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Abstract

Urban locomotion is a challenge for individuals with lower limb impairment or any other conditions that inhibit ambulation.
While wheelchairs are the absolute choice, they do not address the entire problem of accessibility in urban locomotion despite
the use of actuators. One of the viable prospects has been demonstrated by Stair Climbing Wheelchairs (SCW), which rely
on different modes of mechanism to traverse the staircase. Since staircases are the most common and one of the challenging
elements of the urban setting, these wheelchairs are supposed to sufficiently address the problems of the terrain. However,
several technical and psychological shortcomings hinder a wider practical use. This paper discusses semi-autonomous tracked
SCW and introduces a novel kinematic mechanism design that facilitates successful switching of the mode of locomotion
and autonomous pose adjustment with the changing terrain. To execute the intended task of pose estimation/adjustment and
variable locomotion, an algorithm that combines multiple sensor data with the kinematic model has been developed. The
developed prototype was tested in a loaded condition in staircases of different gradients. The experimental results suggest
that the system addresses a plethora of issues mentioned in the literature, considering the factors of accessibility and safety.
Also, this paper has highlighted the requirement of vibration suppression for user comfort, promoting technological accept-
ance and adaptation.

Keywords Rehabilitation robotics - Kinematic design - Stair-climbing

1 Introduction
1.1 Motivation

Recent years have seen unprecedented growth in the size
of the personal mobility devices (PMD) market, estimated
to be around USD 11.5 billion in 2020 [1]. The rise in
the global geriatric population, in addition to enhanced
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technological development and acceptance, are some of the
contributing factors. Undoubtedly, within the overall PMD
market, powered wheelchair occupies a significant portion.
Regardless of the prevalent market size for the powered
wheelchair, there exist several factors that are detrimental
to its usage. One of the biggest impediments to the vast
majority of PMDs is the issue of accessibility. As these
devices rely primarily on the wheels, the design of the
infrastructures mostly disregards the consideration of the
PMD users. The problem of accessibility is still seen at
large by the majority of wheelchair users around the world
[2, 3]. Another major issue associated with PMD is the
notion of safety. According to a survey, 21% of power
wheelchair users reported physical accidents [2]. Another
survey indicated that 19% of the users lacked a ’sense of
safety’ and felt vulnerable during usage [4]. While quan-
tification and analysis of physical safety are convenient,
the comprehension of the psychological aspects is intricate
[5]. Thus, regarding the wider use and acceptance of PMD
for urban locomotion, enhancing accessibility while ensur-
ing physical as well as psychological safety is pivotal.

@ Springer


http://orcid.org/0000-0003-1333-3982
http://crossmark.crossref.org/dialog/?doi=10.1007/s10846-022-01765-3&domain=pdf

66 Page 2 of 18

Journal of Intelligent & Robotic Systems (2022) 106:66

1.2 Related Work

The prevalence of stair climbing PMDs is significantly
scarce when compared to other PMDs. Still, several
approaches exist within the research and commercial
sphere to address the issue. Tao et al. have classified the
prevalent methods of stair climbing for wheelchairs into
four classes: leg-based, wheel cluster-based, hybrid and
tracked [6]. Leg-based stair climbing method relies on the
mechanical actuated leg-like features to climb the stairs
[7-9]. Similarly, in a wheel cluster-based mechanism, mul-
tiple wheels in multiple axes are arranged in a planetary
formation along a single axis, such that the normal loco-
motion is served by a rotation of the wheels and climbing
is ensured by revolution along the common axis [10-16].
While three wheeled-cluster [11-14, 17] or hex wheeled-
cluster [18] are mechanically stable, two-wheeled-cluster
mechanisms rely on an inverted pendulum-type control
method to maintain dynamic stability [15, 16].

A hybrid mechanism refers to a general class of meth-
ods involving a combination of leg and wheel combined
with a kinematic configuration to ensure rolling and climb-
ing [19-25]. While [19] mentions the use of rolling legs
for climbing, [20] combined normal wheels with adjusta-
ble wheeled legs to perform the same task. Another hybrid
design involving powered omnidirectional wheels within a
system of four-bar linkage legs has been demonstrated in
[22—-24]. Mostyn et al. [21] proposed the variable-shaped
wheels that are adjusted for stair locomotion and normal
locomotion. Apart from these, several unconventional
methods including user operated lever which propels the
rotary legs have been described in the literature [26].

Compared to the aforementioned methods, tracked loco-
motion mechanism is considered to have simpler design
and control dynamics [27]. A model with variable geome-
try tracked flippers has been laid out by [28], which adjusts
according to the terrain. The design of stair-climbing
wheelchair switching between normal locomotion powered
by wheel hub and tracks has been demonstrated by [29,
30]. The designs utilize a kinematic switching mechanism
to select the mode of locomotion and adjust the angles.
Some stair climbing wheelchairs are also designed with
only tracked locomotion system [31].

