, which utilized a light beacon to guide the
mobile robots to a battery re-charger that was mounted inside
a hutch [14]. Most of the modern autonomous recharging
techniques were developed based on similar ideas, i.e., using
sensors to detect a charging station and assist the docking
process [8]. This subsection provides an overview of the
related research work on autonomous docking and recharging
based on the different sensors implemented.

In related researches on IR-based methods, three infrared
transmitters and three infrared receivers were utilized for
autonomous docking and recharging of a mobile robot [9].
In the proposed method, the global navigation space was
separated into docking and working spaces using the three
IR transmitters. Furthermore, the mounting locations and
orientations of the three IR receivers were investigated in
order to minimize the docking time. The developed algorithm
was verified by extensive experiments in a laboratory. In [15],
two IR LED emitters were fixed on the docking station and
one IR receiver was installed at the back of the mobile robot
in order to enable the autonomous homing process. In order
to compensate for the lateral and directional docking errors,
two novel docking mechanisms were proposed using friction
or magnetic forces between the docking parts of the mobile
robot and those of the docking station. The proposed algo-
rithm was proven to be effective through experiments.

As for vision-based algorithms, an autonomous docking
and recharging system was proposed for mobile robots in
warehouse environments in [1]. In order to assist the mobile
robot to find the charging station, a fiducial marker system
called AprilTag was implemented, which was attached above
the charging station. The algorithm worked by extracting
the marker from the image taken by the onboard camera,
calculating the coordinates of the four vertices of the marker,
and determining the edge of the marker through an image
recognition technology. The experimental results indicated
that the developed algorithm worked well in warehouse
environments, but the change in lighting conditions and the
shielding of tags could interrupt the docking process. In [3],
a vision-based autonomous docking and recharging system
was developed for a security robot. In order to assist the
security mobile robot to detect the charging station, a navy
blue circular landmark with known diameter was installed on
top of the docking station at the same height as the onboard
camera. The vision system was implemented to detect the
artificial landmark and locate the site of the charging sta-
tion. To accommodate the horizontal and rotational docking
errors, a virtual spring based control approach was proposed,
which assumed that the robot and the docking station be
connected by a virtual spring and the motion control was
determined by the compliant forces in the direction of the

71166 VOLUME 10, 2022



Y. Liu: Laser Intensity Based Autonomous Docking Approach for Mobile Robot Recharging in Unstructured Environments

translation deformation and bending. The effectiveness of
the proposed docking control approach was validated via
experiments.

With respect to laser-based techniques,MiR (mobile indus-
trial robots) reserved a V-shaped recess on its 24V charger
in order to help the onboard laser range finder to detect the
charging station [12]. Similarly, Fetch robotics required its
charging dock to be separated from any sort of laser-height
obstacles in order to allow the laser range finder to success-
fully detect the profile of the charging station [13]. The cut of
V-shaped recess on theMiR charger increases fabrication cost
of the charging station, and the requirement of Fetch robotics’
recharging process will limit the robot’s practical applications
in unstructured environments.

In order to address the limitations of IR-based, vision-
based or laser-based techniques, many researches selected to
use multiple sensors for autonomous docking and recharging.
For example, in [8], a pan-tilt-zoom (PTZ) camera was
implemented to find the docking station, and a laser range
finder was utilized to determine the robot’s angle to the
wall in order to orient the robot with the docking station.
Furthermore, IR-LED was employed to determine whether
the autonomous docking operation was successful. In order
to assist the mobile robot to detect the charging station,
an orange colored pieced paper was mounted on top of the
docking station as the artificial landmark. A laser beacon was
attached below the artificial landmark but above the charging
station in order to assist the mobile robot with its orientation.
The proposed technique was verified through experiments
using a Pioneer mobile platform. In [16], QR codes were
implemented as visual landmarks in order to guide the mobile
robot to the charging dock, and IR sensors were utilized for
distance measurement in order to assist the docking process.
Based on the IRmeasurements, the docking areawere defined
into three regions, and different approaching strategies were
defined for each region. The effectiveness of the developed
approach was demonstrated through experiments. In [17],
ultrasonic sensors and IR sensors were implemented for
autonomous docking and recharging of a wheeled mobile
robot. In the proposed approach, ultrasonic sensors were
utilized to detect the charging station and estimate distance
from it and IR sensors were employed to tune the orientation
of the mobile robot at the exact position for docking purpose.
The effectiveness of the proposed approach was validated
through experiments.

