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Abstract:  Stair climbing wheelchairs were created to help disabled people overcome one of the most 
common architectural barrier, stairs. Many types of devices have been developed using tracked, leg, 
leg-wheel and hybrid wheels to climb stairs but they are expensive, thus, out of the reach of the 
neediest. This paper presents a stair climbing wheelchair with four “X”-shaped wheel that uses its legs 
to climb and descend stairs. This mechanism maintains contact with the stairs during climbing activity 
to perform better at the climbing task. The seat of the wheelchair provides 1 DOF so that the 
inclination angle can be changed in order to correct the position of the center of gravity to be close to 
the center of the supporting polygon. An inertial measurement unit (IMU) sensor is used to detect the 
angle of the seat in relation to the ground and by using a motor utilizing PID control, automatically 
balance the seat in the horizontal position. In order to climb stairs smoothly, the angular position of the 
wheels should be the same, thus a PD control was implemented to control the position of the wheel so 
that they will be synchronized, therefore, capable of performing the climbing task at the same time and 
at the same position. Simulation and experimental results demonstrate the effectiveness of this 
mechanism and wheelchair. 
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I. INTRODUCTION 

 
Over the past few years, the number of elder 

people with disabilities has increased, especially in 

Taiwan where elderly people, from ages 60 and on 

account for 18.12% percent of the nation’s population 

according to the Dept. of Household Registration 

Affairs, MOI, Taiwan [1]. And even with the increase 

of the elderly population, most of the apartments in 

Taiwan do not have elevators for their assistance.  

 Mobility is the most common problem not only for 

elder but also for disabled people, a problem which 

devices like wheelchairs have done so much to alleviate. 

Wheelchairs and power wheelchairs as a means of 

transportation play an important role in the life of elder 

and disabled people because those devices assist them 

in becoming more mobile and independent.  However, 

they only can provide a high level of mobility in barrier 

free environments but are useless when confronted with 

architectural barriers. Several power wheelchairs with 

stair-climbing capability are available in the market 

place but they lack the sufficient stability to ensure 

smooth climbing and they are usually expensive, thus, 

out of the reach of the neediest. These types of power 

wheelchairs can cost as much as $22,000 USD.  

 Stairclimbing wheelchairs have been the main 

topic of research for many years. The increase of the 

elderly population living in buildings without elevators 

has made stairs become one of the greatest barriers 

faced on a daily basis, therefore, in order to solve this 

problem many researchers have tried to develop 

different systems to overcome this barriers. The devices 

developed can be classified into four categories: 

crawler type, wheeled type, leg type and hybrid type. 

Hybrid type is divided depending on its climbing 

mechanism into two subcategories: wheel-leg and leg-

wheel mechanism. Many researchers had focused on 

the development of crawler type wheelchairs due to its 

capability of adapting to any kind of stair [2-4]. Lawn 

et al. [5] developed a device that uses tracks and chair 

auto leveling to position the chair in a suitable 

inclination to climb. Devices using tracks have low 

center of gravity making it more stable, but the main 

problem is that they exert high pressure on the edge of 

the stair due to its heavy weight. Therefore, they are not 

suitable for old buildings. There are also tracked 

vehicles commercially available such as TopChair [6], 

Sunwa stair aid [7], Garaventa Lift [8], B-Free chair [9] 
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and others that have all demonstrated degrees of stair 

traversing ability, but they needs additional 

mechanisms or experienced assistance to traverse stairs. 

A wheel type is commonly used due to its adaptability 

to different surfaces and can be further enhanced as a 

power wheelchair, but most of those systems require 

the help of an experienced person to ensure stability 

while climbing or descending stairs. One of the most 

famous stair climbers with wheels to climb is the iBOT 

[10]; it uses two sets of two-wheeled link mechanisms. 

However, to climb a stair, iBOT needs a support or the 

use of an alternative operation as center of gravity 

modification to maintain stability. To solve this 

problem, many researchers have designed various 

controls to adjust the center of gravity [11-14] but these 

will only increase the complexity of the system. Leg 

type stair climbers, as the name suggests, move using 

“legs”; their main characteristic is a broad mobility 

suitable for different environments. Bang et al. [15] 

developed a wheelchair that uses two “C” shaped legs 

to climb stairs. Even though leg mechanisms have the 

highest adaptability since the contact point with the 

ground where the feet supporting the body can be 

selected safely, but such devices structure needs a large 

number of actuators, and thus the control becomes quite 

complex.   

