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Abstract— The wheelchair is the major means of transport
for elderly and physically disabled people in their daily lives.
However it cannot overcome architectural barriers such as
curbs and stairs. In this study, we developed an inverted-
pendulum-type robotic wheelchair for climbing stairs. The
wheelchair has a seat slider and two rotary links between the
front and rear wheels on each side. When climbing up stairs,
the wheelchair rotates the rotary links while maintaining an
inverted state of a movable body by controlling the position
of the center of gravity using the seat slider. In previous
research, we proposed the control method for climbing up
stairs using the rotary links and seat slider, confirming a
period of approximately S s to rotate the rotary links. In this
paper, we propose a control method for going down stairs, and
experimentally verify the control effectiveness and stability.

I. INTRODUCTION

In recent years, the number of elderly and physically
disabled people has increased, leading to a surge in the
demand of electric-powered wheelchairs (EPWs). However,
the difficulty to access areas with curbs and stairs using
a standard EPW limits the scope of activities that can be
completed, thus declining the quality of life of those who
depend on EPWs. Various stair-climbing EPWs have been
developed to access these areas without requiring external
assistance. Most developed stair-climbing EPWs use wheels
on flat terrain and special mechanisms on stairs or steps to
maintain locomotion efficiency [1]. These mechanisms differ
depending on the grounding method and are classified into
three types: crawler, multipoint grounding, and two-point
grounding.

The mechanism combining crawlers and wheels [2] [3]
uses crawlers when going up and down stairs as well as
wheels when traveling on flat ground. The crawler contact
surface when climbing up stairs is the edge of the stairs.
Consequently, on stairs with large gradient, the risk of slip-
ping increases, and large motor torque is required. Therefore,
crawlers are appropriate for stairs with small gradients.
Zero Carrier [4], TBW-1 [5], and RT-Mover [6] with leg—
wheel mechanism leverage multipoint grounding to maintain
static stability by creating three or more ground contact
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Rotary link

Fig. 1. Prototype of developed inverted-pendulum-type robotic wheelchair
[12]. The left figure shows the wheelchair going up stairs and the right
figure shows it going down stairs.

points when climbing stairs. These mechanisms allow safe
locomotion because static stability is constantly maintained.
However, the mechanism is complicated, and the undercar-
riage is bulky. Although an active rotary-leg mechanism with
compact undercarriage has been proposed [7], a one-way
clutch is utilized to climb stairs, being impossible to go
up and down stairs using the same mechanism. The iBOT
[8] utilizes two-point grounding by using two right and left
wheels and a rotary link that connects the front and rear
wheels on each side. The iBOT climbs by alternating four-
and two-point grounding, and provides a compact mechanism
for going up and down stairs regardless of the stair slope
and tread length. However, the statically unstable two-point
grounding on stairs requires the user to hold the handrail to
maintain balance while climbing up stairs without assistance
of a caregiver [8]. Therefore, the iBOT is unsuitable for
elderly people with limited lower- and upper-body function.

The EPW proposed by Shino et al. [9] uses two-point
grounding similar to the iBOT, as shown in Fig. 1, and climbs
up stairs using the control theory of an inverted pendulum.
This EPW has a slider mechanism to control the center-of-
gravity position. Unlike the iBOT, it autonomously adjusts
balance, omitting the necessity of caregiver assistance or user
training. In a previous study using this stair-climbing EPW,
a controller was implemented to maintain the pitch angle at
0 rad without falling on the stairs [9] [10] [11] [12]. Conse-
quently, stability was guaranteed by taking approximately 5
s to actuate the rotary links for climbing upstairs. However,
the stability when going downstairs was not demonstrated.
In this study, we developed a stair-climbing EPW with two-
point grounding and center-of-gravity position control with

4114



Payload

Slider

Actuator for
slider

Linear encoder

Wheel
. Rotary link
Actuator for rotary links
and wheels
(a) Front view (b) Side view