With the development of machine learning techniques,
the focus of research on autonomous docking has trans-
ferred from static and structured environments to dynamic
and unstructured environments. In [18], convolutional neu-
ral networks (CNN) were implemented for pattern detection
of charging station in RGB (red, green, blue) images. The
detected patterns together with 2D laser scans and images
were fed to a reinforcement learning (RL) technique to pro-
duce such actions as translations, rotations or tilting cam-
eras. Experimental results confirmed the effectiveness of
the proposed approach with a success rates of about 100%

in obstacle-free environments and 93% in cluttered paths.
In [19], autonomous docking of an automated guided vehi-
cle (AGV) was investigated in unstructured human environ-
ments, which utilized Lidar and AprilTag for autonomous
docking to a workstation and adopted deep learning network
for human detection and recognition. Practical experiments
demonstrated that the proposed approach could control an
intelligent AGV to co-exist with human workers and conduct
autonomous docking tasks in unstructured environments.

B. LASER INTENSITY FOR MOBILE ROBOT APPLICATIONS
Laser range finders have been widely implemented in mobile
robot systems, and the range information has been extensively
utilized for obstacle detection as well as simultaneous local-
ization and mapping (SLAM). Besides range information,
laser range finders can also provide reflection intensity for
each laser beam, which is the optical power received after
reflection from the surface [20]. Comparing to laser range
based studies, the researches on laser intensities are relatively
rare, and the few papers published had been focusing on
SLAM [20], [21] and people detection [22]. This subsection
works as a short survey regarding laser intensity basedmobile
robot applications.

In [20], a data-driven modeling approach was proposed
to investigate the influence of extrinsic parameters on laser
intensities, which was coupled with extended Hector SLAM
in order to generate a reflectivity map of the environment.
Experimental results confirmed that the reflectivity based
SLAM technique is effective when metric information is not
sufficient for pose estimation and consistent map generation.

In [21], materials with different reflection intensities were
utilized as artificial landmarks in order to improve the local-
ization performance of mobile robots in featureless environ-
ments. The reflection intensity from the landmarks was fused
with the geometric information of the environment, in order
to improve the traditional scan-matching algorithms. The
proposed scan-matching algorithm was proven to be more
accurate and more robust than the traditional scan-matching
techniques in such featureless environments as corridors.

In [22], laser reflection intensity was implemented to
improve the people detection performance for a mobile robot
using multi-layered laser range finders. In the proposed
approach, laser reflection intensity was implemented to train
a strong classifier to detect body parts, to combine candidate
segments, and to separate merged segments. The effective-
ness of the proposed approach was verified by experiments.

In [23], a novel SLAM frameworkwas proposed using both
geometry and intensity features. In the proposed approach,
laser intensities were implemented for both front-end odom-
etry estimation and back-end optimization. Experiments were
conducted for localization and mapping in both indoor
warehouse environments and outdoor autonomous driving
scenarios, and the experimental results confirmed that the
introduction of intensity information significantly improved
the localization accuracy.
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C. LITERATURE SUMMARY
As can be seen from the previous sub-sections, extensive
efforts have been reported in the literature towards developing
reliable autonomous docking and recharging techniques for
mobile robot systems. The novel contributions of this paper
can be summarized as below:

� In the author’s knowledge, laser intensity information
has never been directly implemented for autonomous
docking. This paper, for the first time, presents the
development a laser intensity based autonomous dock-
ing approach, allowing for autonomous recharging of
mobile robots in unstructured environments.

� As the author know, sufficient and necessary condi-
tions for successful reflector detection have never been
reported in the literature. In this paper, these conditions
were derived, which will significantly benefit reflector
installation in practical applications.

� Retro-reflective material and black rubbers are known
to have different reflection properties. However, their
influence on laser intensity has not been quantitatively
reported. In this paper, experiments were conducted to
quantitatively investigate the laser reflection intensity
of a reflective tape.

� Most of the autonomous docking techniques reported
in the literature were tested in structured environments.
This paper conducted physical experiments in unstruc-
tured environments, testing the influence of charger
location uncertainty, moving obstacles and objects with
similar contour in the charger’s adjacent area.

III. LASER INTENSITY BASED REFLECTOR DETECTION
The mobile platform utilized in this paper is the bottom
part of a service robot, which was developed for greeting,
hosting and guiding customers in libraries, banks, and air-
ports, as shown in Fig. 1(a) and 1(b). The mobile platform
is equipped with a SICK TiM571 laser range finder and four
pairs of ultrasound sensors, as shown in Figs. 1(a) and 1(b).
In order to improve the reliability of autonomous docking,
two pieces of self-adhesive reflective tapes were attached to
the charging station, as shown in Fig. 1(c). Each reflective
tape consists of three sections. The middle section is made of
diamond retro-reflective material and the two outer ones are
made of black rubbers, as shown in Fig. 1(d).

