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Abstract

In this paper, a novel robotic assistive system (RAS) for mobility assistance
of elderly adults is developed based on admittance control with force exertion
ability enhancement (FEAE) of a wheeled mobile manipulator (WMM). The
RAS can provide supportive force in the vertical direction and be guided by the
user with a limited horizontal plane ability. An admittance controller is adopted
to realize compliant behaviour between the end-effector and the user, enabling
different admittance performances in different directions without requiring the
complex system dynamics. The end-effector force needed by the controller is
estimated by employing a nonlinear disturbance observer, avoiding the need for
pricey force/torque (F/T) sensor. Meanwhile, with consideration of the limited
joint torque output, the FEAE approach is implemented in the null-space of
the WMM, which can make the system exert more Cartesian force in a given

direction with consideration of Cartesian stiffness requirement using the same
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joint torque limitation through kinematic reconfiguration. Thus, it improves
the capability of the system in realizing the desired admittance requirement.
The advantages and effectiveness of the proposed approach are experimentally
demonstrated with a 4-wheel omnidirectional mobile manipulator.
Keywords: Robotic assistive system, wheeled mobile manipulator, admittance
control, human-robot interaction estimation, force exertion ability

enhancement.

1. Introduction

Seniors and adults with chronic conditions and special needs who have mo-
tor capabilities to walk by using an augmentative device are encouraged and
recommended to use this ability rather than use a wheelchair to perform their
daily living activities [I]. Using a wheelchair causes further muscle weakness,
joint stiffness, physiological dysfunctions, and spinal cord deformities. Active
rehabilitation and preventing degenerative effects of immobilization depend on
how the individuals are urged and supported to walk. These are especially im-
portant for older adults as walking prevents functional decline associated with
ageing [2]. Furthermore, being active can play a significant role in dealing with
the physical health and mental well-being of those in quarantine and isolation
during the COVID-19 pandemic [3].

Two of the commonly used augmentative devices that assist people with
walking and balance are canes and walkers. These devices enhance the users’
stability, support the users’ weight, and help them walk. However, traditional
walkers and canes suffer from several drawbacks such as requiring sufficient force
output to move the device, lack of adaptability with the human motion, collision
of the device with the surrounding environment, and short of stability assurance
[4, 5].

Here, we propose to employ a wheeled mobile manipulator (WMM), a robotic
manipulator mounted on a wheeled mobile, as a robotic assistive system (RAS)

to address a portion of the above issues, i.e., the force output enhancement and



Figure 1: Wheeled mobile manipulator as a robotic assistive system.

the adaptability of the WMM with the human motion. The remained problems
will be the focus of our future research. Due to the high mobility and desirable
operation capability, WMMs have been widely employed in many applications,
including rehabilitation, disaster rescue, and home/service applications [4, [6] [7].
The proposed RAS is designed such that it can be held by one user similar to a
cane (see Fig. . This can significantly help increase the level of independence
and quality of life of seniors and adults with chronic conditions and individual
needs. The proposed novel and intelligent system will enable a person with
a disability to live independently and carry out everyday activities and tasks.
It will also allow caregivers to ensure that the person they are caring for can
maintain their independence.

A RAS should achieve different compliant behaviours in different Carte-
sian directions due to the users’ requirements. In terms of the robotic walking
assistance system, Itadera et al. [4] proposed a WMM to provide walking assis-
tance for elderly adults through predictive optimization of gait assistive force.
However, the compliance was only realized in a single direction, and the imple-
mentation needed a wrist force/torque (F/T) sensor. Zhu et al. [8] presented
an admittance control-based approach for walking support and power assistance

with a wheelchair typed robot without assigning the desired stiffness of the sys-



tem. Spenko et al. [9] proposed a mobile robot based robotic system to provide
support and guidance for the elderly with the requirement of a wrist F/T sensor.
Frizera et al. [I0] designed a “Smart Walker” to provide support for cognitive
disabilities and people who cannot utilize conventional walkers. By employ-
ing an admittance controller, the walker could generate haptic signals to help
track a predetermined path; however, the drawbacks of the traditional mobile
platform typed walkers still existed in this robotic system.

Compliant control is a desirable approach to realize compliant behaviour be-
tween the robot and the environment. Two fundamental methods are proposed
based on hybrid position/force control [II] and impedance control [12]. To
achieve impedance behaviour in all Cartesian directions and avoid the require-
ment of complex system dynamics, admittance control [13] [14] is adopted in this
paper. And it should be noted that impedance control and admittance control
are two ways of implementing impedance control, depending on the causality of
the controller [I3]. Admittance control has found many applications including
in upper limb rehabilitation [I5], walk-assist [4], and robotic teleoperation sys-
tem [16]. One issue about implementing admittance control is the end-effector
force requirement because it serves as the input for the controller to derive the
desirable compliant behaviour.

