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ABSTRACT To improve the mode and precision of wheelchair/nursing-bed automatic docking, a novel
central embedded wheelchair/nursing-bed automatic docking method based on grid map is proposed. Firstly,
Laplace operator and Iterative Closest Point (ICP) algorithm are used to filter and match Lidar point cloud,
and the linear features of V-shaped artificial landmark are fitted by Split-merge method and least square
method. Then Extended Kalman Filter (EKF) is used to fuse Inertial Measurement Unit (IMU) and odometer
data to realize the localization of the bed and wheelchair. Meanwhile, the grid map is used for path planning.
Based on the center-line of the two rear wheels and the angular bisector of V-shaped artificial landmark,
the wheelchair pose is adjusted in real-time to ensure that the wheelchair gradually approaches the bed
along the angular bisector of V-shaped artificial landmark. The yaw angle is reduced by using the improved
Proportion Integration Differentiation (PID). 9 sets of experimental data, ie. (x, y, θ) were collected at
different starting positions during the docking process. The results show that the yaw angle of the wheelchair
during the docking process is controlled within 2.5◦, and the distance deviation between the final position and
the ideal position of the wheelchair after docking is controlled within 0.02m. In the case of light interference
with different luminous fluxes, the docking can still maintain good performance. The proposed docking
algorithm has the robust performance of rapid response and low steady error, which can greatly improves
the self-care ability of the bedridden elderly, and reduces the labor intensity of the nursing staff.

INDEX TERMS Intelligent wheelchair/nursing-bed system, automatic docking, V-shaped artificial land-
mark, path planning, grid map.

I. INTRODUCTION
According to the data of the National Bureau of Statistics,
the population of China aged 60 and above is 253.88 million
by 2019, accounting for 18.1%. Among the 253.88 million
elderly people, the population of 65 and above is 176.03 mil-
lion, accounting for 12.6%. In 2050, China’s elderly popu-
lation will reach up to 35%, and the aging speed has been
faster than the speed of economic development [1]. For the
bedridden elderly and the disabled, most nursing beds on
the market have met the basic functions of turning over,
lifting the back, and lifting the legs to reduce the burden
on caregivers. Furthermore, with the improvement of nursing
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needs, the problem of self-care of patients during bedridden
needs to be solved [2]. Many scientific research institutions
have begun to develop body-separated nursing beds that
can realize autonomous navigation and automatic docking.
Ren et al. [3] adopted the visual docking method based on
the specific artificial landmark, used the intelligent image
processing system to analyze the data collected by the camera
behind the wheelchair to locate the bed, and finally drove the
motor to complete wheelchair/nursing-bed automatic dock-
ing. Li et al. [4] adopted the docking method based on the
fusion of vision and ultrasonic wave, and determined the
horizontal position of the bed center and the distance from
the wheelchair using the manual calibration plate, the visual
sensor and the ultrasonic sensor to realize the automatic
docking. Ye et al. [5] took the differential drive intelligent
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wheelchair as the research object, and realized the automatic
docking between the intelligent wheelchair and the U-shaped
bed by using visual servo control technology.

At present, most nursing beds are using side-entry docking,
but nursing beds with side-entry docking cannot help patients
to turn over. Bed-ridden patients who do not often turn over
will produce bedsores. In addition, when the patient’s body
is moved to the side of the bed, it causes secondary injury
to the patient. In terms of the existing wheelchair/nursing-
bed docking methods, ultrasonic and infrared ranging sen-
sors provide less depth information, causing higher-precision
docking tasks are often difficult to complete; visual-based
wheelchair/nursing-bed docking methods require preset stan-
dard points in the environment and the installation of visual
sensors requires a better lighting environment [6]. This paper
presents an automatic docking method of the wheelchair
and U-shaped bed by using Lidar. There is a Lidar behind
the wheelchair and a V-shaped artificial landmark under the
bedside frame. According to the deviation between the center-
line of the two rear wheels and the angle bisector of V-shaped
artificial landmark, the system constantly judges whether it
has deviated from the path andmakes adjustments. According
to the real-time position of the wheelchair obtained by multi-
sensor fusion based on EKF, the path is planned through the
grid map, and the PID is used to ensure the accuracy of the
wheelchair in the docking process. The results showed that
the distance error was less than 0.02m, and the yaw angle is
less than 2.5◦. The main contributions of this paper are as
follows.