A. SUFFICIENT AND NECESSARY CONDITIONS FOR
REFLECTOR DETECTION
In order to reliably detect a reflective tape in an unstructured
environment, one or more laser beams from the laser range
finder need to be reflected from the retro-reflective area
and the black-rubber regions, respectively. In this subsection,
sufficient and necessary conditions for successful detection
of the reflective tapes are discussed.

Each laser range finder has a working range, which is
normally identified in its specification. For example, the
working range for SICK TiM571 is from 0.05m to 25m [24].
In order to successfully detect a reflective tape, a mobile

FIGURE 1. Mobile robot and the charging station.

FIGURE 2. Sufficient and necessary conditions for reflective tape
detection.

robot needs to be in a location where the distance between
its onboard laser range finder (LRF) and the reflective tape is
within the working range of the LRF. Similarly, the reflective
tapes needs to be placed at the same height as where the
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laser beams can reach. In practical applications, the laser
range finder may be slightly tilted up from the horizontal
plane, in order to avoid scanning the floor during the mapping
process. In such a scenario, the reflective tapes needs to be
long enough to cover the different heights that the laser beam
can reachwhen themobile robot situates at different detecting
locations, as shown in Fig. 2(a). These are obvious but neces-
sary conditions for successful detection of the reflective tape,
which can be summarized as follows:

Lmin cosα ≤ L ≤ Lmax cosα (a)

h− Lt + L · tanα ≤ ht ≤ h (b) (1)

where Lmin and Lmax denote the minimum and maximum
working range of the laser range finder; L is the distance
between the laser range finder and the reflective tape; α is
the tilting angle of the laser range finder with respect to the
horizontal plane; h represents the height of the laser emitter
with respect to the ground; and ht ,Lt are the installation
height and the length of the reflective tape, respectively.

Equation (1) defines the necessary conditions, i.e., the fun-
damental requirements for reflective tape detection. In order
to derive the sufficient conditions, the distance between two
adjacent laser beams need to be analyzed. Assume laser
beam i and j are both reflected from the reflective tape, from
Fig. 2(b), we can obtain

Li sinβi = Lj sinβj (a)

βi − βj = (i− j) θ (b) (2)

where βi and βj represent the inception angles of the laser
beams, i.e., the angles between the laser beams and the reflec-
tive tape; Li and Lj, denote themeasured ranges for laser beam
i and j, respectively; θ is the angular resolution of the laser
range finder, which is a constant and can be found from its
specification.

Submitting (2b) into (2a), we can obtain

βi = arctan
{

Lj sin [(i− j) θ ]
Lj cos [(i− j) θ ]− Li

}
(a)

βj = arctan
{

Lj sin [(i− j) θ ]
Lj − Li cos [(i− j) θ ]

}
(b) (3)

Remark 1: In (3), the angular resolution θ is a constant,
and the laser beam indexes i, j as well as the ranges Li, Lj can
be obtained from the scan data. Therefore, (3) can be utilized
for online inception angle estimation for each laser beam
reflected from the reflective tape. These inception angles can
be further utilized to determine the position of the reflective
tape with respect to the coordinate system that is fixed on the
mobile platform.

From Fig. 2, the distance between the reflection points of
laser beams i and j can be calculated by:

dij = Lj cosβj − Li cosβi (a)

dij =
√
L2i + L

2
j − 2LiLj cos [(i− j) θ ] (b) (4)

For two adjacent laser beams reflected from the reflective
tape, i = j + 1. In order to have more than one laser beams

reflected from the middle retro-reflective region and each
black rubber section of the reflective tape, there should be
at least one laser beam i and one laser beam j that satisfy the
following conditions:

di−1,i =
√
L2i + L

2
i−1 − 2LiLi−1 cos θ < wrr (a)

dj−1,j =
√
L2j + L

2
j−1 − 2LjLj−1 cos θ < wbr (b) (5)

where wrr and wbr represent the widths of the retro-reflective
and black rubber sections, respectively, as shown in Fig. 1(d).

Submitting j = i− 1 into (2) and (5), we can obtain

Li−1
Li
=

sin (βi−1 + θ)
sinβi−1

(a)

di−1,i = Li−1 · cosβi−1 − Li · cos (βi−1 + θ) (b) (6)

Remark 2: When the inception angle is very small,
i.e., βi−1 → 0, βj−1 → 0, from (6) we can obtain Li−1

Li
→

∞ and wrr � di−1,i → ∞,wbr � dj−1,j → ∞,
which indicate that the reflective tape cannot be detected.
The aforementioned analysis explained the influence of laser
beam inception angles on reflective tape detection, which was
incorporated in the conditions listed in (5).