Besides mounting a pricey wrist F/T sensor, many other estimation meth-
ods have been presented based on the robot’s available sensing. Disturbance
observer (DOB) is one of the methods used in the external force estimation
of robots [I7, I8]. A general review of DOB theory could be found in [19].
One technique is the time delay estimation method that could be used to es-
timate the nonlinear dynamics of the manipulator [20]. Another method for
force estimation is based on generalized momentum, which avoids joint accel-
eration measurement [21), 22]. Haddadin et al. [23] reviewed and extended this
method for real-time collision detection, isolation, and identification, yet they
have failed to provide the convergence verification of this approach. If the sys-
tem is in quasi-static mode or moves very slowly, the external force estimation

can be achieved via simple gravity and joint friction compensation [24].



Due to the limited and inequable joint torque output of the manipulator,
the manipulator’s configuration should be adjusted to derive the end-effector’s
optimal impedance behaviour. The null-space controller can be adopted to exe-
cute multiple tasks, thanks to the redundancy of the WMM system [25]. Many
studies have been conducted about redundancy applications, such as force feed-
back improvement, manipulability maximization, and singularity avoidance [26]
27, 28]. The robotic system’s force exertion ability in a given direction should
be enhanced to achieve better impedance behaviour, indicating the robotic sys-
tem can sustain a more significant end-effector force within the joint actuation
saturation. The force manipulability ellipsoid, first proposed by Yoshikawa [28],
is a useful tool for visualizing the force transmission characteristics of a robot
at a given configuration [29]. Later, the applications of this measure have been
extended to mobile manipulators [30]. However, this measure always tries to
evaluate the system force capability in all Cartesian directions, which is not
needed in our application. To solve this problem, the concept of task compat-
ibility, which optimizes the velocity or force requirements in a given direction,
was presented by Chiu [31], and Ajoudani et al. [32] improved this concept by
introducing a weighting matrix to scale the joint torques because of the joint
torque differences.

A fundamental problem with much of the literature regarding the walking
assistance system is that only a mobile platform type robot is employed [5]
9], which dramatically limits the system’s functionality. Even with a WMM,
the redundancy of the system has not been considered [4]. Another drawback
impeding the high-quality of the RAS system is the restricted joint torque output
of the manipulator. This problem can be solved using the null-space control of
the robotic system; however, to the best of our knowledge, no research about
this topic has been conducted.

In this paper, a novel method to achieve a RAS via admittance control with
consideration of force exertion ability enhancement (FEAE) is proposed. It is
noteworthy that the required force for an applicable robotic walker is approx-

imately in the range of 60 N [33] to 150 N [34]. The main contributions of



the paper are as follows: (1) From an application perspective, implementing a
WMM without a F/T sensor as a RAS is novel compared to the past research
that typically employs a mobile robot or a wheelchair as assistive technology;
(2) from a theoretical point of view, the proposed combination of admittance
control in the Cartesian space and null-space control is novel and of great signif-
icance in improving the robotic system’s performance in terms of (a) showing a
compliant behaviour in the horizontal plane such that the WMM does not resist
user’s motions in the left-right or the back-forth directions and (b) showing a
stiff behaviour in the vertical direction such that the WMM provides support to
the user; and (3) a null-space configuration optimization approach is proposed
to enhance the end-effector force exertion capability in the vertical direction
with consideration of stiffness requirements.

The remainder of this paper is organized as follows. In Section [2] the kine-
matic model and control for WMMs are provided. In Section |3 an admittance
control for WMMs with force exertion ability enhancement is presented. Exper-
iments that demonstrate the validity and performance of the proposed method

are presented in Section [d] Section [5] concludes the manuscript.

2. Kinematics for Wheeled Mobile Manipulators

An intelligent RAS should have the ability to sense the force exerted by
the user and change its configuration to follow the user’s motion. Thus, the
kinematic modelling and control method is needed for the WMM. In this section,
a unified kinematic model and control approach for a WMM is derived, which
avoids the complex system dynamics and plays an essential role in the Cartesian
space controller design in the following section. First, the kinematic model for
the WMM is obtained. Next, a kinematic controller is presented, including the
Cartesian space controller and the null-space controller, which will be utilized to
realize the desirable admittance behaviour and augment the end-effector force
exertion ability, respectively.

