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Abstract—In this paper motion analysis on a winding 

stair-climbing is investigated using our proposed rotational arm type 
of robotic wheelchair. For now, the robotic wheelchair is operated in 
an open mode to climb winding stairs by a dynamic turning, therefore, 
the dynamics model is required to ensure a passenger’s safety. 
Equations of motion based on the skid-steering analysis are developed 
for the trajectory planning and motion analysis on climbing winding 
stairs. Since the robotic wheelchair must climb a winding staircase 
stably, the winding trajectory becomes a constraint equation to be 
followed, and the Baumgarte’s method is used to solve for the 
constrained dynamics equations. Experimental results validate the 
behavior of the prototype as it climbs a winding stair. 
 

Keywords—Climb, robotic wheelchair, skid-steering, winding 
stair . 

I. INTRODUCTION 
OWADAYS, electric powered wheelchairs are very 
common and efficient for transportation of the old and the 

disabled, it is certain that electric powered wheelchairs can 
improve the mobility of physically handicapped people. 
Although an electric powered wheelchair is more and more 
important to play the assistant roles, and may bring a happiness 
and convenience to those who need it, however, architectural 
barriers like stairs still exist in our living environments to 
prevent from usefulness. Whilst numerous modifications have 
been taken in recent years to improve the accessibility of public 
buildings and transportation services, the problem of 
negotiating stairs in a wheelchair has not yet been satisfactorily 
resolved. 
    Various stair mobility assistance devices have been proposed 
in recent decades. Many of these devices utilize mechanical 
leg-type structures to accomplish a dynamic walking or 
stair-climbing ability [1-3]. However, whilst such legged 
wheelchairs provide the ability to negotiate staircases or slopes, 
they require the use of complex algorithms to control the 
dynamics of the system in a safe and stable manner. Moreover, 
such locomotion systems are inefficient when utilized to 
achieve motion in the horizontal plane. Accordingly, some 
researchers have proposed track-based systems as a means of 
resolving the stair navigation problem whilst retaining a 
satisfactory planar navigation capability [4,5]. Such systems 
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offer better mobility on natural terrains than legged systems. 
However, accomplishing the stair-climbing maneuver requires 
a very high grip force to be continuously maintained at the edge 
of each step. Furthermore, such systems generally utilize an 
open-loop control mode, and thus ensuring a stable and 
comfortable ride whilst navigating the stairs is not easily 
achieved. 

Researchers have also proposed stair-climbing systems 
based on the use of articulated wheel clusters arranged on a 
rotational link [6,7]. For example, an iBOT 3000 transportation 
system is based on a two-wheel cluster design, in which the 
dynamic balance of the wheelchair whilst performing a 
stair-climbing maneuver was maintained by a closed-loop 
servo control algorithm via a complex control system 
comprising tilt sensors, gyroscopes, encoders and computers 
[8]. 

Several systems combining mechanical legs with rotating 
wheel clusters have also been proposed in recent years [9,10]. 
Lawn and Ishimatzu [11] developed a mechanism comprising 
eight wheels attached to a rotating link, and optimized the 
design to enable the wheelchair-assisted ascent and descent of 
stairs with a high step height in a forward direction. The 
feasibility of the proposed design was demonstrated by 
performing single-step entry and exit maneuvers using a scale 
model of a van. However, such single-step devices have 
multiple degrees of freedom, and thus sophisticated control 
schemes are required to ensure a smooth trajectory of the 
wheelchair during the maneuver. The other staircase-climbing 
wheelchair featuring two decoupled mechanisms on each axle 
is proposed, namely one mechanism to negotiate the individual 
steps in the staircase, and a second mechanism to adjust the 
position of the axle relative to the chair in accordance with the 
overall slope of the staircase [12,13]. 
In most hybrid legged-wheeled staircase-climbing systems, the 
wheels serve as contact soles when climbing the stairs. 
However, if the wheels are too large, they only make contact at 
the edges of each step. Conversely, a small wheel radius 
improves the contact area on the stair, but reduces the 
efficiency of the system when navigating planar terrains. 
Moreover, these mentioned machines only demonstrate 
stair-climbing maneuvers, no one shows to ascend or descend 
winding stairs. Accordingly, building upon the work performed 
by the current group in a previous study [14], this paper 
investigates the motion analysis on winding stair-climbing for 
our developed enhanced stair-climbing robotic wheelchair. 
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II. MECHANICAL SYSTEM DESCRIPTION  
   As shown in Fig. 1, the proposed robotic wheelchair 
comprises a base attached on either side to a mechanical 
structure comprising a short arm, a long arm and a pair of 
triangular supports, each carrying a crawler tractor and a wheel, 
respectively. In each structure, the two limbs are pivotally 
mounted such that each is capable of rotating independently of 
the other under the actuating effects of the corresponding 
epicyclical gear train. 
 