In practical applications, the laser angular resolution is
normally very small. For example, the angular resolution
for SICK TiM571 is θ = 0.33◦ ≈ 0.00576 rad . As a
result, In most of the scenarios, it is reasonable to assume
that the inception angle βi−1 is much bigger than the laser
angular resolution, i.e., βi−1 � θ . From (6a), we can obtain
Li−1 ≈ Li. Submitting this equation into (5) yields

di−1,i ≈ 2Li sin
θ

2
< wrr (a)

dj−1,j ≈ 2Lj sin
θ

2
< wbr (b) (7)

Remark 3: Equation (7) provides us with a method to
roughly estimate the required distance for successful reflec-
tive tape detection, and the number of laser beams reflected
from different sections of the reflective tape, i.e.,

L ≤
min (wrr ,wbr )

2 sin θ2
(a)

nrr =

⌊
wrr

2 sin θ2

⌋
(b)

nbr =

⌊
wrr

2 sin θ2

⌋
(c) (8)

where nrr and nbr represent the number of laser beams
reflected from the retro-reflective and black rubber sections
of the reflective tape, respectively

B. A LASER INTENSITY BASED REFLECTOR DETECTION
ALGORITHM
Based on the aforementioned analysis, a laser intensity based
reflector detection algorithm is proposed, as shown in Fig. 3.
Herein, ndet represents the number of detected reflectors;
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nref is the number of installed reflectors; nbeam denotes the
number of laser beams, which can be calculated using the
aperture angle and angular resolution of the laser range finder.
Similar as the angular resolution, the aperture angle is also
listed in the specification of laser range finders. For example,
the aperture angle for SICK TiM571 is 270◦ [24]. I [i] is the
measured SICK intensity value for laser beam i; Imax and Imin
denote the maximum and minimum SICK intensity values,
which are measured by laser beam imax and imin, respectively;
Ipeak and Ivalley are the thresholds for the peak and valley
detection in the laser intensity curve.

FIGURE 3. Laser intensity based reflector detection algorithm.

IV. LASER INTENSITY BASED AUTONOMOUS DOCKING
The mobile robot generates maps using GMapping [25] and
conducts autonomous navigation using ROS (robot operating
system) navigation stack [26]. The charging station is put
against a wall, as shown in Fig. 1(c). It is not fixed and can be
moved along the wall within a specific range, which is limited
by the length of the power cord. A point that is located at
0.8m in front of the charging station is defined as the charging
waypoint in the generated map, and the mobile platform navi-
gates towards the charging waypoint autonomously when the
battery level is low orwhen a recharging command is received
from the operator. Autonomous navigation to a waypoint
inside a known map is not our focus, and will not be detailed
in this paper. This section presents a laser intensity based

autonomous docking approach, which determines the motion
of the mobile platform, starting from the aforementioned
charging waypoint.

FIGURE 4. Coordinate system definition.

The mobile platform implemented in this paper is a dif-
ferential drive wheeled mobile robot, which was designed
to move on a horizontal plane, as shown in Fig. 4. The
coordinate systems are defined as follows:OB-XBYBZB forms
the inertial base frame, and Om-XmYmZm is a frame fixed
on the mobile platform. The origin OB is selected to be at
the aforementioned charging waypoint, and OBXB is verti-
cal with the wall. Om(xm, ym) is defined at the midpoint of
the line segment connecting the two driving wheel centers,
and OmYm is along the coaxial direction of the two driving
wheels. φm is the angle between OmXm and OBXB, which
determines the heading direction of the mobile platform.
In Fig. 4, LL , LR, βL and βR represent the ranges and inception
angles of the strongest laser beams reflected from the two
left-side and right-side reflective tapes, respectively. d is the
distance between the central lines of the two reflective tapes.
dm denotes the tread width of the mobile platform, i.e., the
distance between the two driving wheels. r is the radius of
the driving wheels. dL is the offset of the laser range finder
with respect to Om along the OmXm direction.
DefineC(xc, yc, zc) as the center of the charging bars, from

Fig. 2(a) and Fig. 4, we can obtain:

xc = xm + dL cosφm + LL cosα sinβL (a)

yc = ym + dL sinφm + LL cosα cosβL −
d
2

(b)

βL + θL + φm =
π

2
(c) (9)

Remark 4: In (9), xc = 0.8m; α, dL and d are constants;
yc may vary, but will keep constant during each experiment;
θL and βL can be derived from the scan data, as discussed
in Remark 1. Thus, xm, ym and φm can be calculated online
using the scan information in each experiment. This laser
intensity based localization approach can be integrated with
wheel odometry using extended Kalman filters, which will
not be detailed here.

