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Abstract

Mobility impairment is becoming a challenging issue around the world with a rapid increase on
aging population. Existing tools of walking assistance for mobility-impaired people include
passive canes or wheeled rollators which increase energy consumption on the users and disturb the
users’ walking rhythm, and powered wheeled chairs which could preclude the muscle activities
and accelerate the degeneration of the lower limbs. The research in this paper aiming at helping
mobility-impaired people proposes a novel robotic platform with quadrupedal locomotion. With
motorized actuation, the quadruped robotic platform could accompany the user at the center and
provide protection and possible walking assistance if needed. As the robotic platform is equipped
with a leg locomotion, it can enlarge the user’s activity environments, such as both indoor flat
floor and outdoor uneven terrain. It can even assist the user to involve in some mobility
challenging activities, such as climbing stairs. In this paper, we illustrate the mechanical design of
the robotic platform. A continuous gait planning is proposed to create a smooth locomotion for the
robot. To quantify the performance, a system-level walking experimentation was conducted, and
the results showed that quadruped robotic platform can maintain a statically stability which
demonstrate the feasibility and capability of the robotic application for walking assistance.
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Introduction

Aging of the population is a major health challenge that affects many countries in the world.
In the United States, the number of individuals aged 65 and older is expected to double
between 2007 and 2032, and there will be 71 million older adults, accounting for 20% of the
U.S. population by 2030 [1]. For the health and wellbeing of older adults, a key contributing
factor is to be physically active. Research shows that regular physical exercise is highly
effective in the prevention of cardiovascular and neurodegenerative diseases, stroke and
diabetes [2, 3], as well as the improvement of balance control and functional performance
[4, 5] for older adults. Despite the obvious benefits of regular physical exercise, many older
adults lack adequate mobility needed for a physically active life style, and the specific
challenges include the lack of physical strength and high risk of fall [6].

To help mobility-challenged individuals to overcome such barriers, a variety of assistive
tools have been developed and utilized. Among them, mobility aids and wheelchairs
(powered and unpowered) are the most extensively used types in the current practice.
Mobility aids are unpowered devices that assist older adults in maintaining their balance and
reducing their lower-limb loads in walking [7, 8]. They are simple, lightweight, and easy to
transport. However, their problems are also obvious. Without power, a mobility aid requires
the user to lift and advance the device for each step, which not only increases energy
expenditure, but also places heavy cognitive burden on the user [9]. Unlike walking aids,
wheelchairs allow users to take a seated position when moving about, which minimizes the
risk of falls. Powered wheelchairs also minimizes the user’s metabolic energy consumption
in the movement. However, a wheelchair largely precludes lower-limb muscle activity and
bone load carrying, and thus accelerates the musculoskeletal degeneration [10].

In recent years, with the rapid technological advances in actuation and control technologies,
researchers have explored various approaches to enhance the performances of walkers and
wheelchairs. For example, the PAM-AID walker is equipped with a rotatable handle to allow
the user to control the walking direction easily, and it also has an assistive mode with
automatic steering to avoid obstacles [11-13]; the PAMM walker monitors the user’s health
(through approaches such as ECG measurement) and reminds the user about scheduled tasks
[14]. Despite these additions of such novel features, a common problem that affects almost
all existing assistive devices still exists: their inability to overcome obstacles. In the real-
world application of an assistive device, it is very common for the mobility-impaired user to
face various types of small obstacles: the roadside curbs, a few stairs at the front door of a
house, etc. As existing devices are largely designed for level-ground (or slightly sloped
ground) applications, users of such devices may face significant challenges in manipulating
the assistive devices to overcome even the smallest obstacles, given the low physical strength
of these users.

Motivated by such observation, the authors propose a fundamentally different approach in
the development of new mobility-assist devices. Instead of using the ubiquitous wheeled
locomotion, the assistive robot in this paper utilizes legged locomotion, leveraging its
superior capability in overcoming challenging terrains. Fig. 1 shows the concept of the
Quadrupedal Human-Assistive Robotic Platform (Q-HARP) when it is assisting a human
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user in walking. As depicted in this figure, the Q-HARP robot is essentially a smart and
powered walker with two robotic legs on each side, with the desired functions of enhancing
the user stability and supporting the user in walking. With the legged locomotion, the Q-
HARP would be able to easily overcome the common obstacles in the user’s daily life, with
minimal efforts expended by the user. As the basis of this novel assistive robot, the research
presented in this paper includes the design of the robotic platform, the legged walking
controller with the enhanced stability, and the preliminary results of robot testing. Such
results are anticipated to lay a foundation for the subsequent human-robot interaction study
to achieve the desired Q-HARP functionality.

