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Abstract: This paper presents a novel wheelchair–exoskeleton hybrid robot that can transform
between sitting and walking modes. The lower-limb exoskeleton uses planetary-geared motors to
support the hip and knee joints. Meanwhile, the ankle joints are passive. The left and right wheel
modules can be retracted to the lower legs of the exoskeleton to prepare for walking or stepping
over obstacles. The chair legs are designed to form a stable sitting posture to avoid falling while
traveling on smooth surfaces with low energy consumption. Skateboard hub motors are used as the
front driving wheels along with the rear caster wheels. The turning radius trajectory as the result of
differential driving was observed in several scenarios. For assisting sit-to-stand motion, the desired
joint velocities are commanded by the user while the damping of the motors is set. For stand-to-sit
motion, the equilibrium of each joint is set to correspond to the standing posture, while stiffness
is adjusted on the basis of assistive levels. The joint torques supported by the exoskeleton were
recorded during motion, and leg muscle activities were studied via surface electromyography for
further improvement.

Keywords: exoskeletons; wheelchair; sit-to-stand motion; differential driving

1. Introduction

In most regions around the world, the population aged 65 and older is growing
faster than the total population. Physical deterioration is inevitable with age. Mobility
improvements allow the elderly and people with disabilities to access jobs, education, and
healthcare and keep their societal roles. Wheelchairs are common personal assistive devices
for individuals with locomotor disabilities. The lever propelling mechanism was applied
to improve the performance of manual wheelchairs [1]. Although traveling by wheels
on rigid frames is stable, safe, and consumes low energy, steps and stairs remain critical
obstacles. Elevators and slopes for reducing barriers to locomotion cannot be provided in
all public facilities, and their use is sometimes prohibited during emergencies. In addition
to improving wheelchair-friendly infrastructure, reducing the limitations of wheelchairs
in the presence of obstacles is challenging. Although manual and power-assisted stair-
climbing wheelchairs [2–5] have been developed thus far, their structures remain too bulky
to be carried on vehicles by users.

Wheelchair users are usually constrained to the sitting posture, which is sometimes
inconvenient in environments designed for people capable of standing. For elderly per-
sons [6] and patients with Parkinson’s disease or with spinocerebellar degeneration [7], the
standing posture provides not only great independence but also has medical advantages
in terms of bone metabolism, blood circulation, and inflammation prevention. Upright
wheelchairs [8,9] were developed as alternatives. Standing mobility devices [10] with
passive exoskeletons using gas springs assist users with lower limb motor disabilities in
sitting down or standing up from an ordinary chair and maintaining voluntary postural
transitions. However, wheelchairs that can climb up stairs or obstacles in standing posture
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and allow free walking have not been mentioned in the literature. The wearable robot suit
HAL [11] can expand the physical capabilities of healthy people. The powered exoskele-
tons Ekso [12], ReWalk [13], and REX [14] were developed for rehabilitating and assisting
the daily locomotion of people with disabled lower limbs. These exoskeletons can assist
patients in walking and keeping their limbs active. However, users must use crutches
to maintain their balance with their upper limbs. In addition, humans and exoskeletons
consume considerable energy during walking [15]. Thus, the distance of movement is
limited by battery capacity. The walking performance and safety of robots also strongly
rely on control systems and the quality of gait phase detection.

The concept of a detachable lower-limb exoskeleton from an adjustable-height wheelchair
was proposed to combine the advantages of traveling by wheel over long distances and by
walking exoskeletons over complex terrains [16]. However, users cannot carry full-sized
wheelchairs for on-demand sitting. The concept of hybrid assistive wheelchair–exoskeleton
robots with a reduced number of actuators was proposed [17]. Nevertheless, its design cannot
guarantee the balance of the user during the configuration transition. A large joint torque was
also required to support the chair leg in equilibrium to maintain the distance between the front
and rear wheels in the sitting configuration. The reconfigurable mechanism was designed for
wheelchair–exoskeleton hybrid robots [18] to secure the user’s balance during sit-to-stand and
stand-to-sit motions without requiring additional support from the upper limbs. Given that
chair legs are not included in the design, the moment due to the weight of the human body
was mainly supported by the linear actuators with high gear ratios. The dynamic load due to
road vibration was transmitted to the gear. The non-backdrive mechanism is not preferred in
consideration of safe physical human–robot interaction [19,20].