1) This paper applies the docking technology to the nursing
bed field in the rehabilitation industry and adopts the docking
method based on the U-shaped bed, which retains the auto-
matic turning function of the nursing bed and reduces the
secondary injury of the patient during the movement.

2) This docking method uses Lidar and V-shaped artificial
landmark to complete the docking task. The Lidar mapping
area is larger and the image is clearer. It can also use the prior
knowledge of V-shaped landmark to increase the robustness
of the docking. In the case of light interference, good perfor-
mance can still be maintained.

3) Due to the modular design, the docking method has
strong portability, greatly improves the self-care ability of
the bedridden elderly, and reduces the labor intensity of the
nursing staff.

II. METHODS
A. IMPLEMENT OF WHEELCHAIR/NURSING-BED
AUTOMATIC DOCKING SCHEME
The docking method uses the Rive function package of ROS
to complete the graphic visualization operation and projects
the point cloud obtained by Lidar onto the map established
by ROS [7]. Lidar is one of the important devices for sensing
the environment and using the principle of Lidar ranging and
the controller and scanner to image the position and angle
of laser emission. In Fig. 1, HOKUYO UST-10LX 2D Lidar

FIGURE 1. The body-separated nursing bed proposed in this paper.

locates the bed and wheelchair by scanning V-shaped artifi-
cial landmark. It has 270◦ measurement range and the scan-
ning interval is 1◦, and 270 scanning points will be obtained
at a time. By scanning the preset mark point by point, the dis-
tance between the emission point and the observation point is
calculated, and the feature lines of the preset mark is fitted.
The differential wheel and encoder are combined to adjust the
pose of the wheelchair. The key technologies are as follows:

1) The line and corner features of the bed model are
extracted by postpositive Lidar, and the bed model is matched
and located by the improved iterative matching algorithm.

2) Based on the wheelchair kinematics model, a compli-
ant local path planning algorithm of improving the comfort
of patients is studied to realize the wheelchair/nursing-bed
docking.

B. WHEELCHAIR/NURSING-BED AUTOMATIC DOCKING
METHOD
The main process of wheelchair/nursing-bed docking algo-
rithm is Lidar point cloud data fitting (the point cloud is a
large number of point sets expressing the spatial distribution
and surface features of the target in the same spatial reference
frame), local positioning and path planning [8]. Besides,
considering the safety and stability factors, the successful
docking should meet three conditions:

1) The relative position relationship between the nursing
bed and wheelchair was identified;

2) Data that can be identified, processed, and transmitted;
3) The accuracy is high enough (the error range can be

controlled within 0.02m, and the yaw angle can be controlled
within 2.5◦).
To improve the accuracy and speed of automatic docking,

we use the bilateral right angle structure as V-shaped artificial
landmark in the bottom frame of the bedside side. The whole
process is shown in Fig. 2.

1) LIDAR POINT CLOUD FILTERING
In the process of using Lidar to obtain a large number of
point cloud, it is easy to be affected by the surrounding
environment, equipment accuracy, and human factors. There
will be some error points in the point cloud, which are called
noise point cloud [9]. The Laplace algorithm is used to filter
the Lidar point cloud, and the Laplace operator is used to
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FIGURE 2. System scheme diagram of docking method.

calculate each vertex of the Lidar point cloud. Then the high-
frequency data points are diffused into the neighborhood and
gradually matched with the neighborhood point cloud [10].

