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 Abstract –In this paper, the design of the mechanism and the 
control system of a planetary wheeled stair-climbing wheelchair 
is introduced. The dynamic model of the planetary wheel clusters 
is established based on Lagrange equation, and the angle 
acceleration curves are studied with various given equivalent 
torques. Stability margin of the wheelchair is analyzed in detail 
during a single step climbing procedure. According to the 
simulation results, the control law of wheelchair's angle is 
derived from the projection of the wheelchair’s CG on the 
condition that the wheelchair's stability is always maintained. 
The wheelchair can be easily operated by an assistant accordance 
with the control law. 
 
 Index Terms – Planetary wheel, stair-climbing, dynamic 
modeling and stability margin. 
 

I.  INTRODUCTION 

 Although commonly used manual wheelchairs or electric 
wheelchairs can run smoothly in plat ground or slopes, it is 
very difficult for them to climb steps or stairs. Therefore, it is 
difficult for elderly and handicapped people to go outside 
since they are bounded to the wheelchairs in their everyday 
life. A lot of research works [1-5,9-10] have been carried out 
on the wheelchairs with the function of stair-climbing to 
broaden the living space of elderly and handicapped. 
 Compare to other types of stair-climbing mechanism, the 
planetary wheel based stair-climbing mechanism has a lot of 
advantages with the result that they are used in more stair-
climbing wheelchairs. The planetary wheel based stair-
climbing wheelchairs can be divided into two categories: the 
wheel cluster style and the dual wheel cluster style. In paper 
[6], a wheelchair equipped with a variable-geometry-tracked 
mechanism is proposed. The tip-over stability analysis and 
simulation are carried out with the Force-Angle stability 
measure, which can adapt to convex terrain and turn to 
concave geometry by active control of track tension. Paper [7] 
proposes a concept for stair-climbing wheelchair which is 
based on the design of dual cluster planetary wheels and can 
passively changes its locomotion between rolling on wheels 
and stepping on legs according to local and dynamic 
conditions. Paper [8] analyzes the influences of different 
configurations of planetary wheels to the stair-climbing 
capability. Paper [10] introduces “iBot wheelchair system”—a 
wheelchair based on planetary wheels, which can adaptively 
modulates its gravity center using the control laws similar to 
the inverted pendulum control with gyroscope sensors.  

Characteristics and defects of several stair-climbing 
wheelchairs with various structure schemes are listed and 
compared in Table.1. It can be concluded that the planetary 
wheeled stair-climbing wheelchair which requires a person’s 
assistance during the climbing procedure is an ideal and 
feasible solution because of its light weight, compact 
structure, facility, flexibility and applicability to indoor stairs. 
 For the planetary wheel based stair-climbing wheelchair, 
a very important aspect which should be considered is its tip-
over stability. Both an unpredictable fault of the wheelchair or 
an operating miss of the assistant may results in a tip-over of 
the wheelchair or even a injure the user or the assistant since 
the wheelchair may fall down the stairs. Therefore, it is very 
important for a stair-climbing wheelchair to ensure its stability 
in the stair-climbing process in any case so that the safety of 
its user can be assured. That is why the stair-climbing 
wheelchair is listed into the high-risk equipment leveled “class 
III” by American Food and Drug Administration, which 
belongs to safety-critical system. 

TABLE I 
COMPARISON OF SEVERAL STAIR-CLIMBING WHEELCHAIRS 

 Characteristics Defects 
Track 
based stair-
climbing 
wheelchair

� Autonomous stair-
climbing possible 

� Suitable to most outdoor 
stairs and some indoor 
stairs 

� Simple operation 
� Tip-over can be avoided 

by long track 

� Special mechanisms 
required for off stair 
operation and changing to 
and from stair-climb angle 

� high non linear pressures 
exerted on stair edges 

� Heavy 

Wheel 
cluster 
based stair-
climbing 
wheelchair

� Stair-climbing ability  
� Suitable to almost all stairs  
� Compact & Light weight 
� Operate as general purpose 

powered wheelchairs  

� Requires assistance (one 
person) for stair operation 
Orbital  

� stair-climbing operation 
may be uncomfortable for 
passengers 

Dual wheel 
cluster 
stair-
climbing 
wheelchair

� Stair-climbing ability 
suitable to most standard 
stairs 

� Autonomous stair-
climbing operation 
possible  

� Operates as a general 
purpose powered 
wheelchair 

� Must climb stairs 
backwards  

� Orbital stair-climbing 
operation may be 
uncomfortable for 
passengers  

� Large (width 820mm cf. 
standard powered 
wheelchair)  