The biomechanics of sit-to-stand motion in elderly persons was studied [21] on the ba-
sis of the kinematic data collected using video and the ground reaction force measured with
a force plate, along with muscle activity monitored with surface electromyography (EMG).
The muscle activities of elderly fallers and non-fallers during sit-to-stand motion were
compared [22]. The joint torque and power consumption during motion were estimated on
the basis of the human model [23]. The kinematic model of a lower-limb exoskeleton was
proposed for determining the joint angle and position of the leg during movement [24].
The active impedance control of a lower-limb exoskeleton with the human joint torque
observer was proposed for sit-to-stand movement [25]. The control method of a wearable
robot for the sit-to-stand and stand-to-sit transfers of patients with spinal cord injuries
was presented [26]. The concept of a passive gravity-balanced assistive device using a
counterweight and springs connected to the auxiliary parallelograms considering the hip,
knee, and ankle torques required against joint angles was proposed [27].

We propose a novel wheelchair–exoskeleton hybrid robot that can transform between
sitting and standing configurations as an alternative compact and lightweight personal
mobility vehicle for the elderly and people with disabilities. The lower-limb exoskeleton
uses motors with planetary gears to support the hip and knee joints. Meanwhile, the ankle
joints are passive. The left and right wheel modules can be retracted to the lower legs
of the exoskeleton to prepare for walking. The chair legs are designed to form a stable
sitting posture to avoid falling while traveling on smooth surfaces by using two skateboard
hub motors as the front driving wheels. In this work, the simplified human model was
derived in accordance with wheelchair parameters to simulate the hip and knee moments
required during a sit-to-stand motion to select the actuators driving the exoskeleton joints
without requiring an additional high-force actuator to support the motion. The prototype
of the wheelchair–exoskeleton hybrid robot was built and tested. For assisting sit-to-stand
motion, the desired joint velocities are commanded by a user while the damping of the
motors is set. For stand-to-sit motion, the equilibrium of each joint is set to correspond to
the standing posture, whereas stiffness is adjusted on the basis of the assistive level. During
tests, the exoskeleton joint torques were recorded, and leg muscle activities were studied
via surface EMG. The turning radius trajectory as the result of differential driving in the
wheelchair mode in several scenarios was observed.



Robotics 2023, 12, 16 3 of 16

Section 2 introduces the design concept of the wheelchair–exoskeleton hybrid robot
and derives the human model for simulating the joint torques during sit-to-stand motion.
Section 3 shows the built prototype and explains the control system. Section 4 describes the
experimental setup and discusses the results of the sit-to-stand and stand-to-sit experiments.
Section 5 presents the results of differential driving tests. Section 6 summarizes the key
findings and ongoing efforts.

2. Concept of the Wheelchair–Exoskeleton Hybrid Robot
2.1. Biomechanics of Sit-to-Stand Motion

The wheelchair–exoskeleton hybrid robot can transform from sitting to standing
configurations on the sagittal plane, as shown in Figure 1. Trunk flexion (increasing the hip
angle θh) is necessary to move the body’s center of gravity forward over the front wheels
(pivot point) to prepare for standing up. The ground-contacting point is shifted from the
rear caster wheels to the feet during this transition. By creating the knee extension moment
Mk, the whole body is lifted upward. As the knee is extended (the knee angle θk decreases)
adequately, the hip extension moment Mh is required to align the upper body in an upright
posture (the hip angle decreases). The ground reaction force N is now located anterior to
the front wheels to maintain the equilibrium in the standing configuration. The pair of
chair legs is rotated upward, and the left and right wheel modules are retracted to prepare
for walking.
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Figure 1. Conceptual design of the wheelchair–exoskeleton hybrid robot during the sit-to-stand
transition on the sagittal plane. In the sitting configuration, the ground reaction force position is
assumed to be at the front wheel. The trunk, head, and arms are simply considered a rigid upper-body
link. The hip, knee, and ankle joint angles are shown. The weight of each segment is assumed to
be at its center of gravity. The locations of the link lengths and center of gravity in the standing
configuration are shown.