Fig. 2. Mechanism of developed EPW (IMU, inertial measurement unit)
[12]

TABLE I
SPECIFICATIONS OF DEVELOPED EPW

Parameter Value
Height 1245-1375 mm
Length 1055-1175 mm
Width 732 mm
Weight (without payload) 90 kg
Maximum thrust of slider actuator 895 N
Maximum motor torque of rotary link 150 Nm
Maximum motor torque of wheel drive 10 Nm

(d

Fig. 3. Sequence for going up and down stairs [12]

a slider. In addition, we evaluated the stability while going
down stairs and the effectiveness of the proposed control
method.

II. DEVELOPED ROBOTIC WHEELCHAIR

A. Mechanical Design

Front and side views of the mechanism proposed by Shino
et al. are depicted in Fig. 2, and its specifications are listed
in Table I. The proposed mechanism comprises two rotary
links between the front and rear wheels on each side, and
a slider that moves the seat back and forth. The user is
assumed to be fixed to the seat with a seat belt. As it
has been experimentally confirmed that the behavior of this
device has low effect on the user, a payload can substitute
the real user [12]. The device has a slider actuator under
the seat and rotary links and wheel-drive motors. Shino et
al. evaluated stair climbing with these actuators, confirming
that each actuator has the adequate frequency response [9].
In addition, this EPW has a sensor for each actuator, and an
inertial measurement unit to acquire the pitch angle of the
movable body. A public facility is assumed as the operation

(b) Mass and length diagram

Fig. 4. Simplified model resembling inverted pendulum [12]

TABLE I1
PARAMETERS OF DEVELOPED EPW

Parameter Symbol Value

Pitch angle of robot body Obp -
Rotation angle of left rotary link on -
Rotation angle of right rotary link (28] -
Rotation angle of left grounding wheel Ol -
Rotation angle of right grounding wheel Orw -
Slider displacement Ts —
Torque of left rotary link T -
Torque of right rotary link Tyl -
Torque of left grounding wheel Tlw -
Torque of right grounding wheel Trw -
Slider force Fy -

Wheel radius T 0.125 m

Half-length of rotary link l 0.13 m

Center of mass of body base hy, 0.2528 m

Center of mass of seat hs 0.617 m

Mass of rotary link m) 74 kg

Mass of wheel My 1.65 kg

Mass of body base mp 50.0 kg

Mass of slider (including payload) ms 98.5 kg

Total mass of wheelchair M 169.9 kg

Inertia of wheel Jw 0.00965 kgm?
Inertia of rotary link Ji 0.107 kgm?

environment for this EPW, and the dimensions of stairs
should satisfy the Japanese Building Standards [13].

B. Control System for Stair Climbing

Fig. 3 shows the sequence for the developed EPW to go
up and down stairs. The EPW allows climbing upstairs by
switching between two operation modes: center-of-gravity
control (from Fig. 3(a) to (b) and from Fig. 3(d) to (e))
and rotary link control (from Fig. 3(b) to (d)). Similarly,
the EPW allows going downstairs by adopting the inverse
sequence from Fig. 3(e) to (a). The center-of-gravity con-
trol conforms a preparation phase for performing inverted
pendulum control on the front wheels. The center of gravity
of the movable body is placed above the front wheels by
moving the slider when the front and rear wheels are in
contact with the ground. During this phase, the slider moves
to the target position, and proportional—differential control
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and gravity compensation are performed for the rotation of
the rotary links and wheels to remain fixed. During rotary
link control, the link is rotated for the wheels on stairs to
be switched via inverted pendulum control on the two front
wheels. During this phase, the target rotation for the rotary
link is adjusted to the stair shape, and the target trajectories
for the wheel rotation and the slider translation are calculated
accordingly. Considering symmetrical control when going up
and down stairs, a controller has been proposed based on the
2D rigid body model shown in Fig. 4 [12]. This controller
combines feedforward control that provides actuator inputs
to follow the target trajectory and feedback control that
compensates for disturbances and modeling errors to improve
trajectory tracking. The movement of the center of gravity
caused by the slider during the corresponding phase can be
easily controlled. The control methods during inverted state
and mode transition are described below.