Design of the Q-HARP

The Q-HARRP is a special type of assistive robot that walks alongside the user and provides
assistance and protection in the process. As such, the robotic legs are expected to provide
comparable performance as human legs, including the configuration, torque capacities, and
kinematic performances. The ultimate goal for this project is to design a smart quadruped
robotic walker guided by an image processing system. As the image processing system has
been verified with a wheeled robot in [15], this paper focuses on the quadruped robotic
walker design and control. For the simplicity of the robot system, each robotic leg only
incorporates two active rotational joints, emulating the functions of the hip and knee. A
passive ankle joint with a flat foot is attached on each leg to provide support and angle
compensation, which can keep a full flat foot, ground touch. The front two legs have the
knee backward facing as shown in Figure 1, thus the four legs are configured like two pairs
of human legs facing each other. This configuration could make the robot compact as all the
legs are bent into the center of the robot. Furthermore, due to the large number of joints in
the system, the authors selected the powered prosthetic knee joints developed in the related
robotic prosthesis research [16], significantly reducing the cost and risk in the development
of the Q-HARP. As such, the design of the Q-HARP was focused on the hip joints, with the
details presented as follows.

A. Powered Hip Joint Design

The hip joint expends significant amount of torque and power in the locomotion of the
quadruped robot, as it serves important functions in both swing and stance phases. During
swing, the hip carries the weight of the entire robotic leg while rapidly reconfiguring the leg
for the subsequent ground contract. During stance, the hip is the major power source for the
robot’s forward movement, since the simple two-degree-of-freedom leg does not include a
powered ankle joint (the ankle is the major source of power in human locomotion [17]), and
the power contribution from the knee joint is minimal. As such, the primary design goal of
the robotic hip joint in this work is maximize the torque capacity while still providing
sufficient joint velocity to facilitate the swing motion.

Unlike the preliminary work conducted on a pneumatically-actuated quadruped robot [18],
the Q-HARP is powered with DC motor-based actuation approaches for the convenience in
control and testing, as well as the greater potential of developing into practical devices in the
future. However, DC motor is a typical type of high-speed and low-torque actuator, usually
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requiring a high-gear-ratio transmission to boost its torque output to power robotic joints.
Such transmission systems tend to be heavy, bulky, and expensive, diminishing the
practicality of the robot in real-world application. To address this problem, the design of the
hip actuation system was conducted based on a high-current, low-speed DC motor (U8-10,
T-Motor, Jiangxi, China), a type of motor commonly used in unmanned aerial vehicles.
While the speed of the motor is relatively low, it is still too high for direct actuation. The
high torque capacity of this motor, as a result of its high current capacity, makes it possible
to use a low transmission ratio to obtain the desired output torque. As a result, the
transmission can be made much smaller and simpler, significantly improving the practicality
of the robot system.

The overall design of the hip actuation system is shown in the schematic in Fig. 2. A two-
stage miniature chain drive was utilized for gear reduction. Compared with the traditional
gear set, the chain drive provides greater flexibility in the arrangement of system
components. Furthermore, the compliance in this flexible transmission approach helps to
buffer the impact loading resulting from the robotic leg’s ground contact, making the
operation smoother. On the other hand, a chain drive’s smooth operation requires the chain
to be properly tensioned, and thus the system tends to be more complex due to the use of
related adjustment mechanisms (using a chain tensioner or making the sprocket distance
adjustable). Such challenge is more significant for the two-stage chain drive in the Q-HARP,
considering the limited space available.

To maintain the compactness of the system, the design in the Q-HARP incorporates a unique
linear adjustment mechanism, as shown in Fig. 2b. The intermediate shaft, which connects
the output sprocket of the 1st-stage and the input sprocket of the 2nd-stage, is placed on a
slider that moves in the transverse direction. When the slider moves away from the center,
the sprocket center-to-center distance increases for both stages. As a result, such linear
adjustment enables the chains to be tensioned simultaneously, significantly simplifying the
system design. In the design of the adjustment mechanism, calculation was conducted to
ensure that both stages can be tensioned correctly when the slider reaches the desired
location. Mechanically, the apparatus for such adjustment is also minimal, only requiring a
threaded pushrod to push the slider when turning in the correct direction. Note that, after the
desired tensions are obtained, the slider is fastened to the frame through four button-head
screws, and thus the pushrod can be removed to maintain the smoothness of the actuator
profile.