2.2. Estimation of Knee and Hip Moments from the Human Model

By considering the front wheel as the reference of the horizontal position, as shown in
Figure 1, the offset d measured to the ankle joint is assumed to be constant at 75 mm during
sit-to-stand motion. The horizontal positions of the shank’s center of gravity Xsc, the knee
joint Xk, the thigh’s center of gravity Xtc, the hip joint Xh, and the upper body’s center of
gravity Xbc are respectively written as equations:

Xsc = d + (ls − lsc)cos(θa), (1)

Xk = d + lscos(θa), (2)

Xtc = Xk + (lt − ltc)cos(θa + θk), (3)

Xh = Xk + ltcos(θa + θk), (4)

Xbc = Xh + lbccos(θa + θk − θh). (5)
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The summation of moments about the pivot point (or the front wheels) required to
prevent falling backward should satisfy the condition as the equation:

msgXsc + mtgXtc + mbgXbc > 0, (6)

indicating that the total moment is in the clockwise direction. In consideration of the links
over the knee joint, the knee extension moment sufficient to maintain the static equilibrium
is derived as the equation:

Mk = −mtg(Xtc − Xk)− mbg(Xbc − Xk). (7)

In consideration of the link over the hip joint, the hip extension moment that is sufficient to
maintain the static equilibrium is derived as the equation:

Mh = mbg(Xbc − Xh). (8)

For the estimation of the knee and hip extension moments required during sit-to-stand
motion, our simulation is simplified by assuming that the hip angle is constant at 130◦,
whereas the knee extension angle varies from 105◦ to 60◦. Subsequently, the knee angle is
assumed to be constant at 60◦, whereas the angle of hip extension varies from 130◦ to 50◦ at
a very low speed to avoid considering the dynamics of motion. The ankle angle is assumed
to be constant at 73◦ throughout the transition period. According to the sitting geometry in
Figure 1, the existence of the wheel modules does not allow moving the feet behind to shift
the ground reaction force backward as in normal sit-to-stand motion [28–30]. Bending the
trunk with the hip flexion larger than usual is necessary. The link parameters used in our
simulation are shown in Table 1, in which the locations of the links’ center of gravity are
applied from [31], and the total mass of human M is 73 kg.

Table 1. Human model parameters applied from [31].

Link Mass (kg) Length (mm) CG Position (mm)

Thigh mt = 0.01 × (14.16 × 2) × M lt = 422.2 ltc = 0.01 × (40.95 × 422.2)
measured from hip joint

Shank ms = 0.01 × (4.33 × 2) × M ls = 434.0 lsc = 0.01 × (44.59 × 434.0)
measured from knee joint

Body-Head mb = 0.01 × (43.46 + 6.94) × M 603.3 + 242.9
from vertex to hip joint

lbc = [0.01/(43.46 + 6.94)] ×
[43.46 × (48.62 × 603.3) +

6.94 × (603.3 + 49.98 × 242.9)]

The trajectories of the shank, thigh, and upper body during sit-to-stand motion are
simulated, as shown in Figure 2a. The shank is fixed with a constant ankle angle. The
knee is extended with a constant hip angle. Then, the hip is extended with a constant knee
angle. The variation in the body’s CG position against the joint angles is observed. The
body’s CG must be located anterior to the front wheels (X = 0) such that the total moment
computed via Equation (6) is always positive to prevent falling backward. The yellow plot
in Figure 2b shows that the risk of falling backward is high (small magnitude of the total
CW moment) when the upper body’s CG is posterior to the ankle. The ground reaction
force required beneath the feet to counter this total moment depends on the extent that the
legs and body’s CG are shifted forward during sit-to-stand motion.