A WMM consists of a mobile base and a multi-DOF manipulator, as shown



Figure 2: Kinematic model representation of the mobile manipulator.

in Fig. [2| in which ., ¥, ,,, and .. represent the world reference frame,
mobile base frame, manipulator reference frame, and end-effector frame, re-
spectively. It is worth mentioning that in each frame, the red, green, and blue
pointing arrows denote its corresponding x, y, and z, respectively. Let us define
q=lqf,qh]T € R™ as the configuration vector of the WMM, where g, € R™ and
G¢m € R™ are the generalized coordinates of the base and the manipulator, re-
spectively, in which, n = ny+n,,,, where n,,, and n; denote the dimensions of the
generalized coordinates for the manipulator and the mobile base, respectively.
Then, the pose of the end-effector x € R” can be expressed as x = f(g), where
f(q) denotes the forward kinematics for the WMM system and r represents the
dimension of the end-effector’s motion.

We assume that a pure rolling contact exists between the mobile base’s
wheels and the ground (i.e., no slippage). The model for slippery wheels can be
found in other literature from our group [35]. With this assumption, the mobile
base kinematic model can be derived as ¢, = P(qy)up, where up € R? is the
velocity vector of the wheels with b denoting its dimension, and P(q,) € R™*? is
the constraint matrix of the base (holonomic or nonholonomic). The generalized
velocity vector for the manipulator can be expressed via the joint velocity vector

as ¢y = U, where u,,, € R™ is the velocity vector of the manipulator joints with



m representing the dimension of the manipulator velocity inputs (m = n,).
Thus, by defining the velocity input vector for the WMM as u = [uf, ul]T €
R¥*™ the forward kinematics at velocity level for the entire WMM can be
expressed as
. . @
i =J(q)g = [Jo(q) Jm ()] |
dm
Up
= [1(0)P(g) I ()] = Ju(qQ)u,

Um

in which J, € R"*™ is the Jacobian of the mobile base, J,, € R"*™ is the Jaco-
bian of the manipulator, J(g) € R"™*™ is the Jacobian of the generalized WMM
(i.e., no constraints for the mobile base are considered), and .J, (q) € R"*(®+m) ig
the Jacobian of the WMM. It is worth mentioning that for a holonomic mobile
base, the utilization of J(q) and J,(g) have the same efficiency.

As shown in (), for a WMM, the Jacobian matrix J(g) has more columns
than rows, indicating that the WMM system is kinetically redundant. There-
fore, for a given end-effector trajectory tracking task &, infinite joint velocity
solutions ¢ can be obtained. To determine the optimal joint trajectory, the re-
dundancy resolution approaches for redundant manipulators can be extended
to the kinematic control of the WMM [21].

With the reference end-effector velocity vector defined as #,., the redundancy

resolution for the WMM expressed in can be derived a&ﬂ
g=J, + (I = J')gn, (2)

where Jt denotes the pseudoinverse of Jacobian J, I —.J'.J denotes the orthogo-
nal projection operator into A(J), and ¢x represents the designed joint velocity
vector for the secondary task.

Joint position constraint avoidance cannot be realized via the pseudoinverse

method discussed above when joint position limit is reached. Two other control

LFor brevity, the dependence of the variables upon the joint variables are omitted.



methods can be adopted for this case. One is Hierarchical Quadratic Program-
ming (HQP) [36], which is often implemented for robots to inverse a direct
function when multiple and incompatible objectives are involved. The other
one is the addition of an optimization objective for joint position limit avoid-
ance [27]. With the implementation of a WMM as a RAS, the end-effector
motion in the vertical direction is small to support the user. The horizontal
plane’s movement is mostly distributed to the mobile base, which has an unlim-
ited joint motion range. Thus, in our work, the manipulator does not reach its
joint position limit.

Furthermore, to track a desired trajectory provided by both the desired end-
effector position x4(t) and the desired end-effector velocity #4(t), a closed-loop

controller [37] can be employed to restate &, in as
(1) = da(t) + Ky (za(t) — 2(1)), (3)

where K, is a constant gain scalar.

3. Admittance Control for WMMs with Force Exertion Ability En-

hancement

This section’s primary purpose is to design an appropriate controller to re-
alize the desired user-defined compliant behaviour for the RAS. We are starting
with the presentation of the admittance controller, which avoids the complicated
dynamics modelling of the WMM compared with the impedance controller [12].
With this basic control framework, we design an end-effector force estimator via
NDOB. An FEAE approach is then presented to augment the Cartesian force
exertion capability in a given direction using the null-space controller to cope

with the limited joint torque output.