2) LIDAR POINT CLOUD MATCHING
Lidar point cloud matching is mainly used to locate the bed
and wheelchair, usually using efficient and accurate ICP for
matching[11]. Because the wheelchair can only move on the
ground during the docking process, the rotation relative to the
Z axis(vertical axis) is not considered in the world coordinate
system. In 1t time, the Lidar scans V-shaped artificial land-
mark, and the two groups of data scanned before and after
are recorded as set M and set N respectively. According to
the scanning order, setM and set N are divided into k groups
averagely. If the point cloud matching rate of each group (the
matching rate is the number of successful point cloud in the
group divided by the total number of point cloud in the group)
reaches the set threshold, the point cloudmatching is success-
ful [12]. The given threshold is related to the Lidar resolution.
The effective range of the Lidar is 10m and the angular
resolution is 0.25◦. Therefore, theminimumdistance between
adjacent scanning points is 2× 10× sin(0.125o) =0.0436m,
and then set threshold is 0.0436m. To ensure the accuracy of
point cloud matching, δ and ζ set to 95% [13]. The specific
algorithm flow is shown in Fig. 3.

3) FEATURE EXTRACTION OF V-SHAPED ARTIFICIAL
LANDMARK
Although many signs can be used as the landmark, the instal-
lation of artificial landmark which like an isosceles right
triangle in the middle of the bed provides sufficient corner
and straight-line features for Lidar positioning. In the posi-
tioning process, the current relative pose between the bed
and wheelchair can be obtained by determining the two-sided
linear structural equation and solving the corner position,
and then controlling the wheelchair to dock. In addition,
the results obtained can be verified by using a priori knowl-
edge with 90◦, which greatly simplifies the difficulty of Lidar
data processing and improves the robustness of the position-
ing algorithm. In order to obtain the characteristic lines of

FIGURE 3. Flow chart of ICP point cloud matching.

FIGURE 4. Flow chart of Split-merge method.

V-shaped artificial landmark, Split-merge method is used to
extract the features of Lidar point cloud, and the problem of
finding a plane in 3D space is transformed into the problem
of finding a straight line in 2D space [14]. Through the
manual selectionmethod, we analyze the graphics to be fitted.
V-shaped artificial landmark to be fitted is an isosceles right
triangle with a side length of 0.6m, so the distance threshold
is set to 0.6m [15]. The algorithm flow of the Split-merge
method is shown in Fig. 4.

As shown in Fig. 5, the L0 and L1 sides of V-shaped artifi-
cial landmark are fitted with the least square method to obtain
the angle bisector LP of V-shaped artificial landmark and the
angle θ between thewheelchair and the target point, which are
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TABLE 1. Definition of design equation symbols in Fig. 4.

FIGURE 5. Positioning of the relative position of the wheelchair.

FIGURE 6. Kinematic analysis of two-wheel differential structure.

important parameters for the successful docking. The relative
posture between the intelligent wheelchair and the bed can be
obtained, and wheelchair/nursing-bed automatic docking can
be realized through the motion control algorithm.

4) ANALYSIS OF WHEELCHAIR MOTION MODEL
The perception and positioning of the wheelchair are directly
related to the quality of mapping and docking accuracy.
According to the change of the photoelectric encoder pulse in
the sampling period, the odometer is mainly used to calculate
the trajectory of the robot, the distance and the angle of the
wheel relative to the ground. The trajectory is composed
of positions, including coordinates and angles [16]. For the
two-wheel differential mobile robot, the pose change of the
robot is calculated by detecting the curvature of the wheels
with the odometer. The analysis of the two-wheel differential
structure is shown in Fig. 6.

According to (1), the position of the wheelchair at the
previous moment is used to estimate the position of the

TABLE 2. Definition of design equation symbols in Fig. 6.

FIGURE 7. Differential motion of wheelchair.