As shown in Fig. 2a, the components of the hip actuation system are all housed in the
horizontal U-shaped frame to simplify the wiring connection. With the use of the rotational
system, the output range of motion is essentially unlimited. To facilitate the experimental
tuning of the controller, shoulder-bolt-based bumpers were installed to limit the joint
movement and minimize the possible damage when a controller malfunctions. The design
parameters of the actuation system are summarized as follows: the motor shaft is directly
coupled to a 7-teeth small sprocket, which drives a 54-teeth sprocket supported by the
aforementioned intermediate shaft through a RS15 roller chain; on the same shaft, the
motion is transmitted to a 7-teeth double sprocket, which drives a 45-teeth double sprocket
through two parallel RS25 roller chains. Such two-stage design provides a total transmission
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ratio of almost 50:1, and thus the output joint torque reaches as high as113 N-m. Such high
torque capacity forms a basis for the implementation of the stable walking control algorithm,
and the performance was demonstrated in the walking experiments in Section IV.

B. Powered Knee Joint and Prosthetic Components-Constructed Robotic Leg

As mentioned above, the knee joints in the Q-HARP are essentially the powered prosthetic
knee joints developed in the authors’ robotic prosthesis research [16]. For the completeness
of presentation, the design and performance of the powered knee joints are summarized
below.

The prosthetic knee, as shown in Fig. 3, is powered by an 8-pole brushless DC motor rated
at 70 W (EC 45 flat, Maxon Motor, Sachseln, Switzerland). This motor is able to generate a
peak torque of 200 mNm for short-term operation. To boost its torque output, a two-stage
transmission is developed to provide a combined ratio of 150:1. The first stage is a timing
belt drive with a ratio of 1.5:1, and its primary function is to decouple the motor from the
major gear-reduction device (harmonic drive in the second stage), providing the flexibility in
the arrangement of system components. The second stage is a harmonic drive with a 100:1
gear ratio (SHD-20-100-2SH, Harmonic Drive, Peabody, MA). The harmonic drive was
selected as it provides a large gear ratio within a compact package. Additionally, a cross-
roller bearing is incorporated into its structure, allowing the output shaft to be directly
mounted without additionally bearing support. After such two-stage gear reduction, the
output torque can reach as high as 30 Nm. Note that, in the prosthesis design, reducing the
weight and simplifying the system structure was given higher priority than generating higher
torque output. The resulted knee prosthesis, nonetheless, provides sufficient torque for a
75kg person in his/her slow walking.

After constructing the two powered joints, each robotic leg was assembled with the standard
prosthetic connection techniques. The purpose is to leverage the rich choices of prosthetic
components to provide high flexibility in connection and adjustment. An output adapter was
designed and fabricated to mount a standard prosthetic tube connector to the hip joint.
Standard prosthetic tubes are used to connect hip joints to the corresponding knee joints. For
the robotic foot for each leg, both standard prosthetic stomper (a rubber multi-sectional
circular piece) and standard prosthetic foot (covered by a rubber foot shell and then inserted
into a shoe) have been tested. Fig. 4 shows the complete Q-HARP system after it was fully
assembled, and Fig. 4b shows the details of a robotic leg. Note that, due to budgetary
limitation, only two custom hip joints (two rear legs) were fabricated and fitted to the Q-
HARP. The other hip joints (two front legs) are currently powered with the off-the-shelf
harmonic actuators (FHA-17C-E, Harmonic Drive, Peabody, MA), which are expected to be
replaced by the custom hip actuators in the future. The leg thigh is 0.394 m; the shank is
0.343 m; and the distance between the ankle joint and the foot bottom is 0.14 m. This length
design is mimicking human legs design with the principle in [19]. The hips of the four legs
are attached with the top three U-shape aluminum frames, in which two frames are set on
two sides and one is in the front. The robot has 0.46 m width and 0.635 m length.
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Coordinating the movement of multiple legs is one of the biggest challenges in quadruped
robots [20]. The gaiting planning involves the leg sequence planning and the leg joint
trajectory generating, and the purpose is to maintain a stable walking. Current researches are
focused on two type of stability including static stability and dynamic stability [21]. The
static stability is usually a major consideration in slow moving quadruped robots, while
dynamic stability is a key concern in a quadruped robot with a high walking speed. After the
leg sequence planning, the leg joint trajectory generating is a following step to create the
motion for each joint. Current research in joint trajectory generation is based on inverse
kinematics with DH convention [22]. Nonetheless, with only this classic convention, the
smoothness of the trajectories has a big compromise. In this section, we follow a
fundamental quadruped gait theory to plan the leg sequence to maintain a static stability for
the robot. We also propose a continuous joint trajectory planning method with a spline
interpolation, which maintains continuity not only in positon, but also in velocity and
acceleration.