Figure 2b shows that the maximum knee moment (approximately 120 N·m) is required
during the early phase of knee extension when the thigh and body’s CG are significantly
posterior to the knee joint. A high magnitude of the knee moment is required again during
the latter phase of hip extension when the body is upright, and the body’s CG is posterior
to the knee joint. The maximum hip moment (approximately 130 N·m) is required at the
latter phase of knee extension when the upper body’s CG is extremely anterior to the hip
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joint. Notably, the maximum knee moment can be reduced if the motion is started from
a low knee angle. For example, approximately 100 N·m is sufficient if the knee begins
extending from 95◦ instead. In addition, the maximum hip moment is reduced because the
hip flexion to move the body’s CG forward has a small angle. If the arms’ weight is also
considered, the knee and hip extension moments will be reduced in accordance with the
limbs’ CG.

Figure 2. Simulated sit-to-stand motion: (a) Simplified kinematics of sit-to-stand motion in our study.
The ankle, knee, and hip joints shown by the red markers connect the shank, thigh, and body links.
The links’ CGs are shown by the green makers. The origin of the plot is the intersection between
the horizontal line crossing the ankle joint and the vertical line crossing the front wheel center;
(b) Simulated knee and hip angles are plotted in blue and orange, respectively. The total duration of
the sit-to-stand motion is approximately 2 min for this quasi-static simulation. The estimated knee
and hip extension moments are plotted in blue and orange, respectively, and the total clockwise
moment computed via Equation (6) is plotted in yellow.

3. Wheelchair–Exoskeleton Hybrid Robot
3.1. Experimental Prototype

The alpha prototype of the wheelchair–exoskeleton hybrid robot was built, as shown
in Figure 3. The lower-limb exoskeleton uses planetary-geared motors to support the hip
and knee joints, while the ankle joints are passive. The spring mechanism required to
support the small rotation of the ankle will be designed in the future. For the hip joints, the
T-Motor AK10-9 with a peak torque of 38 N·m and a weight of 820 g was used. For the knee
joints, the T-Motor AK70-10 with a peak torque of 24.8 N·m and a weight of 521 g was used.
The lower-back assembly connecting the left and right hip joints, thigh, shank, and foot
assemblies were built from CNC-cut carbon fiber parts (8–12 mm thick) reinforced with 3D
printed nylon (PA6-CF) parts. In the standing upright posture to prepare for walking or
stepping over obstacles, the left and right wheel modules are retracted to the lower legs of
the exoskeleton, as shown in Figure 4a, by using Actuonix L16-100-63-6-R linear actuators
with the maximum pulling force of 100 N and the stroke length of 100 mm (~5 s is required
for full-stroke traveling). The foldable chair legs made from carbon fiber tubes (25 mm
diameter) are pinned to the lower-back assembly posterior to the hip joints and driven by
two servo motors assembled on both sides via elastomer cords, as illustrated in Figure 4b.
For safe travel in wheelchair mode on smooth surfaces with low energy consumption, the
left and right wheel modules pinned to the lower legs of the exoskeleton are driven by the
7065 skateboard hub motors located as the front wheels. Meanwhile, the 75 mm casters are
used as the rear wheels to allow turning with the differential driving technique. The total
mass of the exoskeleton prototype is 20.2 kg, and the maximum width is 67.4 cm.
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Figure 3. Alpha prototype of the wheelchair–exoskeleton hybrid robot in the standing upright
posture (for walking across obstacles) and the wheelchair mode (for safe and low-energy traveling on
smooth surfaces).

Figure 4. (a) Wheel module’s retraction mechanism using the Actuonix linear actuator; (b) Foldable
chair leg driven through the elastomer cord.