3.1. Admittance Control for WMMs

Admittance control can help adjust the position (orientation) of the end-

effector according to the external force (torque); thus, it can assist walking for



the elderly by generating compliant behaviours between the user and the robotic
system. In this paper, only position compliance is considered according to the
external force, with the end-effector’s orientation always kept unchanged. The
transfer function of an admittance controller that specifies the control velocity

vector can be expressed as

o(s) _ s
m = R(s) = Mys? 4+ Bgs + Kg’

where f € R? denotes the external force vector. My € R3*3, By € R3*3, and

(4)

K4 € R3*3 are diagonal matrices representing the desired Cartesian inertial,
damping, and stiffness, respectively. Then, by exerting an end-effector force
fe to the robotic system, the admittance controller will generate a reference
Cartesian velocity vector 2. to adjust the end-effector position.

To avoid the user discomfort with small differences in end-effector position
and the user’s desired position, the admittance behaviour is directly applied
to the system as in [38]. Thus, the desired end-effector velocity can be defined
as

xd(t) = i‘d,User(t) + j?e(t), (5)

where &4 pser(t) is the velocity vector assigned by the user, and .(t) can be
obtained by acquiring the end-effector force, which will be estimated using a

nonlinear disturbance observer in Section [3.2

8.2. End-effector Force Estimation via Nonlinear Disturbance Observer

When no F/T sensor is available at the end-effector, an alternative method
for obtaining the external force is provided by designing a suitable NDOB, which
considers the external force as the disturbance. The NDOB adopted in this
paper is inspired by the work reported in [I8, [39]. Reference [I8] removed the
existing restrictions of [39] on the number of DOF's, joint types, or manipulator
configuration. Compare with the work in [I8], the joint torque is also modeled
in this paper to further improve the force estimation accuracy.

Assumption 1: The dynamics of the mobile base are separated from the

entire WMM system’s dynamics. Thus, the end-effector force estimation will
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be conducted only considering the manipulatorﬂ

The complete dynamic model of an m-DOF manipulator is expressed as [40]

M(qm)(.jm + N(qma Qm) =Tm + Te (6)
with
N(Qma Qm) = C(Qma (jm)ij + G(Qm) + F(Qma Qm)v (7)

where M (¢m) € R™*™ C(¢m, Gm) € R™*™, and G(¢m) € R™ denote the inertia
matrix, Coriolis and centrifugal terms, and gravity term of the manipulator,
respectively. F(qm,Gm) € R™ denotes the friction torque vector of the joints,
Tm € R™ denotes the joint control torque vector, and 7. € R™ is the resultant
joint torque vector exerted by the external force.

The friction model to estimate the joint friction torque F(gm, ¢m) adopted

in this paper is expressed as [4]]

F(qm,Gm) = [fc + (fs - fc)e_mm/vslz]segn(q'm) + fulGm., (8)

where f., fs and f, represent the Coulomb, static and viscous friction coeffi-
cients, respectively, and the parameter vy denotes the Stribeck velocity.

Now, define the estimates of the actual M(gy,) and N(qm,Gm) as M (gm)
and N (¢m» Gm ), and M and N denote the corresponding additive uncertainties

exist in @, which yield
M (gm) = M(qm) + M,
N(qm,dm) = N(gm,dm) + N.

The lumped disturbance vector 74 € R™ is defined as

Td:Tequ.miN7 (10)

2This assumption is feasible since, for a collaborative WMM moving with low velocity,
most of the joint torques are caused by gravity and joint friction. In contrast, the influence

of dynamics is tiny.
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thus, with a desirable estimation of M(g,,) and N(gpm, Gm ), the resultant joint

torque vector 7. by external force is almost equal to 74 according to . Com-

bining @ and , it derives
M (gm)iim + N (Gms Gm) = Tm + Ta- (11)

It is worth mentioning that M(qy,) is a positive-definite and symmetric matrix.

Then, a nonlinear disturbance observer is proposed as
fa = —Liq + LIM (@) im + N(@m, Gm) = ), (12)

where L € R™*™ is a constant observer gain matrix. Inspired by the method
proposed in [I8], an auxiliary variable z € R™ is defined to avoid joint accel-

eration measurement in (12). The modified disturbance observer is built as

where the vector p(¢m, ¢m) € R™ is determined from a modified observer gain

matrix L(gm, ¢m) € R™*™

p(‘]’maqm) = L(vaqrn)M(Qm)ijm- (14)

Combining , , , and taking the time derivative of yields

z :7;'d - p.(qma Qm) = 7;_d - L(qm’ qm)M(qm)Qm

= — L(qms ) =+ (15)