In addition to the mechanical design, the control aspect
of PMD is pivotal for the performance. Assistive devices
of this kind predominantly utilize a type of human-in-the-
loop method [32-35], which fundamentally combines the
autonomous and manual method. As the user commands
the device for locomotion, the pose adjustment, navigation,
and mapping are generally automated. Instead of physical
command from the user, even brain signal has been used to
control smart wheelchairs [32, 36].
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Regarding navigation and mapping, the use of an accel-
erometer sensor and gyroscopic sensor along with Kalman
filter sensor fusion with the conventional dead reckoning
algorithm was proposed in a lunar rover [37]. This was also
used by [38], where a proprioceptive angular transducer sen-
sor was used to estimate tilt while the co-ordinates and head-
ing angles were estimated by the conventional odometry.
A similar approach was used by [39], where a combined
adaptive and extended Kalman filter was used along with
the proprioceptive sensors to estimate the center of grav-
ity of the robot. Along with the class of sensors, tracked
robots frequently use visual sensors for accurate estimation.
For example, [40] uses an on-board camera to estimate the
heading angle of the staircase. Even for a powered wheel-
chair, [41] uses convolutional neural network to recognize
the environment for automated navigation, while stochastic
methods considering Gaussian distribution have also been
used for location and heading estimation [42, 43]. Moreo-
ver, pose estimation of the tracked robots using conventional
odometry and current sensing based on disturbance observer
feedback has been discussed in [44, 45].

As papers mentioned above discusses locomotion sys-
tem, pose estimation/adjustment system or the control sys-
tem, there are several works in literature that discusses the
entire system. One of the commonalities is the use of planar
LIDAR rangefinder to detect and measure the architectural
barrier such as staircase [46—48]. While [49] illustrates a
system incorporating ultrasonic sensor to detect the stair-
case. After the staircase is detected, [46] illustrates a model
with cluster-wheel mechanism integrated with the system in
a kinematic chain, such that the pose adjustment and loco-
motion occurs simultaneously. Similar kinematic chain is
illustrated in [47, 48], but for a hybrid leg-wheel system that
performs pose estimation and adjustment in real-time. Com-
paring with these designs, [49] discusses an unconventional
method which combines a powered wheelchair with support-
ing dual mobile manipulator that pushes the robot along the
staircase utilizing the kinematic model. Another approach
has been illustrated in [S0] which controls the active tension
of the belt in tracked wheelchair robot to adjust the pose and
does not require any pose estimation method.

Although a plethora of works demonstrate different
approaches to address the problem, there still exist signifi-
cant limitations. For example, the inverted pendulum-based
stair climbing wheelchair (SCW) requires human assistance
or a handrail to maintain stability [51]. In addition, they
require high energy to maintain the balance of the center
of gravity (CG). Even though this shortcoming has been
addressed in [15], the climb duration is nearly 24 seconds
per step, making the overall climb duration to be quite high.
Compared to the model, the three-wheeled SCW offers sta-
bility and does not require any human or physical assistance.
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However, due to a fixed arrangement of the wheels, the
robot encounters intricacies when approaching obstacles
of varying sizes, which are commonalities for urban ter-
rain. This might not be an issue for wheel-leg hybrid SCWs,
but motion planning is a challenge for these robots since
they require high degrees of freedom (DOF) to execute safe
climbing process. Moreover, the overall length of hybrid
robots such as illustrated in [20, 25] is greater than the
standard wheelchair size, making them difficult to turn in a
confined space. In addition, the complexity of motion plan-
ning slows down the obstacle-overcoming process [20].
However, the shortcomings that are mentioned are not rel-
evant for tracked robots, serving practical purpose [27, 51].
But tracked robots face challenges such as higher weight,
low tip-over stability due to fewer points of contact, and a
requirement for a higher degree of freedom for CG balance
[14]. However, when compared to [46] and [47], after the
visual sensing system detects the staircase, kinematic chain
involving tracked robots have fewer control variables, mak-
ing system convenient and ensures lower computational cost.

1.3 Contribution

With the goal of addressing safety and accessibility in urban
scenario, this paper discusses the design and modeling of the
SCW, while avoiding the pitfalls associated with other simi-
lar robotic technologies. Specifically, the paper discusses
the design and development of a novel hybrid track-based
mobility system consisting of a pose estimation/adjustment
system. The pose estimation system utilizes the sensor data
from inertial measurement unit (IMU) and combines with
the feedback from the actuators to accurately estimate and
adapt the robot to the challenges of the terrain. The contribu-
tion of this research, based on the prevalent state of technol-
ogy and literature are as follows:

1. This research has developed a novel design of a robotic
wheelchair that can traverse various obstacles in urban
settings including staircases of uniform as well as vari-
able dimensions. The intended execution is within the
optimum time duration without necessitating physical
or human assistance. By optimizing the kinematic and
kinetic range of performance, higher load can be han-
dled with a light-weight design, thus addressing the goal
of accessibility

2. With the human-in-the-loop control method, by ensuring
human of having maximum control over the locomotion
and automating the adjustment function, the psychologi-
cal aspect of technological adaptation is ensured.

3. The developed kinematic model along with the differen-
tial odometry, when combined with the pose estimation
and adjustment system consisting of IMU and LIDAR
has profound application for 3D navigation in autono-

mous and semi-autonomous systems. The forward kin-
ematics evaluation, consisting of closed form solution,
offers real-time calculation with safe and reliable but
lower computational cost.

4. The overall research attempts to comply with ISO
7176:28:2012, which is a standard for stair-climbing
devices that climb from a backward direction. This is
to ensure and elevate safety, acceptability and commer-
cialization.