3.2. Control System Integration

The schematic in Figure 5 shows the control system implemented in the wheelchair–
exoskeleton hybrid robot prototype. For the operation of the robot in wheelchair mode, the
first microcontroller is programmed to receive commands from the user via a two-channel
analog joystick. The desired maneuvers (i.e., forward, backward, right turn, and left turn)
are achieved by controlling the speeds of the two skateboard hub motors by using the
electronic speed control circuits via pulse-width modulation (PWM). The second micro-
controller also sends PWM signals to control the position of the linear actuators retracting
the left and right wheel modules. For supporting sit-to-stand and stand-to-sit motions
in exoskeleton mode, the microcontroller receives the user’s commands via the second
analog joystick. The CANBUS shield is used for communication with the motors driving
the exoskeleton’s hip and knee joints. The T-Motor’s integrated controller computes the
reference torque τre f via the equation:

τre f = kp(θd − θ) + kd

( .
θd −

.
θ
)
+ τf f , (9)
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in accordance with the feedforward torque τf f , the torsional stiffness kp, the damping

coefficient kd, the equilibrium position θd, and the reference joint velocity
.
θd. Once the

command package is sent to the motor, the feedback data consisting of the current position
θ, joint velocity

.
θ, and torque are returned to the microcontroller.

Figure 5. Diagram of hardware integration. The first microcontroller with an analog joystick is used
to control the robot running in wheelchair mode. The skateboard hub motors operated at 24 V are
driven by the electronic speed control circuits receiving commands via pulse-width modulation
(PWM) signals. The second microcontroller is used to control the exoskeleton’s hip and knee motors
supporting sit-to-stand and stand-to-sit motions. The motors operated at 24 V receive the commands
and return their status via CANBUS. The two linear actuators for retracting the left and right wheel
modules are operated at 12 V and controlled via PWM signals.

The positive command received from the second joystick is related to the assistive
levels for supporting the knee and hip extension moments during sit-to-stand motion. The
reference joint velocities are commanded by the user while the damping coefficients of the
motors are set. The negative command from the joystick is used to support the stand-to-sit
motion. The equilibrium position of each joint is set to correspond to the standing posture.
Meanwhile, torsional stiffness is adjusted on the basis of assistive levels.

4. Sit-to-Stand and Stand-to-Sit Experiment
4.1. Experimental Setup and Procedure

An experiment was conducted, as seen in the flowchart shown in Figure 6a, on a healthy
male participant with a height of 172 cm and weight of 65 kg to evaluate the assistive
performance of the exoskeleton prototype in supporting sit-to-stand and stand-to-sit motions.
For the observation of muscle activities, DELSYS’s wireless EMG sensor (Trigno™) electrodes
were attached to both legs, as shown in Figure 6b. The electrodes covered the vastus lateralis
(VL), the bicep femoris (BF), the tibialis anterior (TA), and the gastrocnemius (GC) muscles.
The EMG signals were processed using the sliding root mean square filter with a window
length of 0.125 s and a window overlap of 0.0625 s. The current position and the torque of the
exoskeleton’s knee and hip motors were also recorded at the sampling frequency of 5 Hz.

Figure 6. (a) Experimental setup and procedure; (b) Surface electromyography (EMG) electrodes
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Trigno™) were attached to both legs of the participant over the vastus lateralis (VL) in front of the
thigh, the bicep femoris (BF) behind the thigh, the tibialis anterior (TA) in front of the shank, and the
gastrocnemius (GC) behind the shank [32]; (c) The participant wearing the exoskeleton prototype
performed sit-to-stand and stand-to-sit motions while recording the EMG of the muscles, along with
the exoskeleton knee and hip motors’ position, velocity, and torque to evaluate assistive performance.