L(gms Gm) [N (@m> Gm) — Tm — P(@ms Gm)]-

Thus, the modified disturbance observer, which eliminates the joint accelerom-

eter requirement, is established with the following form

L(Qma QM)[N(Qma Qm) —Tm — p(Qma (jm)L

Tqa==% +p(QM7q7Yl)a

p(va Q'm) = L(Qma Qm)M(Qm)Qm~

12



Next, the error dynamics of the system can be obtained as
Ta =7a —7a = Ta — L(qm, m)7a- (17)

The vector p(gm, ¢m) and the matrix L(gm, Gm) in are undetermined,
and now an approach for their design is provided. In line with [I§], the modified

observer gain matrix is presented as
L(Qm) :XilMil(Qm)a (18)

where X € R™*™ is a constant invertible matrix, and M (¢m) is an invertible

matrix as well. Combining and yields
Pldm) = X - (19)

The disturbance tracking error 74 will converge asymptotically to zero if the

invertible matrix X is chosen with the following condition
X+ XT > XTM (g) X, (20)

and the rate of change of the lumped disturbance acting on the manipulator
ought to be negligible compared with the estimation error dynamics , which
is not an overly restrictive condition [39]. The proof of this conclusion can be
found in [I8].

According to , , , , and with the assumption that a desir-
able estimation of M (¢,,) and N(gm, ¢m) can be derived, the end-effector force

(torque) vector F, € R can be estimated as

F,o=JT7, (21)

m

in which, we denote f. € R? as the force component of F,.

8.8. Force Exertion Ability Enhancement with Null-space Control

With the admittance controller employed in the Cartesian space of the
WMM, the desired admittance behaviour should be achieved for assistance in

walking. However, due to the manipulator’s limited joint torque output, some
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Cartesian motion requirement may not be satisfied. Hence, the redundant sys-
tem’s null-space control can be used to enhance the force exertion ability of the
end-effector. It should be noted that the torque output of the mobile base is
assumed to be unlimited and not considered in this section because the base
cannot help to adjust the admittance behaviour for the user in the vertical
direction.

Consider the manipulator is stable with joint position g, and 7,,, = JX (¢ ) fe+
Tg(¢m), where 7,,, is the control torque vector of the manipulator and 74(gm)
denotes the gravity vector exerted by the manipulator. The joint friction is
neglected as this is a static equilibrium analysis.

To account for the torque limit difference of the manipulator joints, the joint

torque output can be scaled as
Tmw — WTTM7 (22)

where W, = diag]|

L L ... —L1 _]isascaling matrix to normalize the

Tmlim; Tmlimg Trm limyy,

joint torques, and T, ;m, represents the torque limit of the i*" joint. In line with
the definition of the force manipulability ellipsoid in [31], i.e., || Tmw|ly < 1, the

joint torque constraint can be rewritten as [32]

[WT(JELfe "’Tg)]T[WT(']ELfe +79)] <1, (23)
where 7, can be expressed as 7, = JrG,. can be further expressed as

(fo + G T W, W, JE (fo + Gy) < 1. (24)

Then, with the assumption that the stiffness of the end-effector is K, € R3*3,
ie., fo= K. Ax, can be restated as

(Az + Az )" K J W, W, JL K (Az + Az,) < 1 (25)

with
Az, = K'G,. (26)

In order to enhance the end-effector force exertion capability with consideration

of stiffness requirements in different Cartesian directions, a scalar optimization

14



objective can be defined as
Hy = 0N (Ko Jpn W W Jh K)o 7, (27)

where § € R? is a vector of 0 and 1 representing the Cartesian direction of the
optimization. It is worth mentioning that K. only represents a stiffness for the
optimization of the end-effector. In this paper, the force exertion capability is
not enhanced directly. It is augmented through enlarging the maximum end-
effector allowable displacement within the joint actuation saturation. In essence,
the permissible end-effector force is enhanced. It is evident that with the joint
torque constraint presented in and the optimization objective proposed in
, the enhanced displacement also contains the one caused by the manipulator
gravity, i.e., Axzg. Therefore, another goal is defined to reduce the effect of

gravity, which is expressed as
Hy = Ax;FAxg/a, (28)

where « is a scalar gain, which makes objectives H; and Hy on the same order
of magnitude. Combining and , the cost function for the null-space

controller can be defined as
H = w1 Hy —waHa, (29)

where w; and ws are two constant gains with w; +ws = 1; wy ought to be bigger
than wy since augmentation of force ability is the main task. By calculating the
partial derivative of H to g¢,,, denoting as vV, H, we can obtain the designed

joint velocity vector for FEAE as

On
in = kn ( ”;)T (30)
v‘lm

with ky being a constant gain. With the optimization of the cost function
defined in 7 only the Cartesian displacement introduced by the external

force will be enhanced. The block diagram of the entire control system is shown

in Fig. B
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Admittance f. | End-effector Force Estimator

Controller (4) (16), (18), (19), (21)
Closed-loop | X WMM
f) .
Controller (3) Jacobian J (1) | ¢ g Velocit - o
. A Yy ol WMM X
Xd,User' d User NU”'SpaCe . Controller q
Control (2) Velocity-controlled WMM
K x| Force Exertion Ability
Enhancement (30)

Figure 3: Block diagram of the control system.