Fig. 2 shows the components within each mechanical 
structure driven by a total of four transmission gear trains. The 
short arm is driven directly by worm gear pair 4 through the 
hollow shaft H, while the long arm is driven by gear train 3 
through hollow shaft E. In addition, the rotation of the 
triangular supports is actuated by gear train 2, while the wheel 
and crawler tractor attached to each triangular support are 
driven by gear train 1 via chain & sprocket 1 and chain & 
sprocket 2, respectively. 

The two triangular supports on each long arm carry a wheel 
(to accomplish navigation over a planar surface) and a crawler 
tractor (to serve as a contact sole when performing ascent and 
descent maneuvers). The wheel and crawler tractor are 
mounted pivotally at the base of each triangular support and are 
spaced in such a way that when the crawler tractor is in contact 
with the ground, the wheel is raised, while when the wheel is in 
contact with the ground, the crawler tractor is raised 

III. STAGES OF THE CLIMBING STAIRS 
The basic steps in the maneuver can be summarized as 

follows: 
1) When navigating a planar surface, a locomotion effect is 

obtained via the four wheels mounted on the triangular 
supports, and the base is maintained in a central 
position relative to the mid-points of the two long arms. 
However, when performing a stair-climbing maneuver, 
the triangular supports are rotated such that the crawler 
tractors make contact with the ground and the base is 
driven forward relative to the mid-point of the two long 
arms so as to ensure a statically stable condition. 

2) During the stair-climbing maneuver, the long and short 
arms on either side of the base rotate synchronously 
with the same angular velocity about shafts K and D, 
respectively. In the initial stride, the crawler tractor 
mounted on triangular support 2 remains on the ground 
(together with those on both supports on the opposite 
side of the base) while triangular support 1 is rotated in 
the upward and forward direction such that the crawler 
tractor mounted on its lower surface makes contract 
with the ground (i.e. the step) in front of triangular 
support 2. Since hollow shaft E connects to the housing 
used to rotate the long arm, it can be viewed as an input 
arm. Furthermore, during the first stride, the crawler 
tractor on triangular support 2 remains in contact with 
the ground at all times, and thus the long arm and all the 
other assemblies revolve about shaft D. Consequently, 
the orientation of triangular support 1 remains 
unchanged as the long arm rotates. As a result, the 
system not only achieves a rotational-type gait, but also 
ensures that the crawler tractors remain parallel to the 
ground at all times without the need for an active servo 
mechanism to constantly re-adjust their orientation as 
the long arm rotates. 

3) The procedure described in Step 2 is repeated on the 
opposite side of the base. 

4) The base is driven upward and forward along a circular 
path by turning the two short arms simultaneously 
about shafts G on either side of the base until the short 
arms are parallel to the long arms once again. 

5) The procedures described above are repeated for the next 
step in the staircase. 

The process of maneuvering down the staircase is 
accomplished by performing the sequence of motions 
described above in reverse.  

IV. DYNAMICS BASED ON SKID-STEERING ANALYSIS 
In this section the dynamic equations on climbing winding 

stairs will be developed considering the design of the robotic 
wheelchair. A body-fixed frame G-xy is attached to the center 
of gravity of the robotic wheelchair. The x-axis is along the 
heading direction of the robotic wheelchair, as shown in Fig. 3. 
The position of wheelchair robot is specified by the location of 
its center of gravity, and the orientation is defined by the 
heading direction φ of the robotic wheelchair relative to the 

 
Fig. 1.  Schematic illustration of the rotational arm of robotic 

wheelchair 

 
Fig. 2.  Details of robotic wheelchair actuation mechanisms
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inertial frame O-XY. The external forces acting on the 
wheelchair robot consist of the gravity force Mg, the active 
forces Fi and F0, the resistant forces Ri and R0. 