Leg Sequence

As this robot is supposed to provide walking assistance for senior people or other mobility-
impaired persons, the walking velocity is expected to be slower than normal people’s
walking speed. Thus, with this concern, the priority of the robot development is to keep the
quadruped robot always in a static stability during which the center of mass (COM) should
be always within the support polygon.

Some symbols are need to be defined: £is the leg stroke length which is a distance that a
foot is moved relative to the robot body during the stance phase of this leg; Sis the duty
factor of a leg which is the fraction of the cycle when the leg is on the ground; A is the stride
length which is the distance traveled by the COM during a total cycle. The relationship
between B, Eand A is as shown in Eq. (1). The definition is based on quadruped locomotion
convention in [23].

E
p

f= (1)

According to [24], the duty factor of the leg should be within the range of (0.75, 1) so that it
can guarantee a positive stable margin Sin the moving direction to make the COM always
be within the support polygon.

The gait pattern used in this paper is a typical lateral sequence [20], in which the feet swing
in the order as Front Left (FL), Rear Right (RR), Front Right (FR), and Rear Left (RL). Here
we number the legs as FL (Leg 1), RL (leg 2), FR (Leg 3), and RR (Leg 4).

If the robotic body is moving in a constant speed with 7 as the leg cycling period and the
gait follows the proposed gait patterns, the phase of the legs can be shown as Fig. 5.
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As shown in Fig. 5, the dark solid lines denote the stance phase for the legs, and the rest is
swing phase. The front legs (Leg 1 and Leg 3) are %2 T out of phase from each other; the rear
legs (Leg 2 and Leg 4) are ¥ T out of phase from each other; each front leg leads the rear on
the same side by ST, where T'is the leg period.

To ensure the robot can remain stable with disturbances from a human user, a proper value
for Bshould be selected. A method has been proposed in [25] to determine a value for the
gait that provides stability to the system when disturbed and minimizes the overall energy
consumption of the robot. With this method a value of g =0.81 was found for this system.

B. Joint trajectory generator

Trajectory planning of manipulators has been thoroughly explored in robotics and is covered
in many texts. To obtain a smooth operation of a robot manipulator, it is desired to maintain

continuity in the position, velocity and acceleration of the desired path. To achieve this goal,
polynomial splines can be used to generate the trajectories. The method to the trajectory for

one of the legs of the robot is described in details in this section.

For a 2-DOF leg, the trajectory planning was performed as follows. The trajectory in the
stance phase, from time £ to 4, is a line of the position through time with constant velocity
vand step length £ as follows

x(t) = % — vt
(2
Y@ =0

where x is the distance from the hip in the forward direction, y is the distance that the foot is
lifted above the ground. The trajectory for the swing phase, from time # to &, begins at the
final position of the stance phase, lifts to a height 4,z then ends at the initial position of the
following swing phase to complete the cycle. To ensure a smooth trajectory, the stance and
swing trajectories mesh in position and velocity. With these constraints, a cubic spline can
be used to define the trajectory in xas

—E 3E+3vtg , 2E-2vig 4
x(7) = - vt 2 7 — 3 T 3)
S N
where t=t- 4 and £ is the duration of the swing phase(# = #— 4). The position in y can
be split into two sections with each section defined using 2 cubic splines
3h,. 2h,. t
hﬁzrz— hﬁ3r3 ifr<=
(e72)" (1/2) 2
1) = o ; @
lift 2 lift 3 . s
hyo — ——— (T —1/2)" + =t /2), ift> =
lift (13/2)2( K ) ([5/2)3( K ) 2

Using these equations, the foot trajectory can be solved for through the entire gait cycle
using the following parameters.
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(stride length) A = E/
(frequency) f =v/A
(period) T = 1/f = A/v

1r=0 ©)
t,=pT

t,=(1—-pT

tp=T

Fig. 6 shows sample trajectories generated for £=0.272 m, /= 0.15 mand f=0.81. ), 4
and & are shown on the top trajectory for clarity.