The sit-to-stand and stand-to-sit experiments were conducted three times. The partici-
pant performed the test without wearing the exoskeleton (basic sit-to-stand test) to obtain
reference results. For the observation of the effect of the inertia, damping, and friction
on the human by the robot’s structure, the participant wore the exoskeleton, as shown
in Figure 6c, and performed motions without actuating the motors (passive sit-to-stand
test). The motors were actuated to provide knee extension support during sit-to-stand
and stand-to-sit motions (robot sit-to-stand test) to evaluate the assistive performance of
the exoskeleton.

4.2. Recorded Position and Torque of the Exoskeleton Motors

The results in Figure 7 show the angle and moment recorded from the knee and hip
motors of the exoskeleton’s right leg during the experiment. In the blue plot, command
−1 (at 13.2 s) indicates the user’s intention of receiving the knee and hip extension moments
supporting the sit-to-stand motion. The knee angle (orange plot) decreases from 0 rad
to −1.54 rad (the motor rotates CCW) in less than 1 s. Simultaneously, the hip angle
(yellow plot) increases from 0 rad to 1.54 rad (the motor rotates CW). In consideration of
the moments, the peak torque magnitude of the knee motor (cyan plot) reaches 7.5 N·m,
whereas that of the hip motor (magenta plot) reaches 29 N·m. After standing upright, the
command 0 (at 13.6 s) is sent by the user. The stiffness of the knee and hip joints are set such
that the motors behave as torsion springs with the equilibrium positions corresponding
to the standing posture. The motor stiffness is sufficient to compensate for the weight
of the exoskeleton’s structure. The magnitude of torque when command 0 is sent (from
13.6 to 21.2 s) is related to each motor’s displacement from its equilibrium. The command
signal +1 is sent (from 21.4 s) to evaluate the assistive performance with the virtual spring
concept. While maintaining the equilibriums of the motors at the standing upright posture,
the higher stiffness is now set to the motors, as can be observed on the basis of the higher
torque-to-displacement ratios during the three cycles of squatting. During stand-to-sit
motion (from 32.0 s), the magnitudes of the knee and hip angles converge to the original
angles before standing, whereas those of the torque increase with the motors’ displacement
measured from their equilibriums in the standing posture.

Figure 7. Angle and moment of the exoskeleton’s right knee and hip motors.
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4.3. Leg Muscle Activity Observed via Surface EMG

The EMG results shown in Figure 8 were recorded during the two cycles of the basic
sit-to-stand test without the exoskeleton. The activity of the VL muscle (quadriceps),
supporting the knee extension moment, was observed during standing, maintaining an
upright posture, and sitting. The peak values of standing and sitting are similar. The activity
of the BF muscle (hamstrings) supporting hip extension is observed during standing and
sitting and is almost zero without movement. The activity of the TA muscle supporting
dorsiflexion (to move the body’s CG forward) occurs prior to that of the other muscles. The
muscle is activated again to prevent falling backward during sitting down. The activity
of the GC muscle supporting plantar flexion is observed in the latter phase of standing to
balance the body in an upright posture and prevent falling forward. The EMG results shown
in Figure 9 were recorded during the passive sit-to-stand test. The activity of the VL muscle,
in this case, is similar to that in the absence of the exoskeleton. However, the second peak
during standing is notable compared with the first peak (more effort is required to support
the robot structure). A reduction in activity is observed while maintaining an upright
posture. The activity of BF is further extended during sitting because the participant needs
to confirm the stable sitting structure. Although the activities of TA and GC have higher
peak values, the collaboration between both legs is more consistent when the exoskeleton
is worn. The EMG results shown in Figure 10 were recorded during the robot sit-to-stand
test. The activity of the VL muscle is reduced in the second peak of standing because the
motors support knee extension.

Figure 8. RMS electromyography (EMG) of the right (blue) and left (green) muscles recorded during
the basic sit-to-stand test (without wearing the exoskeleton).

Figure 9. RMS electromyography (EMG) of the right (blue) and left (green) muscles recorded during
the passive sit-to-stand test (without actuation).
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Figure 10. RMS electromyography (EMG) of the right (blue) and the left (green) muscles recorded
during the robot sit-to-stand test (with knee extension support).