The robotic wheelchair will carry a person to ascend or 
descend stairs, velocity should be small enough for safety so 
that the centrifugal force on the turns will be neglected. The 
turning behavior, similar to a tracked vehicle using 
skid-steering, depends on the thrusts Fi and F0 of the outside 
and inside tracks, the resultant resisting force R0 and Ri, the 
moment of turning resistance Mr exerted on the track by the 
ground; v is the heading speed; m is the mass of robotic 
wheelchair; b is a haft of the width of the robotic wheelchair; D 
is moment of turning resistance exerted on the track by the 
ground. The behavior of the vehicle can be described by the 
following equations of motion in the inertial frame as 

0 0cos ( )i imX m Y F F R Rφ φ= − + + − −&&& &                   (1) 
0 0sin ( )i imY m X F F R Rφ φ= + + − −&&& &               (2) 

0 0( )i iI F F R R b Dφ = − − + −&&                           (3) 
Whilst the wheelchair robot ascends and descends winding 

stairs in a dynamic turning, there are three stages for climbing 
each step. So the turning resistant moment D in Fig. 4 should be 
calculated. The L, L1 and L2 are defined as a length of the 
tractor, a distance from front axis to rear axis and a length of the 
robotic wheelchair. 

Assume that the normal pressure on track is distributed 
uniformly, based on the static equilibrium, the normal pressures 
q1, q2 and q4 can be calculated. As explained above, the location 
of the center of gravity of the robotic wheelchair varies with the 
climbing locomotion, therefore, the normal pressures are 
calculated. According to the following cases. 

If 1a L≤ , the moment of turning resistance will be computes 
as followings: 

1 2 3 2( / 2) ( )( / 2 )D P a L P P L L a= − + + − −         (4) 
And if 1a L> , the moment of turning resistance will be 

computes as followings: 
1 2 5 1 3 4 2( / 2) ( )( ) / 2 ( )( ) / 2D P a L P P a L P P L a= − + + − + + −        (5) 

P1, P2, P3 are the lateral frictional force) and will be computed 
as 1 1 2 2 3 3; ;f f fP q L P q L P q Lμ μ μ= = =  

For the second stage, the tractor in the other side of the body 
lifts up the ground, the normal pressures on tractors contacting 
to ground. if a L<  the moment of turning resistance can be 
computes as followings: 

1 5 2 4 3 2( ) / 2 ( )( ) / 2 ( / 2 )D P P a P P L a P L L a= + + + − + − −     (6) 
if a L≥ , the moment of turning resistance will be computes 

as followings: 
1 3 2 2( )( / 2) ( / 2 )D P P a L P L L a= + − + − −                  (7) 

For the third stage, the body moves in a circular path by 
rotation the short arms, the normal pressure on put in each 
tractor is shown in figure. In this action, the moment of turning 
resistance will be computes as followings: 

 
1 2 22 ( / 2) 2 ( / 2 )D P a L P L L a= − + + −                       (8) 

V. TRAJECTORY GENERATION FOR WINDING STAIRS 
In order to climb a winding stair in an open mode, the robotic 

wheelchair must follow a circular trajectory, therefore, the 
circular path can be viewed as a constraint which will be  
described as the trajectory of centre of gravity of the robotic 
wheelchair., and then the Baumgarte stability method and 
coordinate reduction method are applied to determine the 
trajectory of the robotic wheelchair. 

