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Abstract—There are conflicting objectives between required
characteristics of haptic interfaces such as maximum force
feedback capability versus back-drive friction, which can be
optimally traded-off in a redundant haptic interface; a redundant
haptic interface has more degrees of freedom than minimally
required ones for a given task. In this paper, a contact-aware
null-space control approach for redundant haptic interfaces is
proposed to address these trade-offs. First, we introduce a task-
dependent null-space controller in which the internal motion
of the redundant haptic interface is appropriately controlled
to achieve a desired performance; i.e., low back-drive friction
in case of free-space motion and soft contact or large force
feedback capability in case of stiff contact. Next, a transition
method is developed to facilitate the adaptation of the null-space
controller’s varying objectives according to the varying nature
of the task. The transition method prevents discontinuities in the
null-space control signal. This transition method is informed by a
proposed actuator saturation observer that monitors the distance
of joint torques from their saturation levels. The overall outcome
is an ability to recreate the feelings of soft contacts and hard
contacts with higher fidelity compared to what a conventional
non-redundant haptic interface can achieve. Simulations are pro-
vided throughout the paper to illustrate the concepts. Moreover,
experimental results are reported to verify the effectiveness of
the proposed control strategies. It is shown that the proposed
controller can perform well in the soft-contact, hard-contact, and
transition phases.

Index Terms—Haptics; User Interfaces; Kinematics Redun-
dancy.

I. INTRODUCTION

High-fidelity haptic feedback, which is critical to the safety
and success of any interaction, requires appropriate haptic
interface (HI) design and control [1]. The HI’s workspace,
maneuverability, degrees of freedom, and sensory feedback
should ideally match the intuitive movements of the user’s
hand to induce the experience and sensation of direct touch [2].
There are several commercially available HIs, each of which
has its advantages and disadvantages [3]-[5]. This, in part,
relates to unavoidable trade-offs in the design specifications
for a specific application. HI should simultaneously satisfy
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requirements of low inertia and back-drivability for ease of
movement and excellent control as well as the capability of
providing large enough stiffness and forces to cover reflected
forces from stiff contacts. Also, the Z-width of the HI, which
represents the range of impedances that it can stably display
to the user, needs to be large enough to present rich haptic
information to the user. A small Z-width can make it hard to
distinguish between different environments because they are
presented as similar impedances [6]. In addition to the above
requirements, an HI needs to have a practical workspace that
will allow efficient and smooth navigation of the environment,
while having a small enough footprint for mobility and ease
of integration in the user’s workstation. Due to these reasons,
the design and optimization of haptic robots have been widely
studied [7], [8].

A possible approach to address the above-mentioned de-
sign trade-offs is employing kinematic redundancies in the
HI design. A kinematically redundant manipulator has more
degrees of freedom (DoF) than required to implement a
task. Redundancy in the joint-space of a manipulator enables
possible joint motions that do not change the position and
orientation of the end-effector. This inner joint motion is
commonly referred to as self-motion. The self-motion of a
redundant manipulator can be used to achieve a secondary
objective while performing a primary task [9]. The secondary
objectives involve, e.g., singularity avoidance, manipulability
enhancement, or force feedback capability maximization of
the robot while the primary tasks involve, e.g., position,
force, or impedance control of the robot in the Cartesian
space. The human users commonly employ the same approach;
using kinematic redundancies of their arm to perform complex
dexterous tasks or stabilize hand movements while performing
a primary task. In [10], it is shown that experienced surgeons
exploit their arm redundancies more than the novice surgeons.

Redundant manipulators have been widely used in indus-
trial applications [11]. Recently, it has been shown that the
self-motion capability of a redundant manipulator is very
promising in control of physical human-robot interactions as
it can be employed to improve the overall performance of the
interaction while performing a primary task [12]. Despite the
promising features of RHIs, only limited attention has been
paid to their design and control. The rest of the literature
mostly concerns redundant robot arms for object manipulation
or physical human-robot interactions with industrial robots.
Industrial robots are either mechanically designed for fast
motion at the end-effector or large payload capability. On
the other hand, the HI’s design needs to address these two
conflicting requirements at the same time in addition to being



back-drivable and having low apparent inertia and low friction.
This imposes additional design constraints and makes the
design and control of HIs different from industrial robots.