The charging bars are fixed in the back of the mobile plat-
form implemented in this paper, while the laser range finder
is installed in the front side, as shown in Figs. 1(a) and (b).
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In order to achieve autonomous docking, an intermediate
point P(xpm, y

p
m) is introduced, which is selected at x

p
m = xc−l

and ypm = yc, as shown in Fig. 4. Herein l is a constant,
which needs to be longer than the turning radius of the mobile
platform in order to avoid colliding with the charging station.
The idea is to control the mobile robot to the intermediate
point P with the orientation of φpm = π , and then back the
robot into the charging location.

The control inputs of the mobile platform are the linear and
angular velocities, namely v and ω. The system equation can
be given by ẋmẏm

φ̇m

 =
cosφm 0
sinφm 0

0 1

 · [v
ω

]
(10)

In order to control the mobile platform to the intermediate
location P, the mobile platform is controlled with the follow-
ing steps: (1) to turn towards the intermediate point P, (2) to
move towards the intermediate point along a straight line, and
(3) to turn towards to desired orientation φpm. During these
motions, proportional controllers were implemented:

ω (t) = k1
[
φpm − φm (t)

]
(a)

v(t) = k2

√[
xpm − xm (t)

]2
+
[
ypm − ym (t)

]2 (b) (11)

where k1 = 0.8 and k2 = 0.5 are constants.
In order to limit the linear and angular velocities sent to the

mobile platform, low-pass filters were introduced as follows:

τvv̇? (t)+ v? (t) = v(t) (a)

τωω̇
? (t)+ ω? (t) = ω(t) (b) (12)

where τv, τω are time constants; v(t), ω(t) are linear and
angular velocities calculated from (11); and v?(t), ω?(t) are
the real commands sent to the mobile platform.

The two charging bars in the back of the mobile platform
was connected to the battery poles inside the chassis through a
controllable relay, which is normally turned off. The charging
bars on the charging station carry a small voltage of 2.5V
during its standby status. When the robot is backing into the
charging location, wheel odometry and ultrasound sensors
are implemented to estimate the distance from the charging
station. Voltages between the charging bars of the mobile
platform is also being monitored to check the docking status.
If the 2.5V voltage is detected, the recharging operation is
successful, and the relay will be turned on, which will trigger
the switch of the charging station from standby to charging
status. In the mean while, the backing motion of the mobile
platform will also be terminated. If the robot’s distance to the
charger cannot be reduced any further while the 2.5V voltage
has not been detected, the autonomous recharging operation
is failed and the robot will also terminate its backing motion.

V. EXPERIMENTAL RESULTS
Retro-reflective material and black rubbers are known to
have different reflection properties. However, their influ-
ence on laser intensity has not been quantitatively reported.

In Subsection V-A, experiments were conducted to inves-
tigate the laser reflection intensity of the reflective tape.
In order to demonstrate the effectiveness of the developed
laser intensity-based autonomous docking approach, exten-
sive experiments were conducted using the mobile platform
shown in Fig. 1(b), and the experimental results are presented
in Subsection V-B.

In these experiments, the parameters implemented are
summarized in Table 1. The physical dimensions of the
mobile platform and the technical specification of the laser
range finder shown in Table 1were determined by the relevant
manufactures. As for the reflective tape, the widths of the
black-rubber (wbr ) and retro-reflective (wrr ) sections can be
selected according to the laser angular resolution (θ) and
the potential detection distance L using (7). The farther of
the detection distance and the lower of the laser angular
resolution, the wider of these sections on the reflective tapes.
Similarly, the distance between the two reflective tapes can
also be tuned according to the required detection distance and
the laser’s angular resolution.

TABLE 1. Parameters implemented during the experiments.

A. EXPERIMENTS ON LASER INTENSITY OF THE
REFLECTIVE TAPE
To avoid introducing potential errors from the robot odom-
etry, the mobile platform is parked in an open area, and a
reflective tape was attached to the middle of a 16.5cm-wide
plastic box, which was manually moved around in order to
adjust the distance and indexes of the laser beams. The plastic
box together with the reflective tape was strategically placed
at four different locations, as shown in Fig. 5.

FIGURE 5. Experimental setup for reflective tape detection.