5. Differential Driving Experiment

Another primary focus of this research is the wheel module and its functionality in
driving the exoskeleton. There are some scenarios that require steering or turning capability
while traveling in the wheelchair mode rather than transforming to the exoskeleton mode
before changing direction. The module is desired to pivot and turn with a minimal turning
radius, as a human turns, without moving forward. The steering mechanism relies on
the implementation of caster wheels in the rear and the two driving hub motors in the
front. The difference between the speed of both wheels leads to turning from the front as
the rear caster wheels move to accommodate the turn [33]. In theory, this situation means
that minimal wheel slips [34] occur and that the wheelchair can turn without a complex
steering mechanism.

5.1. Experimental Setup and Procedure

The two skateboard hub motors are driven by the ODrive motor controller. Through
the command prompt, the wheel speed and current limits are configured for safety. The
calibration of the ODrive is recommended with the wheels over the ground because the
low default current used for calibration is insufficient for creating high output torque.
The percentage of throttle received from the user via the analog joystick is converted
into the wheel speed of the motors. Preset movements, such as pivoting and turning
for the increased consistency of control in certain situations, are also programmed in
the microcontroller.

This experiment evaluated three scenarios, which were repeated for turning left and
right: pivoting, turning with one wheel, and turning with both wheels. All driving cases
were programmed and mapped to command buttons for the convenient repeatability of
consistent motor output. “Pivoting” is defined as one wheel spinning forward as the other
spins in the opposite direction to induce a rotation about the vertical axis at the midpoint
between both driving wheels. “Turning with one wheel” is defined as spinning only one
wheel to induce rotation about the other wheel, which is locked to not spin. “Turning with
both wheels” is defined as allowing both wheels to spin at different speeds to induce the
rotation of the wheelchair due to the difference in wheel speeds. The wheel speed used in
the pivoting and the one-wheel turning cases is 0.5 round/s. The wheel speeds used in the
case wherein both wheels turn are 1.0 and 0.5 round/s.

A top-down imaging setup is required to record the position and orientation of the
wheelchair under various conditions to determine the radius of curvature when the wheel
modules are turning. This setup is established by using a wide-lens phone camera mounted
at a fixed height from the floor and linked to a laptop via TeamViewer. Figure 11 shows that
the markers are attached to the floor in a 5 × 3 array, all within the frame and evenly spaced
out by 1 m for calibration and postprocessing. Another two moving markers are attached
to the wheelchair. Given the distortion of the wide lens, the calibration footage of checkered
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images must be taken to rectify the images. OpenCV is used to rectify the image by setting
the camera distortion offset value. Then, by using the Tracker program built on the Open
Source Physics Java framework, dimension measurement is done on each reference point to
obtain the 4 × 2 m reference grid. This result is then verified by using a length calibration
video wherein the wheelchair is pushed around within the frame. Considering that the
markers on the wheelchair are a known value, the values obtained from the program can
be acquired with this value to confirm the accuracy of the Tracker program.

Figure 11. Markers are attached to the floor in a 5 × 3 array: (a) Original recording with distortion
from wide lines; (b) Recording processed via OpenCV to yield the 4 × 2 m reference grid.

The pivoting and one-wheel turning cases are conducted at the center reference point
for ease of observation, whereas the case wherein both wheels turn is conducted with an
offset from the center reference to accommodate the larger radius of curvature. The video
recordings are processed via OpenCV to eliminate distortion from wide lines. Figure 12
illustrates that the Tracker is used to track the wheelchair as it turns in each case. Sample
points are taken at both caster wheels once every six frames (or 0.2 s per point, given that
the video is 30 frames per s).

Figure 12. Tracking of the coordinates of both caster wheels during turning.