In the literature, there are few studies on the design of
RHIs. One of the papers on the design of an RHI is [13],
but the design does not meet several of the design criteria
of HIs as the designed RHI is not back-drivable and has
large apparent inertia. Baser et al.also designed a 7-DoF RHI
with a relatively larger workspace in compare to 6-DoF non-
redundant HIs without enlarging the RHI’s links length [14],
[15]. The da Vinci Surgical System (Intuitive, Inc. CA, USA)
has an RHI but no design-related information is available for
proprietary reasons [16]. In [17], it is shown that the apparent
inertia and manipulability of an RHI are respectively upper
bounded and lower bounded to those of a non-redundant HI
(NHI) that is formed by the distal set of DoFs that span the
operational space. In other words, if additional DoFs are added
to the base of an NHI, the apparent inertia and manipulability
of the resulting RHI are only better than those of the NHI.
Barrow et al. [18], Kim et al. [19], and Gosselin et al. [20]
added one degree of redundancy to the base of HIs to enlarge
their workspaces, however, there is no discussion about the
redundancy resolution in these papers. Nath ef al. [21] studied
the teleoperation of a redundant manipulator using an RHI
of the same number of DOFs. The rest of the literature has
focused on redundant slave robots, e.g., for teleoperation. In
[22], a controller is developed for a redundant slave robot
for manipulability enhancement in a teleoperation system with
time-varying delays. In [23], the performance of a teleoperated
system with a redundant slave robot is studied.

There is also another category of redundancy for the haptic
interfaces that is actuation redundancy [24]-[26]. This type
of redundancy is only possible for the parallel robot [27].
The main advantage of serial robots over parallel robots is
their relatively larger workspace. Also, the forward kinematics
problem for serial robots has a closed-form mathematical
solution. For the parallel robot, usually, this is not the case and
the forward kinematics problem needs to be solved numeri-
cally, which is very computationally expensive. Parallel robots
have relatively larger force feedback capability than serial
robots. Also, actuation redundancy can be incorporated to
render an environment with very high stiffness. The drawback
of actuation redundancy for parallel robots is that having
actuators instead of passive joints makes the apparent inertia
and reflected friction at the end-effector of the robot larger,
which is not desirable for the free-space movement.

A serial RHI can be considered as the addition of one or
more extra DoFs to the base of an NHI (see Fig. 1). Compared
to this NHI, the RHI has several intrinsic advantages. For
instance, the RHI has smaller apparent inertia in any arbitrary
direction than that of the NHI in the same direction. As
shown in [28], when an HI cannot provide enough static force
feedback to render an environment with high stiffness, the
stiff contact feeling can be reproduced by using acceleration
feedback. Having small apparent inertia for the HI helps to
provide a broad range of stiffnesses [29], making the use of
RHIs advantageous. Another intrinsic advantage of the RHI
over the NHI is its larger effective manipulability. This means
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Fig. 1. Schematics of a planar RHI.

that the user requires to move the joints of the RHI less than
the joints of the NHI for the same Cartesian space movement,
exciting less joint friction [17]. Therefore, the RHI can display
forces to the user with higher fidelity than the NHI.

In this paper, two contradictory secondary objectives are
introduced for soft contacts and hard contacts. In free-space
movement and soft-tissue manipulation, the RHI should have
low friction and low apparent inertia so that the kinematics
and dynamics of the RHI do not interfere with the user-
environment interaction. In the hard-contact case, however, the
RHI should have large force feedback capability and stiffness
so that it can recreate the feeling of contact with solid objects.
For instance, for neurosurgery applications, the RHI should
satisfy the requirements of low back-drive friction and inertia
so that its mechanical properties do not conceal the small
interaction forces involved in the soft-tissue manipulation.
Also, the RHI requires to provide large force feedback such
that hard contacts with bones can be rendered for the user with
a high degree of fidelity [30]. As another example, in physical
rehabilitation environments for people with disabilities such as
stroke, an impaired user performs repetitive free-space tasks
(e.g., reaching movements). Sometimes, a human therapist or
a computer algorithm needs to apply large forces to the user’s
hand to either assist the user in performing a task or resist the
user’s movements to build their muscle strength, or provide
body weight support. In the free-space movement case, the
back-drive friction of the RHI must be minimized in order to
not fatigue the physically weak patient or impede their motion.
In the assistive and resistive therapy case, the RHI needs to
reflect large forces to the user similar to what is needed during
hard contacts [31], [32].

As the requirements of the task varies with respect to time
(switching from soft contact to hard contact), one or more
of the RHI actuators may saturate. Therefore, in this paper,
an actuator saturation controller is proposed based on an
actuator saturation observer. The actuator saturation observer
continuously monitors the distance between the actuators
torque vector and the maximum admissible torques vector in
the n-dimensional space where n is the number of DoFs of
the RHI. Informed by this, the actuator saturation controller
ensures that, where possible, a minimum distance between the
above two vectors is maintained. This is achieved by changing
the secondary objective continuously from the ideal behaviour
for the free-space motion to that for the hard contact case.