4. Experimental Setup and Results

Several experiments are conducted to verify the effectiveness of the proposed
method with a WMM for achieving a RAS. The experiments in this section
contain two parts: (A) the verification of the FEAE approach to improve the
admittance performance and (B) the evaluation of the admittance controller in

terms of providing supportive force and guidance.

4.1. Ezxperimental Setup

In this study, an omnidirectional wheeled mobile manipulator (holonomic
constraint for the base) is utilized (shown in Fig. [2]), which consists of a custom-
built four-wheel mobile base, a 7-DOF ultra-lightweight robotic arm Kinova
Gen3 (Kinova Robotics, Canada), and an Axia80-ZC22 F/T sensor (ATI Indus-
trial Automation, Apex, NC, USA). The mobile base is equipped with two pairs
of Mecanum wheels to realize omnidirectional motion, which shortens robot
throughput times and reduces nonproductive time when searching appropriate
execution pose for a given task [42]. The F/T sensor is employed to evaluate
the accuracy of the force estimation method and not used in the control system.

The generalized coordinate vector for the mobile base (shown in Fig. {4)) is
defined as g, = [xp, s, 05]T € R3. Also, the velocity command of the wheels
is defined as up = [wyr, wer, wpi, wer] T € RE The velocity transformation ma-

trix P(qy) € R3*4, which transfers the wheel velocities to the generalized base

16



Figure 4: Kinematics of the omnidirectional mobile base.

velocities, can be expressed as

P(qy) = J1JB (31)
cosf, —sinf, O 1 1 1 1
withJ; = | sin6, cosf, 0 |,andJp=Le| _1 1 1 -1
0 0 1 —1 1 —1 1

i+l b4l L+l L+l
The variables 6, R, l1, and [ are illustrated in Fig.

The Cartesian space dimension for the mobile manipulator is defined to be
r = 6 considering both the position and orientation of the end-effector. Yet,
only the position compliance is treated, and for the orientation, a simple PD
controller is employed to maintain it fixed. At the initial point, we assume that
the mobile base frame ¥, is coincident with the world frame ¥,,. The initial joint
position of the WMM is considered as ¢y = [0,0,0,0,7/6,0,7/2,0,—7/6,0]T,
where the first three values are the generalized coordinates for the mobile base.
The initial position for the end-effector can be derived from the system forward

kinematics in ¥, as o = [0.65, —0.0246,0.4921]".

4.2. Experiment on Force Exertion Ability Enhancement with Null-space Con-

trol

Based on the proposed approach of admittance control with estimated end-

effector force, the desired Cartesian impedance behaviour of the end-effector can

17



be achieved. However, some desirable responses of the admittance controller
may not be gained due to the manipulator’s limited joint torque output. Thus,
in this experiment, the system redundancy is employed to augment the force
exertion capability of the end-effector in a given direction through null-space
control.

This experiment shows that with the proposed FEAE approach, the WMM
will change into a more desirable configuration for mobility assistance, and only
the WMM configuration evolution with no user interference is considered. A
video is attached to the manuscript to present this experiment. In this paper,
the FEAE method is used in the vertical direction because this direction should
provide a sizeable supportive force for the users to assist them in walking.

The parameters used during the experiment are listed in Table [1} where K.
does not represent the real Cartesian stiffness for the admittance controller but
a stiffness for the configuration optimization procedure, which is obvious that we
put our focus on z direction; and the optimization direction vector is defined as
§ =1[0,0,1]T € R3 to enhance the Cartesian displacement along the z direction
of the world frame ¥, (shown in Fig. . If otherwise stated, the reference frame
of the direction is the world frame in the subsequent expression. It should be
emphasized that the desired Cartesian position for the end-effector is unchanged
in this experiment. The reason lies in two aspects. First, no user influence is
added in this experiment. Second, we want to show that by employing FEAE,
we can use less joint torque output to obtain the same end-effector force exertion
capability without affecting its Cartesian position.

The results of the WMM augmenting the force exertion ability in the =z
direction of ¥, are as follows. Fig. shows the final configuration of the
WMM without and with FEAE. Fig. shows that with the proposed method,
the manipulator will go to a more desirable configuration to augment the force
exertion capability of the end-effector in z. This is similar to how humans change
their configuration to resist disturbance from the vertical direction.