Implementing control of joint angles requires the desired joint angles. After solving the foot
trajectory in operation space we can solve for the joint angles using inverse kinematics. For a
planar manipulator this can be done using (6)—(9) which are obtained through the geometric
relationships in Fig. 7.

- ( \/(zwﬁf—(x2+<y—hd>2>

b = +2tan > 7 5 (6)
(x +(y—hy) ) ~ (L= 1)

where xand yare from the foot (ankle shaft) trajectory, /yis the desired height of the robot

body above the ground without considering the passive ankle joint, /;; and /s, are the lengths

of the thigh and the shank of the leg and & is the knee angle. The sign of &, is selected to

determine the knee forward or knee back configuration as the front and back legs have
different configurations.

¢ = atanZ(x, (y - hd)) ©)

W= atanZ(llhsinHZ, lth +1 Shcosez) (®)
using ¢ and y~we can solve for the hip angle 6 as
Or=d-vy ©
All the angles of hip and knee joints of the quadruped robot legs can be obtained with this

inverse kinematics.

Using the inverse kinematics described above the angles of the joints can be solved in real
time. The joint angles of an example of a stable gait (/7= 0.711 m, hjjz= 0.15 m, /;»=0.394
m, hyp=0.343 m, f=0.81, E=0.272m, v=0.043 m/s) are as shown in Fig. 8.

IV. Experiments and Results

To verify the walking functionality and correctness of designed gait, a walking experiment
was conducted. Each of the powered joint was controlled by a dsPIC33 microcontroller to do
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a position control, and the microcontrollers are synchronized with each other through a CAN
bus communication.

The robot was held up before the test. After it walked in the air with a stable gait (7= 0.711
m, hyir=0.15 m, =0.81, E=0.272m, v=0.043 mls), it was slowly left on the ground for
walking test. The expected joint trajectories were generated, and the actual joint rotational
positions were recorded for evaluation as shown in Fig. 9. A video is attached to show its
actual stable walking performance.

As shown in Fig. 9, the robot can generate constant cycling trajectories. In each joint, the
motor can drive the joint to follow the generated trajectories with minor error. The errors of
the joint angels in stance phase are a little higher than the swing phase (the swing phase is
around the peaks in the figure) since robotic weight is loaded on the foot during the stance
phase. Nevertheless, the errors are still in a small and reasonable range. In the video, the
robot can walk forward stably.

V. Conclusion

This paper proposes a novel robotic platform with a quadrupedal locomotion which aims to
accompany the user and provide walking assistance if needed. With legged mobility, the
platform is supposed to expand mobility-impaired users to involve in both indoor and
outdoor environments. The legs are actuated with active power, which could reduce the
users’ metabolic energy consumption. The design of the motorized legs and the structure of
the robotic platform was illustrated in this paper. A novel gaiting planning method is
proposed to generate continuous and smooth joint trajectory for each joint. A system-level
walking experimentation showed the robot could perform a stable walking gait which
demonstrates the feasibility and effectiveness of the robotic method. Future work includes
optimizing the structure of the robot, organizing the electric wires, improving the automation
and conducting clinic experiments.
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Figurel.
Concept of the Q-HARP quadrupedal walker.
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Figure 2.
Design of the hip actuation system: (a) overall view of the actuation system; (b) A-A veiw

for the linear adjustment mechanism.
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Figure 3.
Actuation system for the knee joint: (a) Transmission-side view (b) Motor-side view.
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Figure 4.
The assembled Q-HARP prototype: (a) the robot system; and (b) a robotic leg in the Q-

HARP.
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Leg phase
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Figure®6.
Example of the foot trajectory generated using (2),(3) and (4).

IEEE Int Conf Rehabil Robot. Author manuscript; available in PMC 2020 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shen et al.

Page 18

hd

01 ) 0.1
X position (m)

Figure7.
Geometric relationship for joint trajectory
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Joint angle trajectories of an example gait
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Figure.
Positon tracking for the joint trajectory for a stable walking
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