TABLE 3. Definition of design equation symbols in Fig. 6.

wheelchair at the next moment. x ′

y′

θ ′

 =
 x
y
θ

+
 cos θ − sin θ 0
sin θ cos θ 0
0 0 1

  dx
dy
dθ

 (1)

The motion model of the wheelchair is shown in Fig. 7.
The encoder data del and der are obtained through the bottom
control system. dsl and dsr can be calculated according to (2),
where r is the turning radius and t is the motor transmission
ratio.

dsl =
25rdel
8000t

, dsr =
25rder
8000t

(2)

5) MULTI-SENSOR DATA FUSION BASED ON EKF
The docking method uses the Gmapping function package in
ROS to create a grid map based on the received Lidar data
and the odometer information. The improved RBPF (Rao-
B- lackwellized Particle Filters) particle filter algorithm is
used to solve the problem of particle dissipation caused by
frequent resampling [17]. There is no real-time calibration
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FIGURE 8. Flow chart of multi-sensor fusion.

to the wheel odometer derived from the geometric model.
Hence, the error is always accumulated in the results. The
docking method obtains the acceleration, the angular velocity
and the Euler angle of the wheelchair in the IMU through the
ROS, publishing the data to the data fusion node through the
Topic to further improve the accuracy of motion estimation.
Then EKF is used to fuse the data of the odometer and IMU,
which makes the positioning system has higher accuracy and
robustness [18]. The specific steps are shown in Fig. 8.

After updating the observation equation of the first sensor
system, the obtained observation µt and system covariance
matrix

∑
t are used as the system prediction state quantity

µt and system prediction covariance matrix
∑̄
t in the next

sensor updating process. The above process is repeated until
the fusion outputs µt and

∑
t of the last sensor. The two

values are used in the next iteration of the prediction process.

III. PATH PLANNING OF WHEELCHAIR DOCKING
Path planning is to find the shortest and optimal path accord-
ing to certain performance indicators (such as distance, time,
etc.). In the research fields of mobile robots, path planning is
one of the key technologies for robots to achieve autonomous
motion [19]. The core of path planning is path planning algo-
rithm. The most commonly used path planning algorithms
include free-space method, graph search method, and grid
map. The grid map divides the robot’s working environment
into cell grids of the same size and shape. These cell grids are
connected to each other without overlap, and the occupied

TABLE 4. Parameter definition of Gmapping.

value of each cell is 0 and 1 respectively, representing the
occupied state and the idle state respectively [20]. To improve
the quality and efficiency of path planning, this paper uses the
grid map to solve the wheelchair/bed automatic docking and
studies the path planning problem.

A. OCCUPY GRID MAP CONSTRUCTION ALGORITHM
The odometer of the mobile wheelchair indicates the position
of the wheelchair in the world coordinate system at all times.
The Gmapping function package of ROS uses the odometer
data as the control input, and combines with the Lidar to
map the indoor environment in real time. Gmapping creates
a map using an occupancy grid map construction algorithm,
which requires less calculation in small scenes, higher map
accuracy, and lower requirements for Lidar scanning fre-
quency [21]. First, according to a frame of Lidar data and the
corresponding robot pose, the cell number of the robot posi-
tion is calculated. ROS get the cell serial number of the cell
in the pixel coordinate system in each laser click, and change
the cell number of the current robot pose. The serial number
is connected with the cell serial number of the laser scanning
point in a straight line to find all the idle cell serial numbers,
Gmapping traverse all the idle cells, update the idle cell
status, and finally update the cell status in the laser scanning
click. There are many parameters of Gmapping, the setting of
several important parameters is shown in Table 4 [22].

The grid map divides the environment map into many cells,
and different values are stored in the cell to indicate different
states of the cell [23]. The grid map of ROS uses white to rep-
resent leisure which indicates a passable area, with a stored
value of 0; Black represents occupied which indicates an
unpassable area with the stored value is 100; Gray represents
an unknown state, which stores value is -1. The color of each
small cell in the grid map represents the probability of the
cell being occupied. The darker color indicates the higher
occupancy rate [24]. The range is [0,100]. The coordinates
of each cell in the grid map correspond to a coordinate of
the actual map. The coordinates of a certain point (x, y) in
the actual map, and the coordinates in the corresponding grid
map are [x∗map.info.width + y]. The resolution of the grid
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FIGURE 9. Schematic diagram of path planning.

map is set to 0.05, which means that there are 20 × 20 cells
within 1m2, and each cell takes up a byte of memory. The
smaller cell means the larger memory and the slower running
time.We control the size of the cell on the premise of ensuring
accuracy to make the wheelchair more sensitive. For the
active area of 80m2, the amount of memory and calculation
needed to build the map at the selected resolution is not very
large, which can meet the daily use.