The experimental results are shown in Fig. 6 and Table 2.
Figure 6 represents the scan data of the plastic box at the
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FIGURE 6. Experiments for reflective tape detection.

four different locations shown in Fig. 5, where the blue lines
denote the laser reflection intensity values and the brown

TABLE 2. Experimental results for reflective tape detection.

lines show the laser range information (i.e., the measured
distance from the laser range finder). The markers on these
lines represent the laser beams reflected from the plastic box
and the reflective tapes. As can be seen from these graphs, the
density of reflected laser beams is determined by the distance
between the detected object and the laser range finder. For
example, the number of reflected laser beams in Fig. 6(a) is
much higher than that shown in Figs. 6(b) and (c) because the
plastic box was placed much closer to the laser range finder in
Location 1 comparing to Location 2 and Location 3, as shown
in Fig. 5. From Fig. 6, the diamond retro-reflective area of the
reflective tape gave rise to the largest SICK intensity values,
which form an obvious peak in the intensity curve. On the
other hand, the two black rubber sections of the reflective
tape led to the smallest SICK intensity values, which form
two valleys beside the aforementioned peak. These features
make the reflective tape stand out in the SICK intensity curve,
which lays the foundation for the proposed reflector detection
technique. In Table 2, the second column presents the range
measured by the strongest laser beam, which returned the
largest SICK intensity values; the third column shows the
angles between the strongest laser beam and the central line
of the laser range finder; and the last two columns represent
the measuredmaximum andminimumSICK intensity values.
Remark 5: The experimental results suggest that the dif-

ference in materials dominates the detected SICK intensity
values, while the influence of distance and laser beam indexes
(which determines the angle between a laser beam and the
central line of the LRF) is almost negligible in the proposed
experimental settings.

B. EXPERIMENTS ON AUTONOMOUS DOCKING
In order to test the developed laser-intensity based
autonomous docking approach, two sets of experiments were
conducted using the mobile platform shown in Fig. 1(b).
The first set of experiments focused on evaluating the per-
formance of the proposed laser-intensity based autonomous
docking approach, while the second set of experiments
compared the performance of the laser-intensity based
autonomous docking approach with a contour-based docking
technique.

1) EXPERIMENT #1: TESTING OF THE LASER-INTENSITY
BASED AUTONOMOUS DOCKING APPROACH
The first set of experiments were carried out under two
different scenarios. In scenario 1, the mobile platform was
commanded to charge its battery when it was navigating in
one corridor on the left side of the charging station, as shown
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in Fig. 7(a). In scenario 2, the mobile platform received
the recharging command and started to navigate towards the
charging station from the right side, as shown in Fig. 8(a).
Herein, left and right sides were defined when one is standing
in front of the charging station and facing it.

To test the robustness of the developed autonomous dock-
ing approach with varying charging station locations, the
charging station was manually moved 20cm to the right side
along the wall in scenario 2, as shown in Fig. 8. In order to
verify the performance of developed approach in dynamic
unstructured environments, a person walked between the
charger and the mobile platform when it was trying to move
towards the intermediate point P in some trials of scenario 2,
as shown in Fig. 8(d). To determine the reliability of the devel-
oped laser-intensity based autonomous docking approach,
experiments were conducted for 200 trials in each scenario.
Both autonomous docking and autonomous recharging were
monitored. In order to monitor autonomous docking, the
charging bars’ locations need to be examined. When the
charging station switched from standby to charging status,
the red light on the charging station will turn on as shown
in Figs. 7(f) and 8(f), which provide us with a simple method
to monitor autonomous recharging.

The experimental results for the first set of experiments
are summarized in Table 3. Snapshots for one sample suc-
cessful trial in each scenario are shown in Fig. 7 and Fig. 8,
respectively. A video is also provided to demonstrate the
autonomous docking and recharging procedure in the corre-
sponding trials: https://youtu.be/JuxD8_S3E60.

From the experimental results, the success rates for
autonomous docking and autonomous recharging in two dif-
ferent scenarios can be calculated by

pscenario1,docking = 99.5%

pscenario2,docking = 98.5%

pscenario1,charging = 97.5%

pscenario2,charging = 96.5% (13)

Using a two-tailed two proportion z-tests with the level
of significance α = 0.05 and critical value Z α

2
= 1.96,

the null hypothesis can be defined as H0 : the success rates
under the two different scenarios are the same. Similarly,
the alternate hypothesis can be defined as H1 : the success
rates are different for two different scenarios. The z values for
autonomous docking and recharging can be calculated by:

zexperiment1,docking = 1.005

zexperiment1,charging = 0.586 (14)

Since −1.96 < 1.005 < +1.96, −1.96 < 0.586 < +
1.96, the null hypothesis should be accepted, and it can be
concluded that there was no significant difference between
the success rates in these two different test scenarios
for both autonomous docking and autonomous recharg-
ing. In other words, the success rates of the laser-intensity
based autonomous docking and recharging approach were
not significantly affected by the robot’s starting positions,

the charger’s locations or the uncertainties caused by mov-
ing obstacles, confirming the robustness of the proposed
laser-intensity based autonomous docking approach.