This keeps the control effort continuous and avoids disruptions
to the performance that would result in the absence of a
continuous change between the two secondary objectives. This
research is the basis for a framework that can be used to
design a haptic robot with a large workspace, relatively small
apparent inertia, superior manipulability, and large enough
force feedback.

This paper makes it possible for a user to exercise better
(i.e., more efficient/precise and with higher fidelity) control
and navigation of virtual or physical tools being manipulated
from haptic interfaces by seamlessly integrating automatic
control and task-dependent performance-related cost function
optimization. For specific applications in surgery, this is part
of a bigger tendency to only delegate the computationally-
expensive aspects of robot-assisted intervention to the machine
and keep the human operator (i.e., the clinician) in the loop and
in charge of completing the main purpose of the intervention
[33].

This paper is organized in sections as follows. Section II
gives preliminaries while a null-space task-dependent con-
troller is developed in Section III. In Section IV, experimental
results are reported to verify the practicality of the proposed
control strategy. Concluding remarks appear in Section V.

II. PRELIMINARIES

Consider a redundant haptic interface with its end effector
in an m-dimensional Cartesian space, X, and with an n-
dimensional vector of joint variables, ¢. The joints’ velocity
are transformed to the end effector’s velocity through the
Jacobian matrix, J € R™*"™, as

i = Jg. (1)

For an RHI, joint-level control law can be calculated by
leveraging the kinematic redundancy of the RHI through the
null-space control as [34]

T=7Tm+17N, 2)
where 7y is the null-space controller defined as
™ = ([ = JTJ* )7, 3)

Tg is an n x 1 torque vector corresponding to the secondary
task in the joint space and does not create any end effector
force/torque, I is the n x n identity matrix, and J# is the
generalized inverse of the Jacobian matrix defined as [35]

J# =M ITIM T (4)

in which M, € R"*"™ is the joint-space inertia matrix. In
equation (2), 7,,, is the corresponding n x 1 joint control law
to a given m x 1 Cartesian space primary task control law,
F,,, related by

Tm = JLF,,. 5)

III. JOINT SPACE SECONDARY OBJECTIVE

A secondary objective can be achieved by using a null-
space controller, which works in parallel with the controller
for the primary task. The null-space controller projects a
suitable vector in the null-space of the RHI’s Jacobian matrix.

In the gradient projection approach [9], which is utilized
here, this vector is selected as the gradient of a desired cost
function v(q). Conflicts between the primary-task controller
and secondary objectives are handled in an assigned order of
priority, i.e., a lower-priority objective is satisfied only in the
null space of a higher-priority objective. The null-space control
law, 75, which realizes a secondary objective is calculated as

v (q)
dq
where (8 is a suitable scalar step size and K, is a damping
scalar. With this choice of 7, the robot tries to decrease the

value of the cost function, v(g), while executing a primary
time-varying task.

Ts =P

— Kaq, (6)

A. Cost Function Selection

The secondary objective selection is application-driven, i.e.,
the specific application regulates the requirements of the
secondary objective. Manipulability ellipsoid (ME) of a robot,
which was first introduced by Yoshikawa [36], indicates the
ability to perform motion and exert force along with the
different task directions in a given joint configuration. Thus, a
secondary objective based on the manipulability ellipsoid can
be utilized to resolve the configuration of the RHI for a desired
task performance. For this, a desired ME can be defined based
on the requirements and direction of the task, and then the
configuration of the RHI is altered such that its ME matches
the desired one. The Cartesian space force manipulability
ellipsoid (FME) for an RHI is defined as M = (JJ7)~!
because it maps a hyper-sphere in the joint space to an
ellipsoid in the Cartesian space:

)2 =T =TT(JJIr =TTM T <1. (7

Here, T is the joint torque vector, and I' is an m-dimensional
output force/torque vector. It is essential to note that the FME
is the inverse of the velocity ME (VME), .J.JT. This means that
the direction along which the RHI has the largest force/torque
feedback capability is perpendicular to the direction along
which the user can move the end-effector of the RHI with
minimum joints movement to evoke minimum joint friction
and thus distortion to the user’s perception.

To be more clear, let us define the reflected joint friction
ellipsoid at the end-effector as

|F||> = FJFy = Fo(JJT)F, < 1 (8)

where Fj is the vector of the joint friction torques and F,
is the vector of friction forces/torques reflected at the end-
effector. By comparing (7) and (8), it can be seen that along
the direction that the robot has the maximum force capability,
the reflected joint friction at the end-effector is also maximum.