B. WHEELCHAIR POSTURE ADJUSTMENT BASED ON
GRID MAP
In the process of path planning, the map is divided into mul-
tiple cells to filter out the infeasible cells. The size of the cell
is matched with the moving step length of the robot, and each
cell is used as a basic unit to determine a starting point and an
ending point. First, connect the start point and the end-point
with a straight line, record the grid cells that the line passes
through, and mark them with gray in the grid map. Then
search the next grid cell that the wheelchair will pass through
according to the optimal path, adjust thewheelchair posture to
make the wheelchair move to this cell at the shortest distance.
Repositioning the wheelchair, reconnecting two points and
to determine the next cell, and repeat the above steps until
the wheelchair reaches the target position [25]. The specific
method is shown in Fig. 9.

(1) Determine the starting position and target position in
the grid map. The starting position is the cell where the vertex
D of the median line of the two driving wheels BC behind the
wheelchair is located. The target position is the intersection A
between the angle bisector LP of V-shaped artificial landmark
and the bed frame.

(2) Solve the median line L2 of BC and the median line L1
of AD. L1 is the shortest distance between the wheelchair and

the target point A, and the angle between L1 and L2 is judged.
If θ is not 0◦, the wheelchair posture will deviate from the
target point A. The two-wheel differential structure is adopted
to adjust the rotation speed VL and VR of left and right wheels
behind the wheelchair, and the wheelchair posture to make
the left wheel move to B′(x ′B, y

′
B) position. The right wheel

moves to the position C ′(x ′C , y
′
C ), the median line of B′ and

C ′ coincides with L1, so that θ is 0◦.
(3) Adjust the position and posture of the wheelchair to

positionB′ andC ′. For the positions of the bed andwheelchair
known in the world coordinate system, the initial positions of
the left and right wheels of the wheelchair is set to

A(xA, yA),B(xB, yB),C(xC , yC ), D(
xB + xC

2
,
yB + yC

2
),

we get the coordinates of B′(x ′B, y
′
B) and C

′(x ′C , y
′
C ). Accord-

ing to the linear equation of AD, the slope k1 is obtained
by (3).

k1 =
yB + yC − 2yA
xB + xC − 2xA

(3)

According to the linear equation of BC , the slope k2 is
obtained by (4).

k2 =
y′B − y

′
C

x ′B − x
′
C

(4)

Let the distance between the left wheel and the right wheel
to the center point D be d . If AD is perpendicular to B′C ′,
then we can get (5) and (6).

d =
|
yB+yC−2yA
xB+xC−2xA

x ′B + y
′
B + yA −

yB+yC−2yA
xB+xC−2xA

xA|√
( yB+yC−2yAxB+xC−2xA

)2 + 1
(5)

k1 · k2 = −1 (6)
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FIGURE 10. PID control structure block diagram.

When the wheelchair adjusts its posture, turn both wheels
at point D, then we can get (7) and (8).

xB + xC
2

=
x ′B + x

′
C

2
(7)

yB + yC
2

=
y′B + y

′
C

2
(8)

The coordinates of B′ and C ′ can be obtained from (5) (6)
(7) (8).

(4) After adjusting the posture of the wheelchair, drive the
wheelchair to move to the next grid cell nearby along
the median line of BC . But there may be deviation during
the movement. After the wheelchair enters the next cell,
reposition the wheelchair and repeat the above steps until the
coordinates of point A and point D coincide.

(5) After the coordinates of point A and point D coincide,
adjust the wheelchair posture to make the median line BC
coincide with the angle bisector LP of V-shaped artificial
landmark. The wheelchair gradually approaches the artifi-
cial landmark along the angle bisector until the docking is
completed.