TABLE 3. Experimental results for the first set of experiments.

FIGURE 7. Snapshots for successful docking and recharging in scenario 1.

2) EXPERIMENT #2: LASER-INTENSITY BASED DOCKING
APPROACH VERSUS CONTOUR BASED DOCKING
TECHNIQUE
In the second set of experiments, the proposed laser-intensity
based autonomous docking approach was compared with a
contour-based docking technique. The contour-based tech-
nique utilized DBSCAN (Density Based Spatial Clustering
of Applications with Noise) for clustering of the laser range
data, and linear regression algorithm was implemented to
predict the coordinates of the charger center. DBSCAN is
a density based clustering algorithm, which was developed
to cluster data of arbitrary shapes in the presence of noise
in spatial and non-spatial high dimensional databases [27].
In the experiments, the DBSCAN parameters were selected
as Eps = 0.03 and MinPts = 5. Details on the DBSCAN
algorithm and its parameter selections can be found in [27].

The experiments using both laser-intensity based docking
approach and contour-based docking technique were con-
ducted under two different scenarios with similar settings
as shown in Fig. 7 and Fig. 8. In scenario 1, the mobile
platform started the charging process from the lefts side of
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FIGURE 8. Snapshots for successful docking and recharging in scenario 2.

the charging station, and there was no obstacles or confusing
objects surrounding the charger. In scenario 2, the mobile
platform was ordered to charge its battery from the right side
of the charging station, and a person was walking between
the charger and the mobile platform to form a dynamic and
unstructured environment. Experiments were conducted for
200 trials, and the experimental results are shown in Table 4.

TABLE 4. Experimental results for the second set of experiments.

From Table 4, the experimental results for scenario 1 sug-
gested that the success rates for autonomous docking and
autonomous recharging using the two different dockingmeth-
ods can be calculated as:

pscenario1,docking,intensity = 99.5%

pscenario1,docking,contour = 97.5%

pscenario1,charging,intensity = 97.5%

pscenario1,charging,contour = 95% (15)

Using two-tailed two proportion z-tests with the level of
significance α = 0.05 and critical value Z α

2
= 1.96,

it was found that there was no statistically significant differ-
ence between the success rates using the two different dock-
ing methods for both autonomous docking and autonomous

recharging in scenario 1 since −1.96 < zscenario1,docking =
1.645 < 1.96 and −1.96 < zscenario1,charging = 1.316 <

1.96. The test results confirmed that both the laser-intensity
based approach and the contour-based technique demon-
strated similar performance for autonomous docking in such
structured environment as scenario 1.

From the experimental results for scenario2, the success
rates for autonomous docking and recharging using the two
different docking methods can be calculated as:

pscenario2,docking,intensity = 98.5%

pscenario2,docking,contour = 84.5%

pscenario2,charging,intensity = 95%

pscenario2,charging,contour = 82.5% (16)

Using upper-tailed two proportion z-tests with the level
of significance α = 0.05 and critical value Zα = 1.645,
the null hypothesis and alternative hypothesis can be defined
as H0 : both docking methods had the same success rates
in scenario2, and H1 : the laser-intensity based approach
had higher success rates than the contour-based technique
in scenario 2, respectively. The z values for autonomous
docking and autonomous recharging can be calculated by:

zscenario2,docking = 5.020

zscenario2,charging = 4.567 (17)

As 5.020 > 1.645 and 4.567 > 1.645, the null hypoth-
esis should be rejected, and it can be concluded that the
laser-intensity based approach has higher success rates for
autonomous docking and recharging than the contour-based
technique in scenario 2, which represents an unstructured
environment with dynamic moving obstacles.

FIGURE 9. Example trial with successful docking and failed recharging.