2 Kinematic Modeling

Basically, the system combines the mobility components
with an adjustment components along with the physical
interface for the user. As mentioned, the wheelchair utilizes
normal locomotion (a wheel with hub motor) and tracked
locomotion, based on the terrain. This transition is facilitated
by an adjustment system which relies on linear actuators.
Ultimately, the actuators within both the mobility and adjust-
ment components induce changes in the state matrix where
(x, v, z) refers to the change in 3D co-ordinates and ¢ refers
to the attitude angle with reference to a fixed world frame.
The components are organized according to the layout as
shown in Fig. 1.

In order to analyze the motion, the first step is to postu-
late the kinematic relationship between the actuators and the
overall system. As such, the effects of hub motor, track motor
and linear actuators have to be articulated. The kinematic
relation corresponding to the mobility components has been
formulated through the concept of dead reckoning. However,
contrary to the widely used dead reckoning calculation in
two-dimension, modified three-dimension dead reckoning
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Fig.1 Outline of the stair climbing wheelchair along with the components
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relation has to be developed as per the intended motion plan.
The calculation and estimation would rely entirely on the
estimation of the wheelchair posture, based on the kinematic
effect of the linear actuator displacement. Therefore, in this
section, a forward kinematic relation between the control
variables and the state variables would be formulated, fol-
lowed by the 3D dead reckoning algorithm. The conclusion
of the section would be a broad relationship between the
control variables and accurate estimation of the position and
the posture of the mobility system.

2.1 Forward Kinematic Formulation

To comprehend the geometry of the problem, the layout
as demonstrated in Fig. 1, has been simplified as a basic
diagram as shown in Fig. 2. Within the forward kinematic
section, the main objective is to map the relation between
the linear displacements s, and s, with the state variables
(x,v,z,¢). Even though the calculation is straightforward,
the presence of several passive links adds complexity to the

Fig.2 Simplified diagram for
the forward kinematics analysis

analysis. The diagram is further simplified as each linear
actuator chain is isolated and analyzed. Besides, a couple of
intermediate angles 6, (angular displacement of chair base
with track) and 8, (angular displacement of the auxiliary leg)
are defined to further ease the analysis process.

It is evident from Fig. 3 that the contraction of the linear
actuator 2 increases 6, and the extension rotates the auxiliary
leg towards the home position. Considering O (front end of
the track) as a fixed fulcrum and A as a sliding link, the links
OP and AB form a sort of modified Scott-Russel mechanism.
This linkage is different from a conventional Scott-Russel
mechanism due to two reasons: 1) the arrangement of the
links is different, and joint B lies within the link OP. 2) link
AB is supposed to be half of the link OP. Due to the differ-
ence, we term this as a modified Scott-Russel mechanism
and contrary to the exact straight line output of joint P in a
conventional Scott-Russel mechanism, joint P produces a
nonlinear motion. As mentioned, the main objective of this
section is to determine the relationship between the linear
displacement of the linear actuator and the impact on the

Fig. 3 Kinematic loop around
the linear actuators I and II and
the relation with the overall
system
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overall posture of the wheelchair. The kinematic chain main-
tained by the linear actuator 2 can be analyzed in two steps:

1. Determine the effect of s, on the rotation 6, which is the
angular displacement of the auxiliary leg.

2. From 6, determining the angle 6, which is the angular
displacement of the track link from the initial position.

For step 1, it is clear that the link QT rotates with the
center at Q when the linear actuator slides. Also, as links
QT and AB are designed to be parallel, both the links have
the same angular displacement: 6,. In the triangle formed
by QTT’, cosine law can be implemented as follows:

T = \/ OT? + QT2 — 20T x QT' X cost, (1)

Since, QT and QT’ both represents same link at mere differ-
ent instance, both the parameters are equal (consider QT=r).
From Eq. 1,

TT? = 2r2(1 - cosb,) 2)

Figure 3 can be represented with more geometric details as
Fig. 4 for the purpose of analysis. Here, LT and LT’ are the
initial and final positions of the linear actuator 2. Cosine
Law can again be implemented in triangle QT’L.

TT' = \/LT? + QL? — 2LT X QL X cosy 3)

Here, y is the angle made by the linear actuator during the
motion. To find the relation between the linear displacement
s, and the angular displacement of the link QT (6,), y has to
be determined. This can be done through triangle QT’L as:

P = LT + QL* — 2LT' x QL X cos(y + 2QLT) 4)

From Eq. 4, y can be calculated as:

QL+ LT? -1
7=cos1{Q2LW}—AQLT 5)
Q
T .
92( T
R g
i T~
B =
6,
v 5
/’é ' 8
Wl : 0

Fig.4 Kinematic loop simplification for comprehension

The Eqgs. 2 and 3 can be equated as:
2*(1 = cosb,) = LT* + QL* — 2LT X QL X cosy (6)

But the definition of y has been determined from Eq. 5,
which can be plugged into Eq. 6. Consequently, Eq. 6 can be
rewritten for mapping the relationship between the angular
displacement and the linear displacement as:

» LT? — LT? — 2LT.LT' cos£QLT
0, =cos 1-
2r2
)

2 2 2
fpr LA LT — 1 }

22LQ

From Fig. 4, it is evident that the angular displacement of
QT is propagated equally to the link AB because of the link
RS. Therefore, in AOB, we consider ZBOA to be f, where,
p = 0, + £BOP It is worth noting that the points B, O and P
are static within the track frame, ZBOP is constant throughout
the motion and in fact is a design parameter. We construct a
line BB’ perpendicular to line AO. Using trigonometric rules:

BB' = OBsinf = ABsinf, (8)

which can also be written as, sinf = %sinﬁz.
From Eq. 4,

) AB .
sin(6, + £BOP) = &smez 9)
Therefore,
6, = sin”! (%smez) — ZBOP (10)

The parameter 6, mentioned in the above equation is the tilt
of the track axis from the initial position. The expression of
0, from Eq. 10 and the expression of 8, from Eq. 7 have been
plotted against the linear actuator displacements in Fig. 5.
The angles are observed to be progressing nonlinearly along
the increase in linear actuator displacement. However, the
objective of the forward kinematic formulation is to ulti-
mately determine the position and orientation of the chair
frame. This cannot be calculated without considering the
linear displacement of the linear actuator 1. Similar to the
kinematic chain around linear actuator 2, a similar kinematic
chain drawing has been prepared for linear actuator 1. In
Fig. 3, the angle ¢ is the total angular displacement of the
chair link from the initial position. However, it is composed
of two parts: ¢ = 0, + y Let us consider y to be the angular
displacement in link IJ as shown in the figure. Similarly,
during the motion, let us suppose that point J is displaced to
J’. Using cosine law in the triangle formed by 11J’:

JI' = \1J2 +1J? = 21] X 1]’ X cosy (11

@ Springer
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Fig.5 Angular variation with respect to the linear actuator displacement

The length JJ’ is a direct outcome of the linear displace-
ment of the linear actuator therefore the parameter s, is equal
to the length JJ°. Also, IJ and 1J” are both the same links.
Therefore,

st =1J* + 1J* = 21J%cosy 12)
Which gives,

. 5
y=cos [ 1- oA (13)

Finally, the tilt of the chair ¢ can be calculated from Eqs. 10
and 13 as:

2
AB . S
¢ =f<sl,s2) = <ﬁsm<l - ZQ?T2>> — £BOP
s2
veos (12 21
cos < 21]2>

As a clear mathematical relation is defined between the tilt
angle ¢ and the linear displacement of both the actuators,
according to our initial definition of forward kinematics, the
relation of the linear displacement of actuators with the co-
ordinates of any arbitrary point within the chair frame has to
be determined. However, this analysis is simplified because of
the fact that (x, y, z, ¢) are bound by the holonomic constraints,
which means that the parameters (x, y, z) can be expressed in the
terms of ¢. Since the system can be represented with a planar
robot, it lacks any motion along the y-direction. Therefore, the
displacement of the intended point V(x, z) can be determined as:

(14)
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x = ABcos8, + PVcos¢

z = ABsin6, + PVsing (13)

Despite a clear relation between s, s, and (x, y, z, ) is devel-
oped, this is incomplete because the behavior of the linear
displacement of the actuator on the chair frame is different
within the different bounds of the angles ¢ and 6,. Differ-
ent scenarios based on the bounds on the angle have been
demonstrated in Fig. 6. The scenarios would be explored
independently in both cases and combined later for a general
equation that maps the linear actuator displacement with the
effect on the end-effector.

Case 1: For the variation in the goal pose, the angular
displacement 8, should surpass a certain threshold defined
by the design parameters. The main design parameter that
affects the threshold is the vertical distance of the track
from the ground plane, shown as OG, in Fig. 8. Basically,
the threshold refers to the angle 8, when the track pulley
at point O has contact with the floor.

r . _1{0G,
A 1< op ) (16)
Therefore,

_J0 if,0, < eihreshold
¢ = {f(sl,sz) if, 0, > gihreshold a7

Here, f(s,, s,) is the expression from the Eq. 14.

Case 2: As shown in Fig. 6, the impact of the change
in angular displacement 6, on the pose of the chair frame
initiates when the angular displacement crosses a certain
threshold (similar to case 1). Here, the design parameter
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Fig.6 Relation between linear actuator activity and posture adjustment of wheelchair

that determines the threshold angle is the distance of the
fulcrum B from the ground (represented by BG1) and the
length of the auxiliary balance wheel arm AB.

BG
ethrehold — ojp—! 1
) sin _AB (18)

Therefore,

lf 02 < erhreshold

0
¢ = f(s1.8,) if 60, > eghreshold (19)

Finally, Egs. 17 and 19 can be combined into a function that
takes into account the overall bounds.

lf 91 < ethreshold and 9 < ethrmhold

0
d) {f(spsz) lf 91 > ethreshold and 9 > ethrerhold (20)

Also, the relation can be plotted as a surface plot which
maps the relationship between the linear displacement of
the two actuators and the absolute orientation of the chair
frame as in Fig. 7.

The mapping of Fig. 7 can be observed in simulation
through the use of CAD model of proposed robot when
climbing staircase as shown in Fig. 8. While the robot pose
adjustment is controlled through kinematic chain driven by
the linear actuators, the intended pose can be observed to be
appropriate to climb an arbitrary staircase. Moreover, the
balance wheel which is driven by one of the linear actuator-
based kinematic chain, operates appropriately to reduce the
landing jerk and maintain the stable position of the CG, as

demonstrated in Fig. 8d. Moreover, the simulation ensures
that the theoretical model can be used to maintain the 3D
pose of the robot in all the modes from initiation to climb
completion, further corroborating the utility of the mechani-
cal and mathematical model.