C. PID FOR REDUCING WHEELCHAIR JITTER
The PID is a closed-loop control algorithm, which uses
feedback algorithm to continuously calculate the propor-
tion, differential and integral of the error value, and con-
tinuously correct wheelchair coordinates of the input value,
to ensure the stability of docking and improve the docking
accuracy [26]. To improve the stability and docking accuracy
of the wheelchair during the docking process, the PID is used
to reduce the yaw angle such as jitter and sideslip during
movement.

The docking method adopts the two-wheel differential
structure. The two rear wheels are used as the driving wheels,
which have independent control speeds. They are combined
with two universal wheels to realize the position and posture
control of thewheelchair through different speeds of the given
driving wheels. In order to control the wheelchair to move at
a stable speed V according to a specific trajectory, the PID
is added to the two driving wheels to make the movement
of the left and right wheels in a dynamic balance. As shown
in Fig. 10, take the error E between the expected value
(x, y, θ) and the actual value of the wheelchair coordinate as
input, and proportional, integral and derivative operations are

superimposed to control the actuator to adjust the azimuth
angle of the wheelchair. The current distance and position
are sensed by measuring components (IMU), odometer and
encoder. Obtaining the current position coordinates of the
wheelchair (x ′, y′, θ ′). The computer control, a kind of sam-
pling control which only calculates the control quantity based
on the deviation of the sampling time, cannot continuously
output the control quantity like analog control for continuous
control. According to the sampling time of the motor encoder,
we set the sampling time to 100ms, calculate the coordinate
error between the current value and the expected value, form
the PID closed-loop feedback through the measuring compo-
nents, and gradually adjust the yaw angle of the wheelchair
so that the wheelchair can move stably.

IV. RESULTS
When the Lidar receives the docking signal, the wheelchair
moves to the bedside, and then through Lidar data acqui-
sition, Lidar filtering, Lidar feature extraction, coordinate
system conversion, intelligent wheelchair automatic control,
the accurate docking of the bed and chair is completed [27].
To verify the effectiveness and feasibility of our docking
method, we analyzed and verified the whole process of
wheelchair/nursing-bed docking. First, the wheelchair was
removed from the bed by using the automatic navigation
function. Then the docking experiment is started at a speed of
0.1m/s while the wheelchair is a certain distance away from
the bed. The trajectory planning of wheelchair is carried out
in the field of idle cell, and the yaw angle is gradually adjusted
for real-time planning. The current position and speed of
wheelchair are calculated according to the encoder values
of the two driving wheels, and the trajectory is converted
into the world coordinate system. The trajectory is published
to ROS by SPI (Serial Peripheral Interface) communication
to provide data for SLAM (Simultaneous Localization and
Mapping) algorithm [28]. At the same time, the yaw angle of
the wheelchair in the process of moving is recorded, and the
positioning accuracy of the wheelchair in the docking process
is obtained according to the yaw angle.

We conducted docking experiments in an 80m2 laboratory,
where the laboratory light environment was well. The process
of setting up the environment map based on the distributed
deployment, we used a remote computer to control the intel-
ligent wheelchair to move indoors, and set the direction keys
of the keyboard as the speed controller and steering controller
separately, then realized the establishment of the 80m2 grid
map of the whole laboratory. In the docking process, the intel-
ligent wheelchair realizes the detection of obstacles, the plan-
ning of the layout path and the adjustment of the global path,
finally completes the docking task. As shown in Fig. 11 (a),
the intelligent wheelchair receives the parking command and
starts to move near the bed. The wheelchair is positioned
based on grid map, and then the PID is used to reduce the
yaw angle during the movement of the wheelchair. As shown
in Fig. 11(b), the wheelchair constantly adjusts the deviation
between the current position and the ideal position to prepare
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FIGURE 11. Automatic docking process.