In (7), the RHI’s actuators torque limits are not explicitly
taken into account. During interactions between a user and
an RHI, it is likely to require large torques in response to
an unexpected situation; e.g., contacting with a solid object.
Therefore, a more accurate FME can be calculated by scaling
the joints torque with W = diag(%), where 7; is the torque



limit for the ith joint, i.e., |T;| < 7; [37]. Now, the modified
FME is calculated as

M= (JwwJgh)=1 9)

The user operates the RHI in two cases, namely, free-space
motion and in contact with the environment. For both cases,
the user should not feel any distorted perception as the result of
the RHI’s joints friction. This defines the requirement of low
back-drive friction for the RHI. Also, when there is a contact
with the environment, the RHI should be able to provide
adequate force feedback and stiffness such that the user feels
the true large stiffness of an environment. This means that
the joints’ actuator of the RHI should not be saturated while
rendering a stiff environment for the user. Therefore, two
situations can be defined for the RHI; the first situation is when
the RHI’s actuators are far away from saturation, whereas the
second situation is when the RHI’s actuators are near their
saturation levels. For each of these situations, a desired FME
needs to be defined to meet the requirements of the task.

In [17], it is shown that by aligning the minor axis of
the FME (major axis of VME) of an RHI along the desired
direction of motion, the interference of joints friction of the
RHI with the user’s perception of the environment stiffness
is minimized. In another work, the major axis of the FME
of a redundant robot is aligned with the desired direction to
maximize the force output capability of the robot by avoiding
joints actuator saturation [38]. Therefore, for the first situation
in which the RHI’s actuators are far from their saturation
levels (i.e., free-space movement and soft-tissue contact), we
propose to design the desired FME such that its minor axis
is aligned with the direction of the movement or contact to
minimize the effect of joints friction. For the second situation
(hard contacts), the major axis of the proposed desired FME
is aligned with the direction of the contact to maximize the
force feedback capability of the RHI. To illustrate this, let
us consider a planar task in which the user moves the end
effector of the RHI along a straight path in free-space and
hits a rigid virtual wall at the end of the path. Assume that
rendering the rigid virtual wall would put the RHI’s actuators
near their saturation levels. The desired FMEs are depicted in
Fig. 2. Although in theory an ideal desired FME is a line, such
an FME will take the RHI to a singular configuration, which
is undesirable. Therefore, the minor axis of the FME should
be designed small but not zero.

Here, we employ a geometry-aware cost function for the
secondary objective to match the FME of the RHI to the
desired FME. The cost function, v, is defined as

M+ Mdes
2
in which M? is the desired FME. The force manipulability
ellipsoid is a symmetric positive definite matrix. Introduced
by Cherian et al. [39], (10) forms a distance function for
symmetric positive definite matrices that is convex. It has been
shown that this function and its derivative are computationally
less expensive than classical Riemannian distance functions.
Also, Rozo et al. [40] have employed this distance function for
matching the velocity manipulability of a redundant robot to a

v = logdet( ) — %logdet(/\;l/\/ldes) (10)

Desired FME
= = = Desired VME
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Fig. 2. Desired FME and VME for a planar task. The principal axes of the
FME coincide with that of the VME with the inverse dimension of length.

desired one. They have also shown that the convergence rate
of this distance function is much faster than the maximization
of the major-axis alignment method used in [38]. Thus, (10)
has been employed in this work to match the FME of the RHI
to the desired one based on the requirements of a given task.

Using the symmetric positive definiteness property of the
desired manipulability ellipsoid, it can be calculated as
Mdes — F7TT where J is an m X n matrix. Matrix J
can be decomposed using singular value decomposition as
J = UZOQT, where U is an unitary m X m matrix, % is
a diagonal m x m matrix and {2 is an unitary n X n matrix.
Thus, the desired FME can be written as

Mdes _ UZQTQZTUT — UZZTUT = UAUT (11)

Here, U can be regarded as the rotation matrix, which indicates
the direction of the principal axes of the FME, and the diagonal
elements of the A matrix determine the length of the principal
axes. More details on the selection of U and A matrices are
given below.

First, let us consider a situation in which the RHI’s actuators
are far away from saturation levels. As stated before, to reduce
the reflected joints friction at the end-effector of the RHI and
consequently minimize the distortion caused by RHI on the
user’s perception of the environment, the minor axis of the
FME needs to be aligned along the direction of motion. If
up € R™ is the unit vector corresponding to the direction of
motion, the desired FME for this situation is defined as

C 01><(m—1)
M, =U H : Uk
Free e Om—1)x1] 11 Kln-1 mx(m—1) "