� Heavy  

 In order to improve the stability during stair-climbing, a 
kind of planetary wheel cluster based stair-climbing 
wheelchair which is equipped with an anti-tip-over bracket is 
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proposed in this paper. The paper is arranged as follows. First, 
the mechanical and control system design are introduce and 
the procedure of stair-climbing is described. Then, the 
wheelchair’s dynamic model is established by Lagrange 
method and the stability margin of stair-climbing is analyzed 
in detail. Finally, the wheelchair’s stability is verified by the 
prototype experiments. 

II. BRIEF DESCRIPTION OF WHEELCHAIR DESIGN 

A. Mechanism Design  
 The configuration of the stair-climbing wheelchair is 
shown in Fig. 1. There are two hybrid planetary wheel clusters 
located to the bilateral flanks of wheelchair frame 
symmetrically, each of them consists of a hub motor and two 
free wheels which has the same figuration with the hub motor. 
To realize stair-climbing locomotion, planetary wheel 
clusters’ rotation is driven by a torque motor with a worm 
reducer which is assembled in the lateral symmetry plane. An 
anti-tip-over bracket is installed on the bottom of the 
supporting frame, which is stretched or retracted by a linear 
actuator. 
 This planetary wheel based wheelchair can be operated in 
three different modes according to the various positions of 
planetary wheel clusters. 
 1) Manual mode: When the free wheels of the wheelchair 
are on the ground and the brakes are released, the wheelchair 
can be pushed as an ordinary wheelchair. This mode can be 
used when the batteries are exhausted. 
 2) Electric wheelchair mode: When the wheels with hub 
motors are on the ground, the wheelchair can be controlled by 
its user as an ordinary electric powered wheelchair with a 
joystick installed on the right armrest of wheelchair, since the 
joystick is connected to a motion controller. 
 3) Stair-climbing mode: When the brakes of all the 
wheels are locked, the two planetary wheel clusters can be 
driven by the torque motors so that they will rotate 
cooperatively together, the wheelchair will climb up or down 
the stairs. At the meantime, the anti tip-over bracket will 
stretch to a definite angle to ensure that the wheelchair does 
not falling down the stairs during the whole stair-climbing 
process.  

Controller for 
Electric Wheelchair Mode

Wheelchair Frame

Anti-Tip-Over 
Bracket

Linear Actuator

Torque Motor

Planetary Wheel 
Cluster 

 

Fig.1 Design of mechanisms 
B. Design of Control System 
 In addition to the manual mode, this stair-climbing 
wheelchair can run in other two modes: the electric 
wheelchair mode and the stair-climbing mode which needs an 
assistant to operate the wheelchair. These two modes is 
executed independently by two control systems sharing a set 
of 3 × 12V batteries as their power sources. The block 
diagram of control system is shown in Fig. 2. 
 In the electric wheelchair mode, the control module, 
which use a TMS320LF2406 digital signal processor as core 
processor, accomplish the tasks of HCI, power management, 
motion control of two wheels, etc.  
 In the stair-climbing mode, the control module, which  
uses a TMS320LF2407A digital signal processor as core 
processor, accomplish the tasks of receiving control 
commands from control panel, displaying current operating 
status, sending control commands to the drive module and 
controlling all of the actuators except the hub motors in the 
wheels. The control module estimates the position of its 
passenger through the feedback of the pressure sensor, 
determines the stability of the wheelchair by the pitch angle of 
the inclinometer’s feedback, and gives alarm signals when the 
wheelchair is in an abnormal posture. 

 
Fig.2 Block diagram of Control System  

 
 C. Stair-Climbing Procedure 
 To simplify the problem description, it is assumed in this 
paper that the planetary wheelchair has always maintained a 
plane motion in the crossing-section of staircase, i.e., the 
influence of axial perturbation or deflection to the motion of 
the wheelchair will not be considered.  
 The stair-climbing procedure can be divided into four 
phases.  