3) DISCUSSIONS
For most of the failed autonomous recharging trials in sce-
nario 1, the autonomous docking operations were successful,
as shown in Fig. 9(a). However, the charging station tilted,
resulting in improper contact of the charging bars, as shown
in Fig. 9(b). As a result, the autonomous recharging operation
failed because the 2.5V voltage mentioned at the end of
Section IV was not detected. From the pictures shown in
Figs. 7-9, there is a gap between the wall and the upper part
of the charging station, which is caused by the carpet covered
baseboard at the bottom of the wall. In order to solve the
charger tilting issue identified in these failed recharging trials,
the charging station needs to be properly mounted.
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During the experiments, obvious wheel slippage were
noticed, which changed the robot orientation during the back-
ing motion. Furthermore, the turning motion at the intermedi-
ate point and the backing motion to the charging station were
realized using wheel odometry, which affected the accuracy
of autonomous docking, as shown in Fig. 8(f). These motion
errors contributed to most of the failed docking trials in
scenario 1. In order to reduce or remove the aforementioned
motion errors, the charging bars need to be installed in the
front side of the mobile platform, so as to allow access to the
laser information during the overall docking process.

The control gains for the proportional controller were
selected as k1 = 0.8 and k2 = 0.5, which were experienced
values. As for the intermediate point P for autonomous dock-
ing, it was selected to be l = 0.4m away from the center point
of the charging station with consideration of the footprint
radius of the mobile platform, as well as the open area in
front of the charging station. The intermediate point should be
selected to allow the mobile platform to make a turn without
any collisions. For the mobile platform implemented in this
paper, it is not advisable to select a large distance l due to the
aforementioned slippage and backing motion errors.

In some of the failed trials for autonomous docking in
scenario 2, the person had been blocking the charging sta-
tion for too long, and the robot failed to detect the reflec-
tive tapes while using the proposed laser-intensity based
docking approach. As a result, the mobile robot abandoned
the autonomous recharging operation due to timeout. These
failed trials disclosed one common limitation of all the laser
and vision-based approaches, i.e., the charging station has to
be within the field of view of the laser range finder or the
onboard camera. As for the contour-based docking technique,
most of the failed trials in scenario 2 were caused by mistak-
enly taking the person’s legs as part of the charger’s cluster,
giving rise to incorrect estimation of the charger’s location.

For the mobile platform implemented in the experiments,
the battery level had been monitored, and autonomous
docking and recharging operation would be automatically
initialized when the battery voltage drops to below a prede-
fined threshold, e.g., 20% of the maximum value. Besides
the autonomous mode, the docking and recharging process
can also be triggered manually when an operator sends a
charging command through the App or human-robot inter-
action (HRI) interface. The charging station implemented in
these experiments was powered from a wall plug, and the
tether had limited the moving range of the charging station.
However, the developed autonomous docking and recharging
approach can be implemented for tetherless mobile charging
stations without any modifications. In practical applications,
autonomous charging of mobile robots is a very complicated
task, involving calculation of power demand, estimation of
the battery’s state of charge [28], and placement of charging
stations [29]. These important topics are beyond the scope of
this paper, which focuses on autonomous docking of mobile
robots. During the experiments, the remaining power of the
battery was assumed to be sufficient to allow the mobile

robot to arrive at the closest charging station when the battery
voltages drops to 20% of the maximum value. More details
regarding battery state of charge estimation and intelligent
charger placement can be found in [28]–[30].

VI. CONCLUSION AND FUTURE RESEARCHES
This paper presents the development of a novel laser reflec-
tion intensity based autonomous docking approach, which
allows for reliable detection of a charging station in unstruc-
tured environments without any requirements on the charger’s
shape or the contour of objects in its surrounding envi-
ronments. Sufficient and necessary conditions for reflector
detection were derived, which provide a guideline for proper
installation of reflectors in practical applications. Physical
experiments were conducted to quantitatively investigate the
laser reflection intensity of a reflective tape, which lays
solid foundation for future research involving laser reflec-
tion intensities. Extensive experiments were conducted for
autonomous docking of a mobile platform in both structured
and unstructured environments. The experimental results
confirmed that the performance of the proposed autonomous
docking and recharging approach was not affected by the
robot’s starting position, the charger’s location or moving
obstacles in unstructured environments. A deep comparative
study using z tests validated that the proposed laser intensity
based autonomous docking and recharging approach has sig-
nificant higher success rates than a contour-based technique
in unstructured environments. The reflective tapes are afford-
able and easy to deploy, making the proposed autonomous
docking approach easier to accept by industry than the other
high-cost solutions.

In my future research, more experiments will be conducted
in order to test the developed approaches with different
kinds of reflective tapes and laser range finders using various
mobile platforms in more complicated scenarios. In particu-
lar, the influence of dynamic light, different barrier materials
(e.g., glass) and sunlight effects in outdoor environments
will be investigated. Furthermore, the developed autonomous
docking approach will be extended to warehouse applications
for autonomous pallet pickup, which forms another important
part of my future research.
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