AFree

(12)
where Up is calculated from singular value decomposition
(SVD) of up as up = UFZFVE:. Parameters ¢ and X are
the constant scalar scaling factors that determine the length
of the minor axis and the major axes of the desired FME,
respectively. It appears that /C should be equal to infinity
and (¢ should be equal to zero for best results. However,
with these values, the RHI would be put into a singular
configuration, which is undesirables. Therefore, IC and ( are
proposed a5 fiAmaz {Mo} and LA {Mo}. respectively.
Here, )\maz{/\;lo} is the maximum eigenvalue and )\mm{./\;lo}



is the minimum eigenvalue of the FME of the RHI at the
non-singular home configuration. The home configuration is
created by a particular set of joint positions of the RHI where
the robot goes to when it is powered on. Therefore, ¢ and X are
unique and constant for each RHI. Also, p is an appropriately
selected scaling factor to shape the desired FME. It should
be noted that ( and X parameters are constant, and these
two parameters are set prior to the experiments to shape the
desired FME. In our experience, this selection of K and (
assures that the null space controller puts the configuration
of the RHI far away from the singularity while achieving the
desired performance.

Now, consider the situation in which the RHI’s actuators
are near their saturation levels and the environment force, F,
is presented to the user through the RHI. For this situation,
the desired FME is calculated as

K O1x(m-1)
Mdﬁf = U |:{ :| ) |: UT.
Stiff N O(?n—l)xl mx1 CI(””_U mx(m—1) ‘

Astirs
(13)
This ellipsoid is spanned using the SVD of the environment
force vector as F, = UeZeVeT. By using (13), the major axis
of Mdss ¢ 1s aligned with direction of the environment force.

1) Example: To elaborate the concept, consider a 3 DoF
planar RHI with the links length L; = [0.25, 0.25, 0.25]
m, ¢ = 1,2,3. The link masses are equal to 0.5 Kg for all
links and assumed to be located at the center of mass of
each link, i.e., the middle point of each link. The joint torques
bounds are given as |7;| < 0.5 N.m, and thus the FME scaling
matrix is calculated as W = diag{2, 2, 2}. At the initial
configuration of ¢; = [¥, —%, —27] rad, the RHI is supposed
to provide force feedback to the user when he/she holds the
end-effector of the RHI fixed in the task space. The desired
force is F, = [3.5sin(t7/2), 0]7 N, where t is time. Thus, the
joint space control law corresponding to this desired force is
Tm = JTF,. For this example, the FME of the 3-DoF RHI is
matched with the desired FMEs using the cost function (10).
Fig. 3 shows the torques of the RHI joints and the output
force feedback of the RHI at three different configurations:
the initial configuration, the optimized configuration matching
the FME of the RHI to M%: = diag{.2 x 2.6, 5 x 5.8},
and the optimized configuration matching the RHI’s FME to
M, = diag{5 x 5.8, .2 x 2.6}, (assuming 1 = 5).

To preserve the force feedback direction for the above sim-
ulation studies, a scaling factor « is implemented to scale the
desired force feedback as soon as one of the RHI’s actuators
is saturated. By matching the RHI's FME with M%3  the
force feedback capability of the RHI is decreased in return
for better manipulability in the desired direction for the free-
space movement and soft-tissue manipulation. On the other
hand, when the FME of the RHI is matched with Mgetff Iz
the force feedback capability of the RHI is enhanced and the
desired force feedback is rendered without any saturation for
the joint’s actuators. Fig. 4 illustrates the initial configuration
of the RHI, the optimized configurations of the RHI for the
free motion and soft contact (matching its FME to M%)

Free
and its optimized configuration for the hard contacts (matching
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Fig. 3. Joint torques and output force feedback of a 3-DoF RHI at (a) initial

configuration, (b) optimized configuration by matching its F(Ii\/IE to Mfﬁfee,
=

and (c) optimized configuration by matching its FME to M7 rr

its FME toM %5, 1), and the FMEs.

B. Actuator Saturation Controller

As can be seen in Fig. 2, the desired FME remains constant
in the free-space motion and soft-tissue manipulation, and the
minor axis of the FME is aligned with the trajectory, but for
the case of stiff contact the desired FME is transformed in
such a way that the major axis of the FME is aligned with
the contact direction. Therefore, a smooth transition between
the desired FMEs is required; otherwise, fast reconfiguration
of the internal motion of RHI would happen which may cause
RHI’s internal motion instability, RHI self-collision, and/ or
RHI collision with the user.