In the preparatory phase, the wheelchair is switched to 
stair-climbing mode, and the brakes of all the planetary 
wheels are locked, as shown in Fig. 3(a) (The assistant is not 
shown). The assistant should stand behind the wheelchair, 
manually release the brake and make the wheelchair move 
backward toward the stairs and move to the opposite position 
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of the stairs. The linear actuator will drive the anti-tip-over 
bracket to open until the idle wheels at the front of the bracket 
touch the ground. The anti-tip-over bracket will continue to 
stretch out until the wheelchair pitches backward to a certain 
angle as shown in Fig. 3(b).  

In the second phase, as shown in Fig.3(c), the planetary 
wheel clusters begin to turnover, and the wheelchair begins to 
climb up the first step under the control of the assistant. At the 
meantime, the anti-tip-over bracket continues to stretch out 
driven by the linear actuator. As shown in Fig. 3(d), the 
planetary wheel clusters continue to turnover, the wheelchair 
climbs up to the second step, and the anti-tip-over bracket is 
opened to a definite angle until its position is locked. 
 In the third phase, as shown in Fig. 3(e) and (f), the 
planetary wheel clusters continue to turnover, and the 
wheelchair climb up the stairs maintaining the certain pitch 
angle with help of the assistant. At the same time, the anti-tip-
over bracket is always located above steps surface.  

The fourth phase is the ending phase. As shown in Fig. 
3(g), when a flight of stairs is finished, the anti-tip-over 
bracket is retracted to the definite position which is same as 
shown in the first phase (Fig.3 (b)). The assistant releases the 
brakes of the planetary wheel clusters, manually move the 
wheelchair on the stairs intermediate platform to next flight, 
and repeat the operation in fig.3 (d) to 3(f). After all the stairs 
are finished, as shown in Fig.3(h), the anti-tip-over bracket 
retracts totally driven by the linear actuator; the wheelchair is 
returned to horizontal position and switched to  manual mode 
or electric wheelchair mode. When the wheelchair goes 
downstairs, the operation procedure which is adverse to 
previously mentioned will be applied.  

 
Fig.3 Stair-Climbing Procedure  

III.  DYNAMIC MODEL AND SIMULATION 

A. Dynamic Modeling of Planetary Wheels 
 To simplify the dynamic analysis, the coordinate system 
for planetary wheel clusters is established as shown in Fig.4. 
The contact point between the planetary wheel-A and the step 
is picked as the base point, and the angle � between the line 
CA of rotating arm and horizontal line is used as generalized 
coordinate. Md denotes the equivalent torque driven by motor, 
and m denotes the mass of wheelchair. The initial status of the 
system is specified when the support reaction to planetary 
wheel-B by the ground happens to be zero.  
 Lagrange function of the system is derived as follows: 

)sin(
2
1 2 rRmgJVTL ����� ���    (1) 

Where T is the kinetic energy and V is the potential energy of 
system, �� is the angle velocity, r is the radius of planetary 
wheel, R is the radius of rotating arm, and J is the equivalent 
moment of inertia. Because V does not explicitly contain�� , it 
can be derived that: 

  � � ��
�

���
�

JJ
dt
dL

dt
d

����
	



��
�


�
�      (2) 

where ���  is the angle acceleration. Then the wheelchair’s 
Lagrange dynamic equation can be determined as: 

 dMmgRJ �� �� cos��        (3) 
 By solving the differential equation, the relationship 
between angle acceleration  ���  and angle �  can be derived 
as: 

� � JmgRcosM d �� ����  .      (4) 
 