1) Control during Inverted State: We focus on the equa-
tion of motion (1) for maintaining the pitch angle at 0 rad
when setting the target trajectory for each state variable:

d oL oL
O=—|[——]— , 1
dt (80bp> 00y M

where t represents time and L is the Lagrangian function.

When (1) is expanded using 6y, = ébp = ébp =0,0,=
6y = 6y, and 0, = Oy, = 0Oy, it can be expressed as (2),
where the total weight of the wheelchair, (4m., +2m+my,+
my), is denoted as M.

0 = —mgsgxs + Mgl cos 6,
+ (4 + (M7 + mghg + myphy, + Mlsin6))r)(6y + 6,)
+ ms(r + hs + 1sin )&
+ (441 + (M + 4my,)12)6,
+ (M7 4 mghg + mphy) (6 sin ) + 02 cos )
— msxsl(él cos O — 912 sin ) 2)

Each term in (2) represents a moment acting on the pitch
angle, and this is the conditional equation for maintaining
O, = 0. Although the proposed EPW has six degrees of
freedom (Oy,p, 011, 011, 01w, 01w and x4), no actuator driving the
pitch angle is available, establishing an underactuated robot
controlled by five actuators. Therefore, it is not possible to
plan target trajectories for the six variables independently.
In fact, if a target trajectory with five degrees of freedom
is determined, the trajectory for the remaining degree of
freedom is automatically determined [14]. Hence, once the
desired trajectories of two of three variables (e.g., x5, ), and
0y ) are determined, the trajectory for the remaining variable
is uniquely determined to satisfy (2) under 6y, = ébp =
ébp = 0, 9r1 = 911 = 91, and er = 01W = 6W.

In previous studies [11] [12], the target trajectory for the
rotary link was first set for each section shown in Fig. 5, and
then the target trajectory for the slider was set according to
(3) for the moment around the grounding wheel in Fig. 4 to

Section 3

Section 1 Section 2

Fig. 5. Three sections during rotary link control. The sequence from sections
1 to 3 is utilized when climbing upstairs and that from section 3 to 1 is
utilized when going downstairs. [12]

M ;: Moment caused by inertial M: Moment caused
M,,: Moment caused by force and reaction of driving force by center-of-mass
inertial force of back- / \ movement of payload
and-forth movement
of wheels

N Ax
Direction of @@
slider movement
V7227222 7
2

Direction of wheel
movement

Fig. 6. Control considering dynamic equilibrium of pitch angle [12]

be geometrically zero. With this slider trajectory, the static
equilibrium of the pitch angle can be maintained. However,
moment My due to inertial force and the reaction of driving
force acting on the pitch angle cannot be compensated.

Ml
3 (cos(6y1) + cos(On)) 3)

Onozuka et al. [12] clarified that the developed EPW gen-
erates moment M, by the inertial force of the back-and-forth
acceleration of the grounding wheels, as shown in the second
term of (2) during stair climbing, to compensate for moment
M. This grounding wheel acceleration increases with the
rotary link angular velocity, leading to fall of the EPW in
the worst case. Therefore, we propose a control method to
generate moment M equivalent to M, by displacing the
center of gravity via slider motion to suppress the grounding
wheel movement, as shown in Fig. 6.

Onozuka et al. also showed that grounding wheel acceler-
ation Z,, can be estimated from rotary link angular velocity
6, and designed a controller to generate moment M, due to
slider movement Az derived from i, [12]. At this time, Az
is expressed as (4) from the relationship between the moment
given by the second term in (2) and the moment due to the
EPW center-of-gravity displacement. By using Az, the slider
target trajectory considering dynamic equilibrium of the pitch
angle can be expressed by (5).

Tsref =

4Jy + (Mr + mghs + mphy, + Mlsin0))r .