 In order to overcome the disadvantages presented 

by these mechanisms, hybrid devices were developed. 

Hybrid devices that use leg-wheel mechanism combine 

the high abilities of maneuverability and adaptability of 

the leg with the advantages of efficiency of the wheel. 

One example of a device that uses leg-wheel 

mechanism is the Zero Carrier [16], this device works 

as a platform that can move not only a wheelchair up 

and down stairs, but also can transport heavy weighted 

objects. Quaglia et al. [17] designed a device that uses a 

planetary wheel, a leg-wheel mechanism that divide the 

climbing and advancing processes in two separate 

operations. Even though it has high adaptability, the 

transition between operations can be affected by 

external forces reducing its stability. The wheel-leg 

mechanism differs from the leg-wheel mechanism in 

their driving component. Leg-wheel mechanisms are 

composed by legs with wheels that drive the system up 

and down, while the wheel-leg mechanism uses its legs 

to climb stairs. Systems using wheel-leg mechanisms 

have demonstrated high climbing capability, smooth 

motion and stability but the need of an external control 

to reposition the COG to remain stable have been an 

issue that haven’t been solved. This research is focused 

on the development of a stairclimbing wheelchair using 

a wheel-leg mechanism. 

 This paper demonstrates a stair climbing 

wheelchair using a set of four “X” shaped wheels that 

uses its “legs” to climb and descend stairs. In order to 

relocate the COG, we developed a device that was 

geometrically designed to position the center of mass 

near the center of the supporting polygon to assure 

stability, and in case of encountering different stairs a 

seat system was developed to automatically change the 

inclination angle of the seat so that it can always be 

parallel to the floor so that an additional person won’t 

be needed. Section 2 describes the mechanical design of 

the stair climbing wheelchair. The control design and 

the system’s climbing process are explained in Section 

3. Simulations, experimental results and the 

effectiveness of this mechanism are discussed in 

Section 4 and Section 5 includes the conclusion and 

future changes that are going to be made to improve the 

system. 

 

II. METHODOLOGY 

 
A. Platform Description 

 
Fig. 1 Mechanical concept of the stairclimbing 

wheelchair 
 

 Fig. 1 shows the mechanical concept of the stair 
climbing wheelchair. The mechanical system is a very 
important part of the stair climbing wheelchair. It 
directly affects the operation, stability and safety of the 
device. There are two main elements involved in the 
stair climbing process: the climbing platform, 
composed of the wheel-leg mechanism and the 
wheelchair main frame; and the seat platform that is 
composed of a seat self-inclination mechanism, a key 
mechanism that makes the wheelchair user’s center of 
mass be located in an ideal position. This is to reduce 
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the required torque for climbing and to eliminate the 
uncomfortable sensation of leaning down while 
climbing. 
 
 

1) Climbing platform: 

 The climbing platform consists of the main frame 
(housing) and the wheel-leg mechanism. The main 
frame and the wheel-leg mechanism are made of 
Aluminum 6061 due to its exceptional tensile strength 
of 125MPa to withstand great external forces. 
 

 
Fig. 2 Overview of stairclimbing wheelchair structure 

 
 The main frame has four DC motors with a gear 
ratio of 25:1, (EC63L244727ERG) used to drive the 
four wheels respectively for the climbing operation. 
Additionally, each motor is able to output a power of 
more than 270W, enough to climb stairs and move in 
flat surfaces (Fig. 2). The design of wheel-leg 
mechanism is the most unique feature of the 
stairclimbing wheelchair. The mechanism was designed 
to imitate the movement of the legs, especially the foot, 
but without the need of multiple actuators to climb. The 
key idea of the wheel-leg mechanism is to use one 
actuator to rotate four legs around one axis, maintaining 
the simplicity of the system.  
 