The optimization objective and norm of the weighted joint torque profiles are

shown in Fig. [6] Fig. [6a] depicts the objective profile defined in ([27)-(29) during
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Table 1: Control parameters for force exertion ability enhancement experiment.

Parameter Description Value
K, Stiffness for optimization diag(1,1,10)
K, Closed-loop controller gain 10
W, Torque scaling matrix diag(1,1,1,1,2.5,2.5,2.5)
kn Null-space controller gain 5
) Optimization direction vector [0,0,1]T
@ Gravity effect gain 10000
w1 Objective ratio for Hq 0.9
wa Objective ratio for Ho 0.1
X Matrix for force estimation 100177

(a) Without FEAE (b) With FEAE

Figure 5: Final configurations of the WMM during the experiment.
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the FEAE experiment. With the proposed method, the cost function H was
enhanced from 0.978 x 1072 to 2.012 x 10~2, more than twice as before, which
means the manipulator could achieve the same Cartesian displacement in z with
less joint torque output. It is worth noting that there were two sub-objectives
in the cost function, H; and Hs,, and Hs had an increasing tendency in the later
period of the experiment due to its small weighting value ws. Fig. [6D] shows
the norm of the required weighted joint torque when end-effector displacement
in z was generated, where the desired stiffness in this direction was set as 1500
N/m. Two manipulator configurations (the initial and final configurations) were
compared. When no external displacement was applied, the gravity-related
| Tmw ||, was reduced from 1.39 Nm to 0.59 Nm with FEAE, and the increasing
speed of the weighted joint torque with z displacement was also declined from
104.8 N to 77.7 N. When the required end-effector displacement increased to 20
cm, the reduction of the weighted joint torque was 6.2 Nm, approximately 27.7%
of the original value. Both of these two results illustrate the effectiveness of the

proposed method in enhancing the force exertion ability for the end-effector.

4.3. Experiment on Admittance Control with Estimated End-effector Force

In this section, the WMM performance used as a RAS is verified to provide
supportive force in the vertical direction by a known payload and be guided in

the horizontal direction by a user.
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This experiment compares the admittance behaviors with two different final
WDMM configurations (without FEAE and with FEAE). The process of how the
WMM configuration evolved via FEAE is not presented here since it is already
shown in the first experiment, and a video is attached to show this experiment.

The user-defined trajectory x4 user is set as the initial end-effector position
xgo to better display the impedance behaviour of the WMM produced by the
external force. The control parameters are listed in Table [I| with the desired
Cartesian impedance parameters defined as M, = diag(100,100,100) Ns?/m,
B, = diag(200, 200, 550) Ns/m, and Ky = diag(0,0,1500) N/m. It should be
emphasized that the desired stiffness in  and y is defined as zero to ensure
that the robotic system can be led by the user smoothly in the horizontal plane.
The advantages of the proposed method have been experimentally compared
with the traditional admittance control without FEAE (, , , and
without employing the null-space controller). Due to the existing end-effector
force estimation error, if the estimated external force is less than 3 N in each
Cartesian direction, it is assumed to be zero.

The first segment is to prove the accuracy of the end-effector force estimation
approach with NDOB, the estimated force (calculated via , , , and
(21)) is compared with the measured force obtained by the wrist F/T sensor.

The WMM configuration with FEAE was chosen to compare the estimated
and measured forces, where the user exerted the external force in different di-
rections. The experimental results are shown in Fig. Table |2| contains the
maximum and RMS values of the estimation errors in each direction. During the
experiment, the user first applied the force in z direction, then, in y direction,
and finally in z direction.

As shown in Fig. [7] and Table [2] the maximum Cartesian space force esti-
mation errors between the estimated forces and the force measurements in z,
y, and z are 3.34 N, 3.02 N, and 4.56 N, respectively. The RMS level of these
estimation errors is 1.14 N, 0.91 N, and 1.02 N, respectively, which accounts
for about 7.06%, 6.80%, and 4.93% of their corresponding maximum force mea-

surements. The experimental results in this segment verify the effectiveness of
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Table 2: Maximum and RMS values of force estimation errors

Error in x Errorin y Error in z

Maximum value (N) 3.34 3.02 4.56
RMS value (N) 1.14 0.91 1.02

the proposed end-effector force estimation approach.