2.2 Forward Kinematics: 3D Dead Reckoning

Generally, the pose (position + orientation) estimation and
measurement are performed in robots with the dead-reckon-
ing algorithm. It is a relative pose estimation method and it
does not require expensive sensors to measure and operates
with significant accuracy. Basically, it measures the rota-
tion of the wheels and the amount of the rotation is mapped
to the change in relative pose of the robot. Obviously, this
measurement consists of error, which demands inertial infor-
mation to compensate for the tracking error, therefore IMU
sensors are used. However, most of the applications of the
dead-reckoning algorithm is performed by considering a
2D World Frame. Therefore, the variables that are observed
are (x, y) co-ordinate of the robot-frame and altitude angle
yw which gives the angle made by a robot with the World
Frame. But this level of implementation is insufficient in
our case because the robot is intended to operate mainly
in a 3D environment and estimation in a 3D frame is abso-
lutely necessary. Therefore, we propose a 3D dead-reckoning
algorithm that is specific to our application. To bring into
perspective, two views of the robot operation are demon-
strated in Fig. 8.

@ Springer
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Fig.8 CAD-based Simulation of the proposed mechanical model with the mathematical model that executes the two kinematic chains actuated
by two linear actuators. (a) Approach, (b) Initiate climb-up, (¢) Climbing and (d) Balance mode

The main aim of the process is to find the transforma-
tion of the robot frame with different frames as men-
tioned. Let us assume the transformation between the
world frame and the base frame is denoted as 7,/ It
is evident from the supposition that the base frame has
exactly the same orientation as that of the world frame
and is merely a translation. At first, to extract the posi-
tion information, the velocity of the base frame (v,) has
to be determined using the velocity of the track (v,). The
velocity of the track is related to the angular velocity
of the driven pulley (w;, ®,), which can be calculated by
differentiating the encoder readings (E,, E,) of the motors
with respect to the sampling time 7, (Fig. 9).

@ Springer

Eﬁnal _ pinitial
_ i

w, = T .1% .O(rad [ sec) 1)
Efnal _ Eim’tial z J (22)
@, —f.@.Q(m /SCC)

s

The multiplying factor Q is related to the gear ratio of the
spur gearhead (G, ) and the gear ratio of the driving and the
driven pulleys (G,).

1
75,3, .



Journal of Intelligent & Robotic Systems (2022) 106:66

Page90of18 66

AW
A
R Yworid
ZWorld Y
A d
N
A N \ L :%ﬁmck iy

F('hui \\\ ; .-«;m. S€

)

\ y N

tr
Xworld X
Fworia N Fwortd '¢ Wo)rld

Fig.9 Kinematic loop around the linear actuators I & II and the relation with the overall system

Algorithm 1

Staircase detection algorithm using LIDAR

Require: Coordinates from LIDAR

Run Harris Corner Detection Algorithm on Coordinates
if Distance between Points is equal then

Update PointArray
end if

Polynomial Curve Fitting of PointArray
Find the Slope_of_Curve(Point Array)

if Slope_of _Curve # 0 then

Return StaircaseDetection=True

Return ¢goq=tan='(Slope_of Curve)
Return StaircaseLength = Length of Polynomial Curve

if ¢goar <0 then

Return ClimbingMode = ClimbingUp

else if ¢goar > 0 then

Return ClimbingMode = ClimbDown

end if
end if

The angular velocity can be used to calculate the left and
right track velocities as:

v, =w; X1, (24)

Vv, =0, X1, (25)

where /, is the length of the track. The linear velocity (v,) of
the track frame with respect to the world frame can thus be
calculated as:

+V
v, = % (meter/sec) (26)

Let ‘g, ('x,.%,.'z,) be the initial position of base and
74, ("x,."y,.77,) be the final position of base. The variation
in each of the co-ordinates can be written as:

Tx, ='x, + v, T,cosycoso

Iy, =y, + v, T sinycosc 27
fzb =iz, +v,T,sinc

Regarding the angular velocity of track frame, there are two

angular velocity components that requires consideration:

angular velocity w.r.t. z,,.,: " and angular velocity w.r.t.

. Ybase
Ybaser Py -

@ Springer
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Algorithm 2 Staircase climbing
Algorithm combining kinematic
model with the sensor data from
IMU and LIDAR

Require: UserCommand, StaircaseDetection, Gpmeasure, StaircaseLength
¢measure < Trotation fI‘OIIl IMU
if StaircaseDetection = False then

Move HubMotor as UserCommand
else if StaircaseDetection = True then
Calculate s1 goar an1d 52 goqr from Eq. 20
while ¢mea5ure < d)goal do
if S1,measure < S1,goal & S2 measure < 52, goal then
81 < 81 + 1
S9 < S9 + 1

end if
end while

if Yeasure < StaircaseWidthDirection then
/* Wheelchair Alignment Adjustment */

yaw

Wy — Wy

+ 1 from Eq. 28

else if Yeqsure > StaircaseWidthDirection then

yaw

Wy — Wy

end if

— 1 from Eq. 28

while StaircaseTravel Length # StaircaseLength do
Rotate Track Motor as UserCommand

end while

/* End of Staircase */
Increment sy until wyeqsure inCreases for Normal Locomotion

end if

v, =V
yaw __Vlt rt
w, == (rad/sec)

. (28)
wfmh = Ccll_j (rad/sec)

To mathematically define the transformation between dif-
ferent frames, a transformation matrix (T) can be defined
between the frames involved. First of all, from the definition,
the homogeneous transformation matrix between the world
frame and the base frame can be calculated by considering
just the translation of the base frame from the world refer-
ence frame.