�

dM
C

O

 
Fig.4 Dynamic Modeling of Planetary Wheel Clusters 

 
B. Dynamic Simulation 
 According to (4), the simulation can be performed about 
that the planetary wheel angle acceleration ��� changes with the 
generalized coordinate � . Some primary parameters of 
wheelchair system can be determined thought CAD model 
which is given appropriate material and weight equal to a 
human being. According to the model, the gross weight of 
wheelchair and passenger is: m=159kg; the equivalent 
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moment of inertia is: J=18.5kgm2. By measuring in the CAD 
software, the range of planetary rotating arm’s rotation angle 
is approximately from -18.16 degree to 101.84 degree, which 
can be used as the range of generalized variable� . Compared 
with wheelchair and passenger, the mass of the anti-tip-over 
racket can be neglected, thus the moment of inertia’s change 
derived from the racket’s angle is treat as not serious.  
 In order to study the variation of the angle acceleration 
under diverse equivalent torque, the parameter is respectively 
set to 50Nm, 100Nm and 200Nm. Md is substituted in (4) and 
calculated with parameter previously mentioned. The angle 
acceleration ���  under various equivalent torques is calculated 
as shown in Fig.5. The figure shows that the angle 
acceleration  ���  is negative when angle � =0 and the 
equivalent torque Md=50 or Md=100 as shown by the blue 
curve or red curve.  It can be induced that the torque is not 
enough to drive the planetary wheel clusters to overcome the 
gravity. The angle acceleration ��� is positive when Md=200 as 
shown by the green curve, that means the motor can drive the 
wheelchair to negotiate stairs. When angle � =0, the angle 
acceleration get the minimum value. It is because that the 
gravity has the longest resistance arm when the rotating arm is 
in the position.  
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Fig.5 Dynamic Simulation 

IV.  ANALYSIS AND SIMULATION OF STABILITY MARGIN  

 A. Coordinate System of the Wheelchair 
  In order to analyze the stability of the wheelchair, the 
relative coordinate systems are established as shown in Fig.6. 
OW-xWyWzW is the world coordinate system whose Y-axis is the 
intersection line between the fist step and the ground, Z-axis is 
vertical to the ground and origin lies on the plane formed by 
three wheel’s centers. OA-xAyAzA is the temporary coordinate 
system, whose three axes are correspondingly parallel to those 
of OW-xWyWzW and origin is at the connect point of the 
planetary wheel and the ground. OS-xSySzS is the planetary 
coordinate system with origin lying at the wheel’s center, 
which is fixed with the planetary wheel’s rotating arm to 
represent its rotation. OB-xByBzB is the body coordinate system,  

yW

xW

zW

xS

zS

yS

zB

xB

yB

�

�

OW

OS

OB

CG

xA

yA

zA

OA

 
Fig.6 Coordinate System of the Wheelchair 

whose origin is lying on the wheel cluster center and fixed on 
the wheelchair’s chassis to represent the wheelchair body’s 
pitch. In this figure, CG is the wheelchair’s gravity center, 
whose coordinate in OB-xByBzB is denoted as (xCG, yCG, zCG) T. 
 B. Analysis of Stability Margin 
 According to the relationships among these coordinate 
systems, homogeneous coordinate conversion between the 
world coordinate system and the body coordinate system can 
be implemented by following: 

 � �AA
W
A zxTransT ,0,�       (5) 

� � ),(,0,0 ��� S
A

S YRotrTransT
�

    (6) 

� � � ���� ,0,0, B
S

B YRotRTransT ��
    (7) 

where �  is the wheel cluster’s rotating angle corresponding 
to the coordinate system OA-xAyAzA, and �  is wheelchair 
body’s  pitch angle corresponding to the coordinate system 
OS-xSySzS. (xA, zA) is the coordinate of point OA in coordinate 
system OW-xWyWzW. Therefore the homogeneous 
transformation matrix is: 

� � � �

� � � �
�
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�
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�
�
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����

����
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R
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A
S

A
B �����

�����
.   (8) 

 If the gravity center CG’s coordinate in OB-xByBzB is 
� �TCGCG zx 1,,0, , then its homogeneous coordinate in OA-xAyAzA 

can be determined as: 
� � � �
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.(9) 

 Obviously, wheelchair’s CG is happen to above the 
contact point between planetary wheel and step surface when 

0��CGx . At the meantime, the wheelchair is in temporary 
balance status and the force which the assistant endures is 
zero. 
 When  0��CGx , there is: 

 �� sin,cos ��
CG

CG

CG

CG

l
z

l
x       (10) 
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where 22
CGCGCG zxl �� is the distance from CG to the rotation 

axis of planetary wheel clusters.   
 Substituting (10) to (9), it can be derived that: 

CGl
R

���� )sin(tan)cos( �����     (11) 