5.2. Experimental Results

Figure 13 shows that the CG position and orientation of the wheelchair are computed
from the time-varying coordinates of both caster wheels via kinematic relationships as
adapted from a previous study [35]. The left and right wheel modules can enable turning,
given the layout of the design. For all the turning strategies, the arc trajectories of the
wheelchair–human’s CG, left, and right caster wheels are observed to be smoother without
the occupant. The midpoint between the front driving wheels is slightly shifted behind
during pivoting. In consideration of the slope at the time t0 of the left caster’s arc trajectory
(cyan) during turning with one wheel, the delay of caster steering is notable with the
occupant. The position shift is also observed on the locked (front left) wheel. The CG
trajectory lies between the left and the right caster wheels’ trajectories during turning with
both wheels.
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Figure 13. Examples of the wheelchair turning trajectories with/without the occupant during pivot
left turns, one-wheel left turns, and two-wheel right turns. Blue markers indicate the front driving
hub motors. Black, cyan, and pink markers and curves represent the wheelchair–human’s CG,
left, and right caster wheels, respectively.

The magnitudes of the CG’s velocity and acceleration are estimated and plotted in
Figure 14. As a result of the PID control, the damped vibration response to the step
reference can be observed in the velocity plots. In all scenarios, the settling times appear to
be smaller without the occupant. The lower inertia system (without the passenger mass)
is advantageous when the limited control input (driving torque of the hub motors) is
considered. The effect of the occupant on the response delay is notable during turning with
one wheel, which corresponds to the delay in caster steering. The lower percentages of the
maximum overshoot are observed during turning with both wheels.

The Taubin algebraic method is applied to the CG trajectories to determine the best-fit
circles representing the turning radius of the wheelchair for each case, as shown in Figure 15.
As expected, pivoting provides the smallest radius of curvature because the axis of rotation
(the midpoint between the two front driving wheels) is close to the CG position. The CG
trajectory is not a smooth circle with the occupant, especially when the radius of curvature
is small. Except for that, in the pivoting case, the existence of the passenger slightly reduces
the radius.



Robotics 2023, 12, 16 13 of 16

Figure 14. Estimated CG velocity and acceleration with/without the occupant during pivot turns,
one-wheel turns, and two-wheel turns.

1 
 

 
Figure 15. Best fit circles, based on the Taubin algebraic method, showing the turning radius of
wheelchair with/without the occupant during pivot turns, one-wheel turns, and two-wheel turns.
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6. Conclusions and Future Work

This paper presents a design concept of a wheelchair–exoskeleton hybrid robot that
can transform between sitting and standing configurations as a possible alternative for
assisting the elderly or people with disabilities. The wheelchair mode allows traveling on
smooth surfaces at high speeds with increased safety and reduced energy consumption.
The compact wheel modules using skateboard hub motors can be retracted to prepare for
walking. Given that the back-drivability of the exoskeleton joints is the primary concern
for a safe physical human–robot interaction, the wheelchair parameters are designed on
the basis of the simplified human model such that the actuators’ torque limitation is still
sufficient to support the sit-to-stand motion. The wheelchair–exoskeleton hybrid robot
prototype was built and tested on a healthy male volunteer to investigate the characteristics
of the device for further improvement.

During sit-to-stand and stand-to-sit motions, the wearer must bend their trunk forward
adequately to locate the body’s CG anterior to the front wheels to prevent falling backward.
For users who are able to operate their upper limbs, crutches might be a possible solution
to reduce the requirement of bending the body forward. For improving the design, shifting
the pivot position behind is beneficial in terms of standing stability. The parallel elastic
concepts [36–38] can be applied to safely enhance the torque capacity of the exoskeleton
joints. A motion controller should be developed for walking and stair climbing [39,40].
Analytical and experimental studies on the integral of power consumption over time for the
wheelchair and the exoskeleton modes will be considered. For evaluating the exoskeleton
performance at different assistive levels, the quantitative analysis of EMG collected from
experiments conducted under the controlled condition with appropriate measurement of
body kinematics is required. The velocity profile and desired radius of curvature can be
mapped on the basis of the results of the differential driving experiment.
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