100 x,
010y

World _ b

Base ~ | 00 1 2 (29)
0001

While T} represents pure translation from the World
frame to the Base frame, the transformation between the

base frame and the track frame (Tgf:fk) is represented by the

two rotations: pitch and yaw. Therefore, T‘g;";cld accounts for

translation and T%a;:k represents rotation of the robot with

the absolute World frame. TEaS‘* is given as:
rack
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[ cosy O siny 0 pitch coso —sinc 0 0 ™"
TBase _ 0 1 0 O % sinc coso 00
Track 1 —gsiny 0 cosy 0 0 0 10
0O 0 0 1 0 0 01
[ cosycose —cosysine siny 0
_ sinc coso 0 0
| —singy  sinysinc 0 O
0 0 0 1
(30)

Therefore, the transformation between world frame and track
frame can be determined as:

COSYCOSC —COSYSING Siny X,

TWor]d _ TWorld X TBase _ sinc coso 0 b
Track — ~ Base Track — —sim// sim,t/sina 0 z
b
0 0 0 1

(31

The transformation between track frame and chair frame
is governed by offset between track frame and chair frame

(d_qir) and angular displacement of chair frame (¢).
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cos¢p —sing 0 d .,
Track _ sing cos¢p 0 O
Chair | singg cosp 0 0O

0 0 1 1

(32

From Eqs. 26-31, the relation between the state matrix and
the input matrix can be written as:

1 1
x —~COSY COSO -CcoSyYycoso

t
Slog o] 2 Eszlnwcoso Eszlmpcosa v 33)
Z v, >8inc 58inc Vi
w, 1 _1
d d

Here, J; is the Jacobian matrix. Given the input values of the
velocities of the left and right tracks, the state of the robot
can be determined.

The models that are developed within this section are
implemented in the robot algorithm. Although numerous
algorithms are simultaneously active for robot operation,
the major algorithms that are within the scope of the paper
are discussed. First of all, the staircase detection algorithm
based on LIDAR data is actively seeking an approaching
staircase (Algorithm 1). The LIDAR coordinates are con-
verted into corner points with Harris Corner Detector [52].
As a polynomial curve is fitted within the points, the slope of
the polynomial ascertains whether a staircase is approaching
and if such obstacles are present then reports the dimension
of such obstacles.

The main algorithm that is active is illustrated in Algo-
rithm 2. This algorithm observes several functions for staircase
detection and user command. As the staircase is not detected,
the SCW has normal locomotion as per the user command.
However, when a staircase is detected, the robot reaches the
climbing pose by comparing the linear actuator feedback with
the linear actuator goal from Eq. 20. This approach brings the
robot to the climbing pose. The alignment of wheelchair tracks
with the staircase is then checked and corrected using the rota-
tional velocity given by Eq. 28. After the wheelchair is in an
optimum position to climb, the wheelchair track motors are
engaged until the wheelchair has traveled the total staircase
length. At this point, the linear actuator corresponding to the
balance wheel is expanded (s,) until a slight change in seat
angle is observed. The SCW is automatically brought to normal
locomotion after the climbing process is complete.

2.3 Hardware Overview

The primary locomotion is based on the independently
driven hub wheels actuated by brushless motors JQ-A2-8
(Changzhou Sunline Machinery Co.,Ltd, China). The motors
can actuate a maximum load of 200 kg with a peak speed
of 7 km/hr using a 24V supply. However, as the wheelchair

approaches uneven terrain, hub wheels cannot proceed fur-
ther. Therefore, rubber tracks powered by brushless motors
Suntech-120W have been implemented to conveniently
surmount the terrain such as the staircase. As evident from
previous sections, two linear actuators are used to switch
between the normal locomotion and tracked locomotion. It
is performed by a planned motion between linear actuators 1
& 2, through the escalation of the chair base, which has hub
wheels within the same link. Besides, linear actuators also
serve as attitude angle adjustment system when maneuver-
ing through different terrains. Finally, the power supply is
provided by two Lithium Polymer batteries of capacity 20
Ampere-hour.

Since wheelchairs are supposed to be controlled by user,
this robot as well relies on the user for the primary com-
mand which is provided with a joystick. However, as the task
of ascending or descending the staircase demands careful
adjustment of various angles, autonomy based on sensor data
and previously described models have been implemented.
For sensing the angular inclination, two inertial measure-
ment unit (IMU) sensors of model Xsense MTi-G-710 have
been placed, one within the seat frame and one within the
track frame. The angular data from the sensors when fused
with the angular data from the models can offer better con-
trol of the linear actuators and locomotion systems to pro-
vide safety and effective performance. The described system
was designed and fabricated. The experimental performance
of the system along the direction of the described models has
been illustrated in the next section.