2) Seat platform: 

 One of the most common problems on a climbing 
device is the repositioning of the center of gravity to 
ensure stability. Many devices depend on an external 
support to manually position the device in an 
inclination angle where the COG can be inside the 
stability boundaries, but this can make the user feel 
uncomfortable and unsafe, also there is a high 
possibility of overturning. The seat self-inclination 
mechanism was designed in order to keep the center of 
gravity of the device inside the boundaries of the 
stability polygon to assure stability and to remain 
horizontal position while either climbing stairs or 
moving in flat surfaces (Fig. 3). 

 
Fig. 3 Center of gravity of the stairclimbing wheelchair 

without and with a rider 
 
 The seat is a one degree of freedom (DoF) structure 
driven by a Brushless DC motor and controlled through 
a microcontroller using an IMU (Inertial measurement 
unit) to provide feedback to determine the angle of 
inclination of the seat with respect to the ground. The  
motor model used for the seat is a BLDC motor 
(BLDC90M), with a nominal ratio of 110:1 and an 
output power of 350W that can provide sufficient 
output power to make the seat mechanism reach our 
desired position and withstand the torque necessary to 
support more than 60kg of loading. 
 
B. Platform Design 

1) Climbing system design: for designing a 
climbing mechanism, knowing the parameters of the 
stairs such as step base, height and inclination angle is 
essential (Fig. 4). 
 

 
Fig. 4 Staircase parameters 

 
 According to the public building codes in Taiwan 
(Ministry of the Interior, Taiwan), the height hS of the 
stair should be equal to or less than 18 cm and its base 
bS should be equal to or higher than 23 cm, i.e., its 
staircase inclination φS  less than 36.87 degrees.  
 
 

a) Wheel-leg mechanism design: 

 The wheel described in this paper was designed by 
imitating the structure of human feet while climbing. 
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The sole of a foot is the support that drives the body up 
and the toes work as the degree of freedom in which the 
leg can rotate to move forward. The length of the stair 
base bS can be defined as the travel distance BS. With 
this, the size of the leg of the wheel can be designed. 
 
BS = bw + aw (1) 
 
 Where BS is the distance that is needed to travel, bw 
is the sole of the foot and aw is the rotation arc defined 
as: 

�� = �����
180  

(2) 

 
 Fig. 5 shows the graphical description of the 

parameters. �� is the arc angle of the sole. These 
parameters were carefully chosen to prevent the motor 
housing and the chassis from impacting the stair while 
climbing. Each wheel-leg has four foots so that it will 
be able to climb one stair when rotating 90°. By 
following the previous mentioned parameters, the 
wheel can be designed in accordance to any type of 
staircases. With this design, the wheel will always be in 
contact with the stair so that smooth motion can be 
achieved.  

 
Fig. 5 “X” shaped wheel-leg structure 

 
 In order to being able to climb stairs, the wheel 
radius ��  should be larger than the height ℎ�  of the 
staircase. Thus,  ��  of 20 cm was chosen. The sole of 
the leg �� 	was set to have a length of 12.5 cm, enough 

to support and drive the device up. ��  can be easily 
obtained by substituting �� and �� into (1). This paper 
focuses on a staircase with base of 24 cm and height of 
18 cm to design the wheel. In addition to determine the 
size of each part of the wheel, rubber pads are 
employed and fixed onto the wheel legs in order to 
avoid any slippage caused by the contact between the 
wheel and the stairs. This also can reduce the effect of 
the impact on the stair and avoid damage. 

b) Main frame design: 

 To keep the center of gravity in a position where 
the device can climb while being robust, the distance 

between two wheels was calculated by putting them in 
interval of three stairs (Fig. 6).  

 
Fig. 6 Main frame geometrical design 

 
 By doing that, the height H between wheels and the 
distance between their centers D can be calculated by 
the following equations,  
 
� = (ℎ� − �) + �� (3) 

� = � �
sin��

� (4) 

� = ��� − �� (5) 

 
 To measure the parameters of the frame, the 
following calculations were made:  
 

�� = 180° − 2"� (6) 

�# = 0.5� (7) 

&' = &� = ��′� + ℎ� (8) 

 

 Where ��  represents the internal angle of the 

isosceles triangle, �� is the inclination of the stair, and 

&', &� are the legs of the triangle. 
 

2) Seat system design: The seat system is 
required to accomplish two main tasks: adjusting the 
seat so that the center of gravity of the system is located 
in a stable positon and reorienting the seat so that the 
passenger feels safe and comfortable.  
 