Lw

“4)

Ax =
megr

1 Ml

Lsrefdyn = 5 m

(cos(6y1) + cos(6n)) + Az 5)

S
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Fig. 7. Control block diagram of EPW for going up and down stairs [12]

Stable Region

(a) Stable region when climbing upstairs (b) Stable region when going downstairs

Fig. 8. Stable region during four-wheel grounding of developed EPW

However, as mentioned in [12], when iw < 0, Ax 0.
This control of slider displacement by Az was applied from
sections 2 to 3 in Fig. 5 for climbing upstairs, and from
sections 3 to 2 for going downstairs. Fig. 7 shows the control
block diagram of the proposed controller.

2) Mode Transition: Shifting from rotary link control to
center-of-gravity control corresponds to shifting from the
two-wheel inverted state to the four-wheel grounding state.
During this transition, the target slider position should ensure
that the center-of-gravity of the wheelchair at the end of
rotary link control is on the contact point of the grounding
wheels. However, the feedback gain during inverted state
is the largest for the pitch angle, and other state variables
have some deviated values to maintain the pitch angle O rad.
For instance, the slider position has the deviated value o
of approximately £0.005 m from the target value. When
this deviated value is in the opposite direction with respect
to the target value, a backward moment is generated at
mode transition, and the developed EPW falls. The following
conditions must be satisfied to prevent tipping over due to
the deviated value of slider position o.

1) The dynamic EPW center-of-gravity is within the
stable region at the end of two-wheel inverted
control.

2) The static EPW center-of-gravity is within the

stable region after landing.
The stable regions for going up and down stairs are shown
as red lines in Fig. 8.
As shown in Fig. 9, condition 1 is satisfied with a forward
moment generated by contacting the grounding wheel to
the side of the stairs when climbing upstairs and driving

Moment caused by reaction force

. . . Moment caused by inertial force
of contacting to side of stair

of wheel movement

; /

//« 7

> Direction of wheel
movement

Force caused by
contacting to
side of stair

(a) Stabilization when climbing upstairs  (b) Stabilization when going downstairs

Fig. 9. Stabilization strategy during mode transition
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Fig. 10. Relationship between pitch angle A# after landing and moment
variation AMpy generated by pitch angle and AM, generated by slider
position deviation o

the grounding wheels backward when going downstairs. To
satisfy condition 2, we set the target rotary link angle such
that the pitch angle tilts A6 after landing and the EPW
center-of-gravity is kept within the stable region. Moment
variation AMy caused by tilting the pitch angle by A6 is
expressed as (6) and it controls the position of the EPW
center-of-gravity. In addition, moment variation AM, due to
the deviated value of slider position o is expressed as (7). The
pitch angle should be tilted by A#@ satisfying AMy+AM, >
0, and the A@ varies with ¢ as shown in Fig. 10.

AMy = (mghs + mphy,)gsin(Af) — mgzsg(1 — cos(AH))
(6)

AM, = msgo (7
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Considering x5 = —0.2 m and o = —0.005 m for going
downstairs, AMy + AM, > 0 is satisfied at A6 > 0.011.
Therefore, the target rotary link angle is set to a value such
that the pitch angle A6 after landing is larger than 0.11 rad
to satisfy the condition 2.

III. EXPERIMENTS AND RESULTS

A. Experimental Setup

To verify the effectiveness and stability of the proposed
controller for going downstairs, we conducted experiments
considering a payload of 80 kg substituting a user and time
T for the rotary link control of 6 s. Adhering to the Japanese
Building Standards, the height of the stairs was 0.14 m and
the length of the stairs was 1.0 m. In addition, the experiment
was conducted for 7' = 15 s as condition under which the
effect of both inertial force and reaction of the driving force
was small. The developed EPW had no functions to sense the
surrounding environment, and the stair-height information
measured for control was given.