3 Experimental Evaluation and Results

As the primary goal of the robot was defined to maintain
safety and accessibility, the performance of the robot while
carrying a user across lower gradient staircase of 16° and a
higher gradient staircase of 32° were observed and analyzed.
The data from IMU sensors, LIDAR and potentiometers, that
are built within the system, were recorded during the process
of climbing up and climbing down for both the staircases.
For climbing down, Linear Actuators 1 and 2 are engaged
so that the track and balance wheel forms contact with the
ground, as shown in Fig. 10b. When the normal wheels are
lifted, the track can successfully engage with the staircase
and the balance wheel can be released once the tracks are
fully in contact with the staircase as in Fig. 10c. As the
wheelchair is transferred entirely on horizontal ground,
normal wheels are engaged by manipulating the angle 6,
as in Fig. 10d. The variation in heading angle across two
frames can be observed in Fig. 12. Both the seat frame angle
and the track frame angle which are almost the same, start
to vary due to the linear displacement of both linear actua-
tors in Fig. 15b. Finally, as the wheelchair approaches the
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Fig. 10 Experimental Demonstration of the Stair Climbing Wheelchair during Climb-down Mode. (a) Motion Initiation, (b) Approaching stair-

case, (¢) Climbing down, (d) Motion Completed

Fig. 11 Experimental Demonstration of the Stair Climbing Wheelchair during Climb-up Mode, (a) Initiation of Motion, (b) Approaching Stair-
case, (¢) Climbing Up, (d), Releasing Balance Wheel and Completing Motion

horizontal ground, both the frame angles begin to coincide.
Another major observation from Fig. 12a is the pose adjust-
ment system that has been implemented. The angular varia-
tion produced by the track is attempted to nullify within the
seat frame. As such, the pattern is similar but the

Similar to the climbing-down process, Fig. 11 illus-
trates the climbing-up process, which utilizes a sequence of
motions. Unlike climb-down mode, the pose of engagement
for climb-up mode is when the track is engaged and the
balance wheel is unchanged. Due to this, just the seat angle
can be observed to be decreasing initially in Figs. 11a and
12c. With this pose, the wheelchair approaches the stair-
case as illustrated in Fig. 11b and c. Finally, as the wheel-
chair approaches the end of the staircase, the balance wheel
is engaged, as evident by the activity of Linear Actuator
2 towards the end of the motion in Fig. 12d. After the

@ Springer

wheelchair maintains the posture with contact points as the
front tip of the wheelchair and the balance wheel, the wheel-
chair is gradually manipulated back into the home position.

As discussed for the climb-down process, Fig. 12¢ dem-
onstrates how the seat angle adjustment system tries to adapt
variation in track angle by reflecting the pattern but tending
to maintain zero mean angle for the safety of the user.

Also, since the vibration of the mobility devices tends
to have an impact on the physical and psychological health
of the user, a fourier transform of the angular data was
conducted to isolate the frequency component of the signal
as in [53]. The signal was transformed to the frequency
domain and the amplitude of the signal was plotted against
the frequency as in Fig. 14.

Finally, the experimental heading angle 6, was plot-
ted against the estimated value using the linear actuator
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displacement data. This is to verify the method of pose
adjustment and estimation, which combines linear actuator
reading with the sensor reading.

4 Discussion

As this paper attempts to address the two key variables of
accessibility and safety for mobility, they are the criteria
for the evaluation of the results. The result from the experi-
ment involving the user shows that the wheelchair can suc-
cessfully execute the intended task and can move along a
variety of terrains due to the kinematic and kinetic range of
the design. Since staircases are among the intricate urban
infrastructure elements, the ability to surpass this element
means the staircase can also surmount other hindrances in
the urban environment.

One of the major observations reported by few litera-
ture regarding the use of SCW has been the requirement
of physical (handrails) or human assistance during the
climbing process [25, 51]. However, due to the static and
dynamic stability of the discussed model, no assistance
is particularly required. Although the problem has been
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Linear Actuator Feedback for Climbing-up Process, (¢) Angular Ori-
entation of Seat and Track during Climbing-down Process (d) Linear
Actuator Feedback for Climbing-up Process

predominantly reported for the inverse pendulum mecha-
nism, several similar models [15, 17] have substantially
improved the stability. Since such mechanisms require
sliding weight to balance the CG, the climb duration is
longer. While [15] reported 24 seconds to surmount a sin-
gle step, this model could climb up at 12 seconds and
climb down at 6 seconds per step at a fully loaded con-
dition. This is due to the autonomous pose adjustment
system which operates in the background while the SCW
climbs through different angles. As evident in Figs. 12a,
¢, 13a and c, the seat angle adjusts simultaneously as the
track platform climbs the staircase.

In contrast to the three-wheeled cluster models [15, 18,
54], the proposed SCW model can overcome different kinds
of obstacles including variable height staircase because of
the tracked configuration. Also, when compared with the
leg-wheel hybrid models, the proposed model performs
climbing operations with a fewer DOF. While hybrid mod-
els such as [20, 22-24] have at least 6 DOFs, this paper
introduces SCW with 4 DOF and can successfully perform
the climbing operation. In addition, the robot consisting of
legs requires meticulous motion planning operation involv-
ing inverse kinematics. This increases computational cost,
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Fig. 13 Data from Experimental Demonstration during Climbing-up
and Climbing-down Operation in 32° gradient staircase. (a) Angular
Orientation of Seat and Track during Climbing-down Process, (b)

complexity and energy consumption, remarkably hamper-
ing the usability and commercial feasibility of such SCWs.
Moreover, due to the leg, the overall length of the robot is
bound to increase. For example, the length of SCWs such as
[20] and [25] are longer than the standard size of a wheel-
chair. This impedes the wheelchair to make a turn and trav-
erse through a confined space.