 
C. Control Design 

 The control system of the stairclimbing wheelchair 
has been divided into two modes, the manual mode and 
automatic mode. The manual mode consists of an HMI 
(Human Machine Interface) system, and this interface is 
achieved by using a simple board as a control terminal 
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that can be manipulated by an operator. The automatic 
mode is applied to two main systems, the seat system 
and the motion system (Fig. 7). 
 

 
Fig. 7 Stairclimbing wheelchair control diagram 

 
 The seat position system consists of a PI controller 
that controls the position of the seat so that the center of 
gravity stays near to the center of the support polygon 
by using feedback from a sensor to know the tilt angle 
of the seat with respect to the floor. The seat system 
control was designed by using an IMU (Inertia 
measurement unit) sensor that consists of a gyroscope 
and an accelerometer as a feedback to know the tilt 
angle of the seat in real time.  
 In order to control the position of the seat, first, a 
set point angle "* is defined as the angle we want the 
seat to be, in this case perpendicular to the floor. 
Knowing the actual tilt angle	", we can calculate the 
error that will be the difference between the actual 
angle and the set point. Then a PI control is employed 
to minimize this error by calculating the necessary 
output to adjust the seat in a desired position (Fig. 8). 
After the output is calculated, the microcontroller will 
send a signal to the driver to rotate the motor and adjust 
the seat tilt angle. 
 

PI Control
+

-

"+
SeatMotor

u

IMU

 Fig. 8 Seat control diagram 
 
 To simplify the operation of the stairclimbing 
wheelchair, the motion system is divided into two 
operations, the climbing operation and the ground 
operation. In climbing operation, two controllers are 
implemented: PD and P controllers. A PD controller is 

used to control the speed of the wheels so that the speed 
remains constant while climbing. The P controller is 
used to synchronize wheels so that they are in contact 
with the stairs at the same time while stair climbing. 
This aims to deliver equal torque outputs and produce a 
smooth climbing motion (Fig.9). The control processes 
are done by also using the feedback from the encoders 
to know the wheel rotation angle. In this operation the 
controller calculates the position difference between 
wheels. The ground module controls the speed of the 
wheelchair while moving in flat surfaces.  
 

+
-

βw u

Encoder

Front wheel PD Control Motor driverSaturation

+
-

u
Rear wheel PD Control Motor driverSaturation

∆ β

Encoder

P Control

+

+

-

βf

βr

 Fig. 9 Motion system control overview 
 

III. RESULTS AND DISCUSSION 

 
A. Simulation Results 

 One of the objectives of this research is to reduce 
the orbital motion or the fluctuations commonly seen in 
wheel-leg systems when climbing. Some researchers 
chose to slow down the climbing motion to a point 
where the orbital motion is minimal, but this requires 
high power output to achieve. Therefore, this approach 
is not power effective and can endanger the user in case 
of failure. In order to solve this problem, two conditions 
should be met, the seat must remain parallel with 
respect to the floor to remain stable and the climbing 
speed should remain constant so that the system can be 
power effective. 
 Various simulations were carried out to 
demonstrate the behavior of the system while climbing 
different stairs and to determine how the position of the 
center of gravity changes. Four sets of staircases that 
are commonly seen in the apartments in Taiwan were 
selected for the simulations (Table.1). 
 

Table.1 Fluctuation of the Center of Mass of the Stair 
 Climbing Device in Different Staircases 

Stair 
Staircase 

dimension 

Staircase 

inclination 

angle 

COG oscillation 

magnitude 

1 18×24 cm 36.86 ° 4.79 cm 



 Journal of Information and Communication Engineering (JICE), 2 (2): 99-105, 2016 

 

 104 

Stair 
Staircase 

dimension 

Staircase 

inclination 

angle 

COG oscillation 

magnitude 

2 17×26 cm 33.18 ° 5.14 cm 

3 14×30 cm 25.02 ° 5.28 cm 

4 12×30 cm 21.80 ° 5.39 cm 

 
 Fig. 10 shows the center of gravity displacement 
with respect to the vertical axis while climbing stairs at 
a speed of 3 RPM in different staircases. The wheels 
used for this simulation were designed using the 
parameters of a staircase with height of 18 cm and step 
depth of 24 cm.  To have a better comprehension of the 
Fig. 10, Table.1 lists the different magnitude of the 
COG fluctuation produced by the designed wheel for 
different staircases. It can be noticed that the 
fluctuations increase when the staircase is deviated 
from the design scenario(Table 1and Fig. 10). 