The second segment is to illustrate the effectiveness of the proposed FEAE
approach under the admittance control framework. Some pictures of this ex-
periment are shown in Fig. [§

To better demonstrate the superiority of the FEAE approach in enhancing
the force exertion capability in the vertical direction, a constant payload is em-
ployed in this direction instead of human hands, as shown in Fig. [Bd] The
virtual joint torque limit vector is defined as 7., 1im = [40, 40,40, 40, 16, 16, 16]T
Nm for the manipulator. The WMM configuration without FEAE is shown
in Fig. The estimated external force and the resultant end-effector dis-
placement are shown in Fig. [0] and the corresponding joint torque output is
presented in Fig.

For the motion in the horizontal plane, the user could lead the WMM with

a relatively small force, as shown in time 0-27.4 s. For example, at time 11 s, a
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(@) (b) () (d)

Figure 8: Pictures of admittance control of the WMM system with FEAE. (a) shows the
initial pose of the WMM, (b) shows the system’s reaction when a y force exerted, (c) shows
the system’s response when an z force applied, and (d) shows the system’s response when a

z force exerted.

y force of 10.9 N could achieve a y motion speed of about 5.31 cm/s. For the
motion in the vertical direction, when a payload of approximately 10 N applied
during time 33.4-37.1 s, the WMM could support it with a z displacement of
about 0.69 cm. However, with a payload of approximately 30 N added at time
52.5 s, the WMM could not bear it due to the saturation of joint 2 (shown in
Fig. , and also an unexpected = motion for the mobile base was triggered.

Then, the proposed method’s performance is tested with the WMM config-
uration shown in Fig. The external force and the end-effector displacement
are provided in Fig. [I0] with the corresponding joint torque shown in Fig. [TIb]
It is worth mentioning that the entire system was first reconfigured with FEAE
via the null-space controller, which was not shown in the figures since no exter-
nal force was applied. The compliant motion in the horizontal plane can also
be guaranteed in this scenario. At time 24 s, an x motion speed of about 5.57
cm/s could be generated with an external force of 14 N applied in the corre-
sponding direction. With the proposed FEAE approach, the desired admittance
behaviour can also be achieved in the vertical direction. As shown in Fig. [I0]
with a payload of about 31 N applied at time 37.9 s, the end-effector could gen-
erate a displacement of approximately 1.96 cm in the corresponding direction
with no joint saturated.

As shown in Fig. [TI] with the FEAE approach, the joint torques were also
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much smaller when no external disturbance exerted. For example, the torque
of joint 2 was about 26 Nm (shown in Fig. at time 45 s) when no FEAE
was adopted, and its value decreased to about 8.5 Nm (shown in Fig. [11b
at time 29 s) when FEAE was employed. Also, when a z force was applied,
the manipulator could generate the same admittance behaviour using a smaller
joint torque output with FEAE approach: take time of 35.00 s without FEAE
experiment and 35.63 s with FEAE experiment for example, where the estimated
x forces for both were about 10.3 N. However, the weighted joint torque || 7w ||y
with gravity subtracted was reduced from 1.04 Nm to 0.61 Nm, which proves the
effectiveness of the proposed approach in maximizing the end-effector exertion
capability through enlarging the allowable Cartesian displacement in a given
direction. It is worth noting that the system’s behaviour in the horizontal
plane was compliant, so no substantial joint torque was generated, which is also

illustrated in Fig.

5. Conclusions

In this paper, a novel robotic assistive system (RAS) to realize walking
assistance for the elderly via admittance control of a wheeled mobile manip-
ulator (WMM) with force exertion ability enhancement (FEAE) is proposed.
The WMM system can provide the user with gravity support and be led by
the user in the horizontal plane. Without using a pricey F/T sensor, the end-
effector force is estimated based on a nonlinear disturbance observer, avoiding
the need of joint acceleration measurement. An FEAE approach is employed
with a null-space controller to improve the system’s ability to generate high-
quality admittance performance, usually limited by the restrained joint torque
output. The effectiveness of the proposed approach has been experimentally
verified with a 4-wheel mobile manipulator. During the FEAE experiment, the
optimization objective was improved by 105.73%, and the increasing speed of
the weighted joint torque with z displacement was declined by 25.86%. In the

admittance control experiment, the accuracy of the force estimation approach
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was verified using a wrist F/T sensor, and the results show that the maximum
force estimation error was no more than 8% of its corresponding force measure-
ment range. With the FEAE approach, the obtained Cartesian stiffness in the
vertical direction was approximately 1582 N/m with a 5.47% stiffness error, and
the stiffness in the horizontal plane was almost zero. The weighted joint torque
(manipulator gravity subtracted) was reduced from 1.04 Nm to 0.61 Nm with
the FEAE method implemented when a z force of 10.3 N was applied. Our
future work will focus on predicting the user’s gait to provide better assistance
performance and stability assurance, and making the RAS more intelligent via

learning from demonstration approach.
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