Here, the actuator saturation observer (ASO) is proposed
to monitor the distance of the RHI’s joint actuators torque
from their saturation levels. Inspired by the work in [41], the
ASO can be considered as the volume of a tank of actuators’
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Fig. 4. RHI’s initial configuration and initial FME in blue, the desired FMEs
in green, (a) RHI’s optimized configuration and FME for free-space movement
and soft contact in red, and (b) RHI’s optimized configuration and FME for
hard contact in magenta. The FMEs are scaled for better visualization.

unused torque output capacity. When a task demands large
actuator torques, this tank is used and can become empty
over time. The volume of the tank is zero when one or
more of the robot’s actuators are saturated; even when only
one actuator is saturated, the RHI loses the ability to apply
arbitrary force vectors at its end-effector. The ASO informs
the actuator saturation controller (ASC) to switch between the
desired FMEs (i.e., from the desired free-space FME to the
desired stiff-contact FME) to keep the actuators away from
their saturation limits. The volume of the tank is defined as

n 7" Tm,i—Tmaz,i)(Tm,i—Tmin,i
v I —exp(=S(-1)"[[,—, (T, (me’iz(mm)z ))

1-— exp(—%)

)

(14)
where n denotes the number of joints of the RHI, S is the
scaling factor that determines the shape and thus the gradient
of the ASO, and V is a scalar that spans the [0, 1] interval.
The ASO for a two-DoF robot, that has joint torques bounds
|71] < 0.5 Nom and |72] < 2 N.m is depicted in Fig. 6.
The ASO can be used for both redundant and non-redundant
robots to determine how far the robot’s actuators are from their
saturation levels.

Now, the ASC selects the desired FME for the secondary
objective based on the ASO as

N Mges if V>e
des __ Free» =
M= {Mdes ifV <e ()
Stiffr

where € is a threshold that determines how far from the
saturation of RHI’s actuator the transition happens between
the FME:s.

Let us now look at the case where the transition between
the desired FMEs is required. The transition among the desired
FMESs occurs when there is a change in the primary task in the
Cartesian space. As highlighted in Fig. 2, the transition for the
FME happens when one or more of the RHI’s joints actuator
come close to their saturation levels. To ensure continuity
with respect to time for the transition from a desired FME
to another one, a continuous activation parameter {2 with the
value between zero and one is required [42], [43]. Here, the
desired FME for (10) is proposed to be calculated as the
composition of two FMEs as

M = QMESS, + (1 — Q) MES . (16)

Two instances need to be considered; the time of transition
from Mg‘if;e to Mgfff f and vice versa. For the first case, the
activation parameter is defined as

1, ifV>e
Q=1<05(1+ COS(W;—}?OD? if V<e andt <ty (17)
0, ift >ty
and for the second case, (2 is defined as
0, if V<ey
Q=105(1- cos(7rttjf_t1?0))7 itV>eandt <ty (18)

1, if t >t

Here, to and t; represent the start and end time of the
transition, respectively. €; and e, are appropriately designed
thresholds. If only one ¢ is defined as a threshold for the
transition between the FMEs, chattering can happen. In other
words, slightly falling short of € will cause a switch from
M 1o M‘éetjf ¢ and slightly exceeding e will cause a
switch from M5, to M, . To avoid this, two separate
thresholds (e; and e2) are defined. The activation parameter
and the transition between two FMEs are depicted in Fig. 7.
The transition end time, ¢, defines how fast the transition is
performed and it is obtained as a function of distance between
the desired FMEs:

tf =p H Mdes

et e — M3 ¢ + to, (19)

in which p is a suitable scaling factor and ||. || » is the Frobenius
norm. A block diagram of the control system is depicted in
Fig. 5.

IV. EXPERIMENTAL EVALUATION

In this section, experiments are performed to evaluate the
proposed null space controller using a 4-DoF planar RHI.
This RHI is made by coupling two 2-DoF HIs; a 2-DOF pla-
nar upper-limb rehabilitation robot (Quanser Inc., Markham,
ON, Canada) and a 2-DoF PHANToM 1.5A (3D Systems
Inc., Morrisville, NC, USA). Also, a force/torque sensor
(50M31A3-125, JR3 Inc., Woodland, CA, USA) is attached to
the end-effector of the RHI to measure forces that are feedback
to the user. MATLAB/Simulink (MathWorks Inc., Natick, MA,
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USA) with Quarc real-time control software (Quanser Inc.,
Markham, ON, Canada) is used to interface the RHI and the
force sensor with the computer. Fig. 8 shows the experimental
setup.

For the purpose of this experiment, the RHI has joint torques
limitation programmed as 7; = [3, 3, 1, 1] N.m. The Jacobian
matrix of the RHI is

Jo.. — |Tdisqr,  docqz —dssqes + dacqaa,  —d3sqes,  dacqaa
RHT dicqr, d2sqz +dscqes + dasqes,  dzcqes,  dasqeq
(20)

where s and ¢ denote sin(.) and cos(.), respectively. ¢;; =
¢i+¢; and d; = [0.254, 0.141, 0.21, 0.181] m, i =1,2,3,4,
denotes the RHI’s links length. Also, parameters p, 3, and K
are selected equal to 5, 20, and 0.1, respectively. The home

configuration of the RHI is defined as ¢; = [0, 0, 0, 0]. Thus,
K and ( are calculated as 123 and 3.3, respectively.