  

(a) COG oscillation 

(18×24 cm) 

(b) COG oscillation 

(17×26 cm) 

  

(c) COG oscillation 
(14×30 cm) 

(d) COG oscillation 
(12×30 cm) 

Fig. 10 Motion smoothness of the wheel-leg system 
 
 It can be stated that the designed wheels produce 
less COG oscillation in comparison with other devices 
at normal speeds without the need of complex control 
algorithms. In order to reduce vibration, rubber pads 
were added to the wheel legs.  
 
B. Experimental Results 

 In order to know the effectiveness of the designed 
device, we set two experiments: climbing capability 
experiment and COG oscillation experiment. 
 

1) Climbing capability experiment: The first was 
to conduct field test experiments to know the capability 
of the stairclimbing wheelchair when climbing and 
descending stairs. The results were then compared with 
the behavior shown in the simulations. 

 

(a) First phase: initial position 
(b) Second phase: two contact 

point 
 

(c) Third phase: one contact 
point 

(d) Final phase: initial position 

 
Fig. 11 Climbing phases of the experiment 

 
 Fig. 11 shows the developed device climbs a 
staircase with hS of 18 cm and bS of 24 cm. As what can 
be seen, in (a) the flat-stair operation starts, this process 
refers when the motion process begins in the flat 
ground and then moves to the stairs. At this point the 
torque output of the front wheels is higher than the 
torque output from the rear wheels. While the front 
wheels start driving the device up, the seat inclination 
system starts to position the seat perpendicular to the 
ground to assure stability until it reaches point (c). The 
stair climbing operation starts when both rear wheels 
and front wheels touch the stairs. From (c) to (d) the 
wheels are always in contact with the stairs and have 
the same angular position so that they touch the stairs at 
the same time. Therefore, climbing smoothly is feasible. 
In this the wheels were synchronized and a small 
external force was applied by the operator in order to 
reduce possible slippage. The climbing velocity was 
kept constant making the device have a smooth motion. 
 

2) Oscillation experiment: The second 
experiment was conducted to see if the oscillation of 
the COG was the same as the oscillation shown in the 
simulation. This experiment was conducted by 
measuring the displacement of the center of gravity of 
the device while climbing a staircase with hS of 18 cm 
and a stair base of bS of 24 cm. 
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(a) Wheelchair COG oscillation 

(simulation) 
(b) Wheelchair COG oscillation 

(experiment) 

Fig. 12 COG oscillation for a 18X24 cm staircase 

  
(a)Wheelchair COG fluctuation 

(simulation) 
(b) Wheelchair COG fluctuation 

(experiment) 

Fig. 13 COG fluctuation magnitude for a 18X24 cm 
staircase 

 
 Fig. 12 and Fig. 13 show the COG oscillation and 
its magnitude while the device is climbing. The results 
together with the data from the simulation assure that 
the device oscillation is less than one of other stair 
climbing wheelchair systems using wheel-leg 
mechanism. The results are shown in Table 1. 
 

IV. CONCLUSION 

 
 Experiments prove that the system can climb and 
descend different kinds of staircases with minimum 
slippage after several tests run. By analyzing the slow 
motion videos taken to see the behavior of the COG we 
confirmed that the oscillations were minimal in 
comparison with other devices. The seat-inclination 
system is also able to keep the chair in a position 
parallel to the floor while climbing. It was also 
concluded that the dimensions of the wheel-leg 
mechanism have a significant impact on the climbing 
process, depending on the stair. For users’ comfort, the 
device is set to climb with a speed of 3 RPM that 
decreases the magnitude of the COG oscillations and 
thus reduces the undesired vibrations. While the 
stairclimbing behavior of the stairclimbing wheelchair 
is stable, there are many factors that need to be 
improved. Future works include improvements in the 
reliability and safety of this wheelchair so that a 
commercial product can be made based on the 
prototype presented in this paper. Further refinement is 

also required on reducing the weight of the overall 
stairclimbing wheelchair.  
 