Equations. (1)-(3) can be expressed in a matrix form as 
                           x f=&&                                                              (9) 

in which x TX Y φ= ⎡ ⎤⎣ ⎦ ,  and 

b 

b

L L1 L2 

q1 q2 

q4 

CGa 

W 

 
Fig.  4.  Normal pressures at the first stage  
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Fig.  5.  Normal pressures at the second stage action

 
Fig.  3.  Winding stair-climbing based on skid-steering 

analysis 
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Because the centre of gravity of the robotic wheelchair 
moves along a circle which is defined as following as 

(1 cos )
0

sin
h

X R
Y R

φ
φ

− −⎡ ⎤
= =⎢ ⎥+⎣ ⎦

                                 (11) 

The trajectories of the robotic wheelchair can be planned by 
differentiating   (11) such that  

              1 0 sin
0

0 1 cos
h = Bx x =

R
R

φ
φ

−⎡ ⎤
= ⎢ ⎥

⎣ ⎦
& & &                            (12) 

              0h Bx Bx= + =&& &&& &                                                  (13) 
Equations (11)(12) are substituted into (9), and the required 

thrusting  forces 0F , iF can be solved using (9)(10). 
In order to analyze the corresponding winding stair-climbing 

motion by simulation, the Baumgarte method is introduced to 
assure asymptotic stability by using the following expression 
for the constraints as 

[ ] [ ] 0h h hα β+ + =&& &                                    (14) 
in which the elements of the diagonal constant matrix[ ]α [ ]β  
must satisfy 0iα >  and 2 4 0i iα β− ≤  to achieve asymptotical 
stability. Substituting (12) (13) into (14), the constraints are 
expressed as 

( )[ ] [ ]Bx B B hα β= − + −x&&& &                            (15) 

    Further, the coordinate reduction method is applied to (9), 
the equations of motion will become 

                                 Tx = Tf&&                                           (16)                                                                       
in which applied matrix  [ ]sin cos 1T R Rφ φ= −  satisfies 

0TBT =                                          (17) 
Equations (15)(16) are used for the motion analysis for the 
robotic wheelchair. 

VI. SIMULATION AND EXPERIMENTAL RESULTS 
A winding stair, which is based on ISO 7176-24, is used for 

the simulations and experiments. The winding stair has 
nineteen steps in one circle and each step is 19 o . The required 

thrusting forces for climbing the specified winding stair are 
shown in Fig. (7). It is noted that the forces are for only three 
steps. The peaks in the figures are resulted from the transition 
of each climbing stages. Fig. 8 shows the trajectories of the 
center of gravity of the robotic wheelchair and its body 
respectively. Because the trajectory is planned with respect to 
the center of gravity of the robotic wheelchair, the path of its 
body fluctuates. However, the body is for a mounted seat, it 
may be better to plan trajectories with respect to the body of the 
robotic wheelchair. The 3D trajectory is shown in Fig. 9 to 
validate the development of the equations of motion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The experiment is implemented using the designed robotic 
wheelchair. The climbing processes are shown in Fig. 10(a)-(h). 
It is seen that the robotic wheelchair can overcome the winding 
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Fig.  6.  Normal pressures at the third stage 
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Fig. 7.  Required thrusting forces for the specified 
winding stair 
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staircase while keeping its body level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    (a)                                   (b) 
                                                                                                          
 
 
 
 
 
 
 

(c)                                   (d) 
     
 
 
 
 
 
 
 
                 (e)                                   (f) 
 
 
 
 
 
 
 
 
                   (g)                                   (h) 

Fig. 10(a)-(h) Photographs of experimental trial on winding 
stair-climbing 

VII. CONCLUSION 
This paper presents a novel stair-climbing robotic wheelchair 

in which a pair of rotational multi-limbed structures pivotally 
mounted on opposite sides of a rigid support base are driven 
using epicyclical gear trains in such a way as to achieve a 
rotational-type gait. In this way, the robotic wheelchair can 
climb stairs, especially climb winding stairs.  

Moreover, the equations of motion for the winding 
stair-climbing analyses are developed, and the trajectories are 
planed when the robotic wheelchair is operated in an open 
mode.  Simulation results present the required thrusts and the 
corresponding motion. Experimental trials also demonstrate 
that our proposed robotic wheelchair can ascend a winding 
staircase successfully.  

In the future, the trajectories will be planned with respect to 
the body considering an operator’s comfort. In addition, a 
feedback controller will be designed to climb the winding stairs 
more robust. 
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