In the experiments, a user holds the end effector of the
RHI and palpates a virtual environment along the right-
hand direction (i.e., u [0, 1]T) through it. The virtual
environment is modelled as a spring with constant stiffness.
In the experiments, the user palpates the virtual environment
starting from a fixed point in the workspace of the RHI. The
starting point is given as Xy = [0.5, 0.1]7 m. The Cartesian
space control law used in the experiments is

F, =KX

2

where K. is the stiffness of the virtual environment and 6.X
is the position deviation from the starting point. The virtual
environment is modelled as K, = 1000 N/m to create a stiff
environment.

To show the effectiveness of the proposed methods, the
experiments are carried out in two scenarios. The objective
of the first scenario is to show the enhanced force feedback
capability of the RHI by using the proposed null-space con-
troller and matching the FME of the RHI with the desired
FME. As stated before, a single desired FME for the secondary
objective cannot be used due to the conflicting requirements of
having large force feedback capability for the hard contact case
and having large velocity manipulability for the free motion
and soft contact case. Therefore, in the second scenario, the
proposed transition method between the desired FMEs is
evaluated.

Two cases are considered for the first scenario. (A) The
palpation is performed on the environment through the RHI
with matching the FME of the RHI with the desired FME,
MAes | with € = 0, i.e., the desired FME is M%¢ . (B) The
palpation is performed with FME matching with e = 1, i.e., the
desired FME is M%iff ¢ In (A), the force feedback scaling
is performed when one or more joints actuator of the RHI
are saturated to preserve the direction of the force feedback,
and the minor axis of the desired FME is aligned with the
direction of motion (contact). For this case, the desired FME
is Mdes = Mdes = diag{123, 3.3}. In (B), the major axis
of the desired FME is always aligned with the direction of
motion (contact), and it is calculated using (13) as Mdes =
M, = diag{3.3, 123}.

Fig. 9 shows the experimental results for the first scenario.
In this figure, the measured force using the force/torque sensor,
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RHI’s FME to (a) M%¢% and (b) Mdes.

the desired force (K, xdX), and the torque of the actuators are
illustrated. As it can be seen in this figure, the maximum force
feedback of the RHI in case (B) (Fig. 9(b)) is 51% more than
the force feedback capability of the RHI in case (A) (Fig. 9(a)).
As a result, the user feels the environment more stiff in case
(B). This shows that the force feedback capability of the RHI
is enhanced by leveraging the kinematic redundancy before
the occurrence of joints’ actuator saturation.

Thus far, it is shown that the force feedback capability of the
RHI when its FME is matched with M&?, . using the null-
space controller is larger than that of the RHI when its FME is
matched with M43, . Here, system identification experiments
are performed to show that the back-drive friction and the

Cartesian-space inertia of the RHI in case (A) are lower that

TABLE I
EXPERIMENTAL VALUES FOR INERTIA M, FRICTION PARAMETER ®, AND
MAXIMUM FORCE FEEDBACK CAPABILITY OF THE PLANAR 4-DOF RHI
ALONG u = [0, 1]7 FOR THE END-EFFECTOR POSITION [0.5, 0.1] M.

| Desired FME | M, (Kg) @ (N.s/m)  Faz (N) |
MEs 0.036 0.2953 -5.674
MES 0.125 0.6325 -8.564

of the RHI in case (B). To identify the back-drive friction
and the Cartesian-space inertia of the RHI, its end-effector
dynamics is modelled for simplicity as

M, X + Ff = Fopt, (22)

where M, is the Cartesian-space inertia, F'y is the back-drive
friction force, F.,; is the external force applied to the end-
effector of the RHI, and X is the position of the end-effector.
X, M, Fy, and F,;; are scalars as the experiments are
performed along one axis (i.e., along u = [0, 1]7). Also,
the back-drive friction is modelled as the viscose friction
Fy= ®X, where @ is the friction parameter.

System identification experiments are carried out for two
cases: the configuration of the RHI being determined by
matching its FME with M %3 ¢ and with Mdes | Ten trials
are conducted for each case to identify M, and ®. In each trial,
first, the end-effector of the RHI is placed at [0.5, 0.05]7 m.
Next, a constant external force in the range of 0.5 — 1.5 N is
applied to the end-effector of the RHI, and the position along
u =10, 1]T, velocity, and acceleration of the end-effector are
measured at [0.5, 0.1]7 m point. The end-effector is placed
5 cm away from the point of interest to eliminate the effects
of Coulomb friction in the experiments. The measured signals
are filtered using a zero-phase 5'"-order Butterworth lowpass
filter. Then, M, and ® are identified by applying the linear
least-squares regression to (22). The experimental results for
the Cartesian-space inertia and the back-drive friction, as well
as the maximum force feedback capability, are listed in Table
L

Table I shows that for the same end-effector position of RHI,
the inertia, back-drive friction, and force feedback capability
are lower for the configuration being determined by the desired
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RHI with the configuration being determined by matching its FME to M%es
and M‘ées over the entire workspace.