REFERENCES 

 
[1] Dept. of Household Registration Affairs, MOI, Taiwan. 

Available from: http://www.moi.gov.tw/english/. assessed in 
June 2015. 

[2] S. Hirose, “Design of terrain adaptive versatile crawler vehicle 
HELIOS-VI,” Proc. of the IROS 2001, pp. 1540-1545, 2001.  

[3] S. Yu, T. Wang, and X. Li, “Configuration and tip-over stability 
analysis for stair-climbing of a new-style wheelchair robot,” 
Proc. IEEE Int. Conf. Mechatronics and Automation. Xi'an, 
China, pp.1387-1392, 2010. 

[4] S. Yu, T. Wang and Z. Wang, “Track tension optimization for 
stair-climbing of a wheelchair robot with variable geometry 
single tracked mechanism,” Proc. IEEE Int. Conf. Robotics and 
Biomimetics. Phuket, Thailand, pp.2774-2779, 2011. 

[5] M. J. Lawn, T. Sakai and M. Kuroiwa, “Development and 
practical application of a stairclimbing wheelchair in Nagasaki,” 
Journal of HWRS-ERC, vol. 2(2), pp. 33-39, 2001.  

[6] TopChair SAS., http://www.topchair.net/. assessed in July 2015. 

[7] Sunwa stair aid, http://www.sunwa-jp.co.jp/en/. assessed in  
July 2015. 

[8] Garaventa Lift, http://www.garaventalift.com. Status: July 2015. 

[9] B-Free chair, http://b-free.hk/en/. assessed in July 2015. 

[10] iBOT, http://www.dekaresearch.com/ibot.shtml. assessed in 
July 2015. 

[11] S. Ahmad and M. O. Tokhi, “Forward and backward motion 
control of wheelchair on two wheels,” Conference on Industrial 
Electronics and Applications, pp. 461-466, 2008.  

[12] S. Ahmad, M. O. Tokhi, and S. F. Toha, “Genetic algorithm 
optimisation for fuzzy control of wheelchair lifting and 
balancing,” Third UKSim European Symposium on Computer 
Modeling and Simulation, pp. 97-101, 2009.  

[13] S. Ahmad, and M. O. Tokhi, “Linear quadratic regulator (LQR) 
approach for lifting and stabilizing of two wheeled wheelchair,” 
International Conference on Mechatronics, pp. 1-6, 2011.  

[14] D. Wang, X. Gao, X. Duan, W. Zhang, Q. Huang and Y. Liu, 
“A fuzzy-model-based gravity center adjustment and inclination 
control for stair-climbing wheelchair,” 10th  World Congress on 
Intelligent Control and Automation (WCICA), pp. 3764 – 3769, 
2012. 

[15] Y. B, Bang, C. H. Lee, J. H. Yoo, K. M. Lee and I. S. Kim, 
“Two-legged stair-climbing wheelchair and its stair dimension 
measurement using distance sensors,” Control, Automation and 
Systems (ICCAS), No.11: pp. 1788-1791, 2011. 

[16] J. Yuan and S. Hirose, “Research on leg-wheel hybrid stair-
climbing robot, Zero Carrier,” International Conference on 
Robotics and Biomimetic, August 2004. 

[17] G. Quaglia, W. Franco and R. Oderio, “Wheelchair.q, a 
motorized wheelchair with stair climbing ability,” Mechanism 
and Machine Theory, vol 46, No. 11: pp. 1601-1609, 2010. 

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60

COG position x (cm)

C
O

G
 p

o
si

ti
o

n
 y

 (
c
m

)

 

 

COG path

Ideal path

0 10 20 30 40 50 60 70
0

10

20

30

40

50

60

COG position x (cm)

C
O

G
 p

o
si

ti
o

n
 y

 (
c
m

)

 

 

COG path

Ideal Path

0 20 40 60 80 100
-3

-2

-1

0

1

2

3

position x (cm)

C
O

G
 d

is
pl

a
ce

m
en

t 
d 

(c
m

)

 

 

Max value 2.56 Circular leg Min value -2.22

0 10 20 30 40 50 60 70 80 90
-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

position x (cm)

C
O

G
 d

is
p

la
c

em
en

t 
d

 (
c

m
)