Regarding comfort, studies related to wheel-leg hybrid
robot [19] and wheel cluster robot [12] suggest that the robot
receives continuous oscillatory load while changing the stair.
The load has high amplitude and frequency directly related
to the speed of the wheelchair. This means the wheelchair
has to compromise between speed and comfort. However, as
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(d)

Linear Actuator Feedback for Climbing-up Process, (¢) Angular Ori-
entation of Seat and Track during Climbing-down Process (d) Linear
Actuator Feedback for Climbing-up Process

Fig. 14 demonstrates, the discussed SCW receives low fre-
quency, low amplitude vibration load even during the climb-
ing process without compromising the speed. Therefore,
compared with these SCWs, the model introduced in the
paper has less DOF, does not require a complicated motion
planning algorithm involving inverse kinematics, ensures a
comfortable ride at optimum speed and is comparable with
the standard wheelchair dimension.

However, many of the aforementioned shortcomings are
irrelevant to the tracked SCWs, making track-wheel hybrid
SCW one of the safest SCW [27]. Nevertheless, several
limitations regarding the commercial track-wheel hybrid
SCW have been reported [51]. The primary challenges for
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Fig. 14 Frequency Domain Analysis with Fourier Transform of
Vibration Signals from IMU Sensors placed in Seat Link and Track
Link

the user are track alignment with the staircase during climb-
ing and transformation between normal locomotion and
tracked locomotion. These limitations have been sufficed
in this work with Algorithms 1 and 2. As the wheelchair
approaches the staircase, the signal from LIDAR commands
the system to initiate the climb mode. Within climb mode,
as illustrated in Algorithm 2, if the climb direction of the
wheelchair is not perpendicular to the staircase, the tracks
produce differential motion until the distance of the staircase
is the same for both the left and the right LIDAR. This semi-
automated operation makes the process convenient and the
requirement of any assistance is eschewed.

While [46—49] requires trajectory planning of the kin-
ematic chain along with visual sensor-based pose estima-
tion, such system require higher computational demand.
Compared to that, this robot does not require trajectory
planning. In contrast, this system considers the change
in heading angle and calculates the corrective pose and
provides necessary control command to the linear actua-
tor to adjust with the changing terrain. As observed, this
system ensures stable position by considering the changing
attitude angle.

One of the threats for tracked SCW, that is widely
reported is regarding the tip-over stability [20, 22, 27]. It
has even been stated that the tracked SCW is suitable only
for low-gradient staircase [15]. This is because of the factors
such as fewer points of contact between the robot and the
staircase, heavier robot and CG lying outside of track foot-
print while climbing [55]. To address the issue of lower con-
tact points, two tracks with greater length are designed, so
that during climbing at least three steps are in contact with
the robot. Moreover, the tracks consist of rectangular profile
grouser which increases the area of contact. To tackle the

issue of weight, the use of steel is minimized and aluminum
alloy is used as the main structural material, keeping the
weight below 100 kilograms. Finally, to address the issue of
CG, the majority of the mass of the robot including batteries,
rotary motors and linear actuators accumulated towards the
lower-rear end. Therefore, while climbing, the moment of
force generated by the user mass in the clockwise direction is
canceled by the moment of force produced towards the rear
end in the anticlockwise direction. However, CG balance is
also performed by adjusting the seat angle and maintaining
it near or more than zero degree, as shown in Fig. 12a and c.
Overall, based on the experimental observation and quantita-
tive data, the estimation and adjustment system addressed
the issue that are discussed in SCWs of different classes.

However, one of the concerns that emerge is regarding
the unusual vibration that has low frequency but high ampli-
tude [53]. This is detrimental to the comfort and wellness
of the user. Therefore, this study realized the significance of
the implementation of the vibration isolation or attenuation
method. Moreover, the observation from frequency domain
analysis in Fig. 14 shows that the reduction in amplitude of
the vibration would produce a significant positive impact
on the experience of the user, which means the damping
effect compared to the spring effect in vibration suppression
system is highly crucial for the reduction of the amplitude
of vibration. Nevertheless, the magnitude of the signal is
beyond the safety and comfort level, which is supposed to
be reduced.

Finally, the comparison between the estimated heading
angle and the actual heading angle in Fig. 15 showed the
consistency of the proposed model in Eq. 10 and ultimately
the Eq. 20. But if sensor fusion methods such as Kalman Fil-
ter or even Dempster-Shafer can be implemented, the qual-
ity of the result can be significantly improved. Regardless
of that, the study shows the need for visual sensors such as
LIDAR or depth cameras to effectively pre-define the terrain
before the robot approaches for effective pose adjustment.
The result from the visual sensors, when combined with the
sensor-based models as discussed in this paper, contributes
highly to address the problem of accessibility and safety.

5 Conclusion

While PMDs such as SCWs are convenient and prevalent
for ambulatory assistance, the issues of safety and acces-
sibility are still the major concerns. Among the different
modes of locomotion, this paper introduced and discussed
a wheel-track hybrid SCW. A kinematic model and sensor
system consisting of IMU and LIDAR were combined to
develop an algorithm that could ensure semi-autonomous
operation for easy and safe climbing and transitioning
process. The results suggest that the wheelchair can
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fulfill the intended objective. For the future direction of
the research, an advanced algorithm would be adapted
to autonomously visualize the terrain and adopt the pose
accordingly. Secondly, human-robot interaction would
be developed further by introducing technologies such as
brain-computer interface and compliance control method.
Since basic vibration has been studied and assessed, this
research indicates the requirement of an effective sus-
pension system. Finally, other shortcomings that were
observed and mentioned in this paper would be imple-
mented in future iterations for making the wheelchair
safe, comfortable and effective for the user.
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