FIGURE 12. Process curve of deviation angle.

to enter the bed. As shown in Fig. 11(c), the wheelchair
adjusts the angle based on path planning so as to enter the
bed optimally. As shown in Fig. 11(d), the wheelchair has
been embedded in the bed, and then move in a straight line
and dock smoothly with the bed by driving the rear wheels.
After successful docking, the deviation between the final
position and the ideal position is controlled within 0.02m.
We make 9 experiments, which take 9 sets of the initial
position of the wheelchair with the speed of 0.1m/s. The
optimal path is planned by the grid map during backward
docking. It can be seen from Table 4 that the wheelchair can

dock with the bed successfully in nine cases. The average
error and the maximum error of 1x,1y and 1θ are within
the controllable range, which indicates that the method is
reliable.

We selected five sets of representative data, Matlab is used
to fit the correlation curve of the initial pose (2.7, −5, 28◦)
(1.7, −5, 20◦) (0.06, −5, 1◦) (−1.5, −5, 17◦) (−2.6, −5,
27◦) in the process of automatic docking. Fig. 12 shows the
yaw angle between the median line of the two rear wheels of
the wheelchair and the optimal path, and Fig. 13 shows the
trajectory of the wheelchair in the docking process.
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FIGURE 13. Track curve of wheelchair docking process.

TABLE 5. Automatic docking experiment results.

Lidar plays an irreplaceable role in the entire SLAM and
navigation. First, the pose of the robot can be estimated by
matching the Lidar observation data with the grid map. Sec-
ond, when the robot estimates a more accurate pose, the envi-
ronment map is established based on the Lidar observation
data after the robot has estimated amore accurate pose. Third,
the unknown obstacles in the map are detected in the process
of robot navigation [29].

The anti- interference ability of ambient light is one of
the important indexes to measure the quality of Lidar, and
the light intensity may interfere with the data generated
by Lidar. We carried out docking experiments under dif-
ferent lighting conditions to observe the robustness of the
docking method. The experiment was conducted in a space
of 80m2 and a height of 5m. The light source is fixed in

the center of the room. HOKUYO UST-10LX 2D Lidar can
work normally in the light environment less than 15000lm,
and the docking experiment was conducted at the same
starting point using light fluxes of 3000lm, 5000lm and
8000lm as the impact factors to analyze the changes in
yaw angle.

The experiments are divided into two groups with starting
points A (−1.5, −5, 17◦) and B (1.7, −5, 20◦), and three
light fluxes are used to affect the docking process using xenon
lamp flashlights. Comparing the yaw angle generated under a
normal environment with the yaw angle with the light flux of
3000lm, 5000lm and 8000lm respectively, the average value
and standard deviation of the yaw angle during the docking
process is used as an index to analyze the robustness of this
docking method.
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FIGURE 14. The yaw angle comparison chart for starting point A.

Fig.14 is a tendency chart of the yaw angle with the starting
point A (−1.5, −5, 17◦). Fig.15 is a tendency chart of the
yaw angle with the starting point B (1.7, −5, 20◦). It can be
seen that increasing the influence factor during docking the
process will increase the average of the yaw angle. As shown
in Fig.14 and Fig.15, the volatility is greater at the beginning
of docking, and the yaw angle slowly stabilizes with the
increase of wheelchair walking distance, which is also related
to the more accurate characteristics of the Lidar to identify
objects at a long distance. The greater light flux value means
the greater effect on the yaw angle. When the light flux
of 8000lm is irradiated, the docking can be done successfully
although the yaw angle exceeds 2.5◦ in individual cases. The
required illumination in daily life is about 150lx, and 8000lm
can produce 380lx of light in the room of 80m2. So the
stability of this docking algorithm can meet daily use and has
good stability.

V. DISCUSSION
The mode and algorithm of Wheelchair/nursing-bed auto-
matic docking will directly affect the accuracy of the
docking and user experience, this paper proposed the