B. Experimental Results

We analyzed the results during rotary link control and
mode transition. Fig. 11 shows the amount of grounding
wheel movement during rotary link control over 15 s. Under
this condition, the effect of the inertial force and reaction
of the driving force is small, and hence Ax obtained from
the estimated value of the grounding wheel acceleration
Ty 1S always 0 m. Hence, the target position of the slider
statically maintains equilibrium of the pitch angle, and the
grounding wheel movement is within the allowed range,
which is calculated as the range for which the grounding
wheels do not collide with the side of the stairs or slip off
the edge of the stairs during grounding for step length of
0.26 m (i.e., the shortest length in public facilities).

Figs. 12 and 13 show the results for rotary link control
during 6 s. Fig. 12 shows that the grounding wheels moved
approximately 0.4 m before adding the control considering
dynamic equilibrium of the pitch angle. However, by updat-
ing the target position of the slider by Az and generating
My as shown in Fig. 13, the amount of grounding wheel
movement remained within the allowed range. The white
wheel markers from O to 6 s in Fig. 14 show that the ground-
ing wheels (front wheels) hardly moved. Fig. 15 shows
the maximum variation of pitch angle and grounding wheel
displacement in the inverted state under rotary link control
over periods of 6 and 15 s. The pitch angle was kept around
0 rad and the maximum grounding wheel displacement was
within the allowed range, demonstrating that the developed
EPW can go downstairs at different speeds.

Fig. 16 shows the pitch angle during mode transition, with
the period up to 6 s representing the rotary link control and
the landing instant occurring at 7 s. At mode transition, the
EPW landed without falling over by driving the grounding
wheels backward. In addition, the pitch angle after landing
was approximately 0.03 rad, satisfying A > 0.011 as
shown in Fig. 16, and the static stability after landing was

0.4
)
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.S
g Allowed range of
< 0.1 wheel movement
T e
Z 0 /—i\/

0 5 10 15
Time [s]

Fig. 11. Wheel position when going downstairs for 7" = 15 s
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Fig. 12. Wheel position when going downstairs for T = 6 s
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Fig. 13. Moment generated by center-of-mass movement of payload (Ms)

maintained by keeping the EPW center of gravity within the
stable region.

C. Limitations

There were several limitations of the present study. Espe-
cially, the stair-height and the mass of a user were given as
information for the control design. Therefore, further studies
are necessary to clarify the effects of the measurement error
and the modeling error on dynamic stability. Moreover, the
dynamic stability under disturbances such as user movement
has not been studied, and it is necessary to improve the
functional safety when a user operates the EPW.

IV. CONCLUSIONS

We propose a control strategy to improve the dynamic
stability for going up and down stairs using an underactuated
stair-climbing EPW that utilizes two-point grounding and
center-of-gravity position control by a slider.

« For control in inverted state, we designed a controller to
determine the target trajectory of the slider considering
dynamic equilibrium of the pitch angle.

o When shifting from the two-wheel inverted state to the
four-wheel grounded state, we designed a controller
to keep the center of gravity within the stable region,
where the front and rear wheels touch the ground
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Mode transitio

Fig. 14. Photographs of experiment sequence using proposed control to go
downstairs. The sequence letters from (a) to (e) correspond to the stages
shown in Fig. 3.
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Fig. 15. Maximum grounding wheel displacement and pitch angle variation
when going downstairs
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Fig. 16. Pitch angle during mode transition

considering the EPW center-of-gravity position and
behavior.

e By applying the abovementioned controllers to the
developed EPW, we demonstrated that the grounding
wheels hardly move and stably go down stairs for rotary
link control lasting 15 or 6 s and step height of 0.14 m.

Therefore, we demonstrated that the developed EPW can
go up and down stairs at different speeds under the condition
that a payload of 80 kg was substituted for a user. In
future work, we will improve the functional safety when a
user operates the EPW and propose corresponding safety
measures. In addition, we have to equip the EPW with
functions to sense the surrounding environment and verify
the stability when measurement errors occur.
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