FME for the free space M%3 . Having low inertia and back-
drive friction is desirable for the free-space movement and soft
contact, which leads to the smaller sensation of RHI’s linkage
and joint friction. However, large force feedback capability is
required to recreate a stiff environment for the user. Therefore,
for the stiff environment, the desired FME should be set as
Mflgetf ¢ to achieve larger force feedback capability at the price
of larger inertia and friction.

As the experiment for this scenario was conducted for a
given starting point at the workspace, a simulational study was
performed to show the force feedback enhancement across the
entire workspace. The same four-DoF RHI that was used in
the experiment is employed in the simulational study. For each
point of the RHI’s workspace, the maximum force feedback
capability along u = [0, 1]7 is calculated for two cases: Case
(I) the manipulability of the RHI is matched with M%3 =
diag{123, 3.3} (minimize the effect of joints friction at the
end-effector), and Case (II) the manipulability of the RHI is
matched with M%7, = diag{3.3, 123} (maximize the force
feedback capability of the robot). The simulational results are
shown in Fig. 10. As the result of the study shows, over the
entire workspace, the force feedback capability of the RHI
with the joints configuration being determined by matching
its FME with Mg‘ijf  1s considerably larger than the force
feedback capability of the RHI with its joints configuration
being determined by matching its FME with M%¢S  at the
same end-effector location.

In the second scenario, the performance of the proposed
transition method between the secondary objectives in terms
of preventing the discontinuity in null-space control effort is
evaluated. The palpation task is performed (C) with and (C")
without the proposed transition method. The parameter €; that
determines when the transition from M %% = diag{123, 3.3}
to M3, = diag{3.3, 123} occurs is selected equal to 0.7
and the parameter €; that regulate the switching from M %3 i
to M3 is selected equal to 0.95. For the (C) case, the
desired FME is calculated form (15) and for the (C”) case, the
desired FME is calculated using (16). Parameter p is selected
equal to 0.003 so that the transition performed in 0.5 second.

In Figs. 11(a) and 11(b) the comparison between the be-
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Fig. 11. Experimental results (a) without and (b) with the proposed transition
method between the desired FMEs. (c) The ASO (volume of the tank) V' in
solid black line and activation parameter w in dashed blue line when the
transition method is utilized.

haviour of the RHI without and with the proposed transition
method are shown, respectively. As it can be seen in Fig. 11(a),
discontinuity in the control effort causes the interference of
RHI’s internal motion with the motion and force of the RHI’s
end-effector when the desired FME is switched suddenly
from M$3. to ./\/ldsetfff. However, by using the proposed
method, the transition between the desired FMEs is carried
out smoothly (see Fig. 11(b)). For the (C’) case, the ASO and
the activation parameter are illustrated in Fig. 11(c). As can be
seen in this figure, the transition starts when the ASO (volume
of the tank) becomes smaller than 0.7. The transition slows
down the drainage of the tank, which keeps the actuators away
from their saturation levels. Therefore, the RHI can provide
large force feedback.

V. CONCLUDING REMARKS

In this paper, we proposed a null-space controller for
redundant haptic interfaces. The objective was to enable a user



to experience believable interactions with an environment, be
it free space, soft contact, or hard contact. The proposed null-
space controller leverages the kinematic redundancy of the
RHI toward secondary objectives to optimize the interaction
of the user with the environment. Two secondary objectives
based on the task requirements were proposed in this paper.
Also, a transition method based on the actuator saturation
observer was proposed to prevent discontinuity of the control
effort when switching between the secondary objectives was
required. The actuator saturation observer monitors the dis-
tance between the actuators torque and their saturation levels.
When the RHI’s actuators are far away from their saturation
levels, an appropriate secondary objective is active and manip-
ulates the internal motion of the RHI to increase its velocity
manipulability, and consequently decrease the interference of
the friction forces and kinematics of the RHI with the user-
environment interaction. This secondary objective is replaced
with another secondary objective when the RHI’s actuators
become close to their saturation levels, which can happen
when rendering hard contacts. It was shown that the RHI’s
force feedback capability is configuration dependable, and by
appropriately manipulating the internal motion of the RHI, it
can be enhanced. The experiments showed 51% enhancement
in the force feedback capability of the RHI using the proposed
methods. Also, experiments showed the practicality of the
proposed transition method by preventing the discontinuity in
the control effort for the RHI.
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