wheelchair/nursing-bed automatic docking method based on
Lidar and V-shaped artificial landmark. Lidar can easily
extract straight-line and corner features of V-shaped artifi-
cial landmark, and using the prior knowledge with 90◦ of
V-shaped artificial landmark can also improve the docking
success rate. The robot technology will be transferred to the
healthcare area, and self-care of the bedridden elderly will be
realized. It can be seen from the experimental results that the
trajectory in the docking process is smooth. In the case of light
interference, the yaw angle is also in a controllable range, and
the wheelchair can be successfully docked. Meng et al. [30]
proposed a docking method based on Lidar and force sensor.
Firstly, the shape of the bed body is identified according
to the Lidar, and the relative posture between the bed and
wheelchair is calculated. Then, when the wheelchair is in
contact with the bed, the posture of the wheelchair is adjusted
according to the feedback signal of the force sensor, and the
automatic docking will completed. Because the wheelchair
and the auxiliary bed utilize side-entry docking, the bedridden
patient can only be assisted to turn over on one side, which
will cause a burden to the nursing staff. In contrast, the
U-shaped bed docking mode can assist the bedridden patient
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FIGURE 15. The yaw angle comparison chart for starting point B.

to turn over on both sides, greatly improving the bedridden
patient’s self-care ability, and reducing the occurrence of
bedsore and pneumonia. In addition, when the patient is in the
middle of the bed, the bed can be converted into a wheelchair
without the need tomove the patient’s body, which can protect
the bedridden patient from secondary injury. Li et al. [31]
proposed an automatic docking method based on vision mea-
surement. The process of thewheelchair/nursing-bed docking
is divided into the long-distance guidance stage and the short-
range docking stage. In the long-distance guidance stage,
a visual acquisition system needs to be installed on the ceil-
ing, which has high requirements for the use environment.
In the short range docking stage, when the camera is close to
the target, the camera defocus makes the visual positioning
docking method ineffective. The experimental results show
that the distance deviation of the wheelchair is less than

0.05m and the yawAngle is less than 2◦. The dockingmethod
of this paper is based on Lidar which when changing the
operating environment, Lidar just needed to rebuild the envi-
ronment map, and the distance deviation is less than 0.02m
and the yaw angle is less than 2.5◦ after successful docking.
In terms of yaw angle, we still have space for improvement.
Li et al. [32] designed coded road signs that could be rec-
ognized under ambient light, and the position and attitude
of the robot can be estimated according to the recognized
road signs. They analyzed the effect of lamp light in the
experiment. Lamp light has a great impact on the recognition
process, but the method can deal with most of the challenging
situation. They experimented that the forklift was required
to pick up the goods shelf at one specified location and
carry it to another, the maximum position error is 79.3 mm,
the maximum yaw angle is 1.36◦. Although the positioning

VOLUME 9, 2021 79559



Y. Zhu et al.: Wheelchair Automatic Docking Method for Body-Separated Nursing Bed Based on Grid Map

method based on such road signs is effective, it is necessary to
design several different road signs to constitute the road sign
positioning system, which will increase the complexity of the
extraction of different road signs, this stage has no practical
importance in daily use.

VI. CONCLUSION
This paper proposes a method of wheelchair/nursing-bed
automatic docking based on Lidar and V-shaped artificial
landmark. The docking method can realize the automatic
separation and merger between wheelchair and bed. While
retaining the function of turning over the nursing bed, reduc-
ing the secondary injury of bedridden patients in the transfer
process, and greatly improving the self-nursing ability of
bedridden patients. Under ambient light condition, the dis-
tance deviation and the yaw angle between the final position
and the ideal position are controlled within 0.02m and 2.5◦

after successful docking. Besides, the docking method can
still maintain good performance in light interference experi-
ments. But the wheelchair should be first moved to the area
near the nursing bed by the autonomous navigation to achieve
coarse positioning of the bed and wheelchair after receiving
the docking instruction, and then use the postpositive Lidar
to scan V-shaped artificial landmark to achieve precise par-
tial positioning, and the docking method can complete the
docking well in an effective space. If the wheelchair is far
from the bed, the docking success rate is low. Besides, due to
the docking method adopts the backward driving method, the
turning radius of the wheelchair will be comparatively large.
Therefore, we need to study the distance limit between the
bed and the wheelchair, combine various point cloud filtering
algorithms, change driven mode, select artificial landmarks
with an appropriate area, combine with visual control and
voice control, and explore a more accurate path optimization
algorithms to maximize patient convenience and improve
docking success rate.
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