 Condition which is denoted in (11) to achieve the 
temporary balance should be satisfied by angle � and 
wheelchair body’s pitch angle �  corresponding to the 
coordinate system OS-xSySzS. 
  Projection of the wheelchair’s CG and support boundary 
on the horizontal plane is shown as Fig.7. SM1~SM4 is the 
stability margin of wheelchair in various direction. If there 
were no anti-tip-over bracket, wheelchair is prone to tip-over  
when projection of CG is close to coordinate axis-YA. SM1is 
extend to SM1n when the anti-tip-over bracket is attached to 
wheelchair’s frame. When SM1=0, the projection of CG is 
coincide with axis-YA, and the stability margin SM1n is 
enough to ensure the safe of passenger. 

SM1

SM
2

SM
3

CG

SM4

nSM1

xA

yA

OA

 
Fig7. Stability Margin 

 
C. Simulation of Stability 
  Conditions for tip-over stability simulation is set to the 
same as those for dynamic simulation in section III, and 
influence to CG position and moment of inertia by angle 
change of anti-tip-over bracket is neglected. During the 
procedure of single step climbing, the range of the planetary 
wheel clusters’ angle is specified within  
according to the measurement in CAD software. In the same 
way, CG’s coordinate in OB-xByBzB can be obtained as: 

]84.101,16.18[ ���

     � � . � 14.254,22.5, ��CGCG zx �
  When , CG’s projection is always maintained on 
the YA-axis, and angle of wheelchair’s body relative to 
coordinate system OS-xSySzS can be derived according to (10) 
as: 

01 �SM

� � �
�

�
�
�

�
�����

CG

CG
CG

CG l
zRlR

l
arcsincossincosarcsin 222 ���� .   (11) 

  And then the angle of wheelchair’s body relative to 
coordinate system OA-xAyAzA  as: 

��� ��           (12) 

  In theory, the wheelchair will be maintained in temporary 
balance status and be operated with ease if the angle of 
wheelchair’s body can satisfy the equation in (12). 
  According to (9), the variation of CG’s height can be 
obtained during single step climbing with corresponding 
values of angle �  and � . 
  Results of stability simulation are shown in Fig.8. It is 
derived that curve of the angle of wheelchair’s body can be 
divided into three phases. In A-B phase, 0�� , angle �  
decrease accordingly with the rotation of planetary wheel 
clusters. When 0�� , � achieves the minimum value 
about . In B-C phase the angle of wheelchair’s body�5.27� �  
increase accordingly with the rotation of planetary wheels, 
and curve in this phase changes symmetrically to which it 
does in A-B phase. In C-D phase, �  continues to increase and 
achieves the maximum value at the end of single step 
climbing. According to analysis of   the curve of zCG’s 
simulation, height of CG presents downward trend with the 
increasing � .This trend is propitious to the stability of 
wheelchair system. 
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Fig.8 Simulation of Wheelchair’s Stability 

V. EXPERIMENTS 

 According to the scheme described previously in this 
paper, a prototype of planetary wheel based stair-climbing 
electric wheelchair is developed as shown in Fig. 9. 
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Experiments have shown that this stair-climbing wheelchair 
can successfully implement the stair-climbing function with 
the help of an assistant. During climbing-up or going-down 
process of the stairs, the passenger’s posture and the position 
of system gravity center can be estimated through the pressure 
sensor’s feedback. Feedback of inclinometer and LED blink 
prompt is used to help the assistant to keep the wheelchair in 
appropriate angle, and the projection of CG is maintained 
close to the connect point of planetary wheel and the step 
surface. The anti-tip-over bracket is maintained open driven 
by the linear actuator, which can effectively increase the area 
within supporting boundary, and increase the wheelchair’s 
stability by maintaining the wheelchair stability margin 
always greater than zero. 

 
Fig.9 Wheelchair’s Stair-Climbing Experiment 

VI. CONCLUSION 

 A planetary wheel based electric wheelchair with single 
hybrid planetary wheel clusters is proposed in this paper 
which can implement stair-climbing with the help of an 
assistant. Experiments have shown that this new stair-
climbing wheelchair works quite well and it can climb about 
200 stairs after a full charge of its batteries. Our future work is 
to improve the reliability of this wheelchair so that a practical 
product can be made based on the research result presented in 
this paper. 
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