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Abstract— In this paper, an actuator saturation compensation
method (ASCM) is proposed to enhances the force feedback
capability of a redundant haptic interface (RHI) by leveraging
its kinematic redundancy. This method acts in the null-space of
the Jacobian matrix of the RHI and distributes the overloaded
actuator’s torque among the available unsaturated actuators at
the joints. This method empowers design engineers to utilize
smaller actuators that have lower rotor inertia and friction
in the design of new haptic interfaces. This is advantageous
because having low apparent inertia and friction is a requisite
for truthfully recreating the feeling of moving in free space.
By employing ASCM, the required torque for rendering a
stiff environment will be optimally distributed among small-
capacity actuators that otherwise become saturated. Moreover,
manipulability enhancement of the RHI along the direction
of the task is proposed as a tertiary objective – the primary
objective is force reflection and the secondary objective is
actuator saturation compensation. The tertiary objective acts
if the primary and secondary objectives are feasible, and the
haptic interface still has remaining redundancy. Simulation
examples are provided throughout the paper to demonstrate
the concept. Also, experimental results with a four degree-of-
freedom (Dof) planar haptic interface are reported that verify
the practicality of the proposed method.

I. INTRODUCTION

To recreate haptic feedback about an environment that is
accessed indirectly rather than touched directly by a user, a
haptic interface (HI) displays forces received from a virtual
or a robotic proxy (slave) probing the environment. Depend-
ing on whether the slave is virtual or robotic, a haptic virtual
environment or a haptic teleoperation system is formed.
Regardless, as the user utilizes the HI to operate the slave
that interacts with the environment, haptic feedback about
slave-environment interaction displayed by the HI engages
the user’s sense of touch and should give transparency (i.e.,
realism and fidelity) to the interaction [1], [2].

Haptic systems have applications in various domains in-
cluding medicine, e.g., for surgical training with a virtual
slave, telesurgery with a robotic slave, and post-disability
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rehabilitation with a virtual or robotic slave [3]–[5]. High-
fidelity haptic feedback, which is critical to the safety and
success of any interaction, requires appropriate HI design and
control. It has been shown that haptic feedback can increase
the precision of the teleoperated surgery, enhance the natural
and intuitive conduct of the operation, increase safety, and
reduce trauma [6], [7].

Most of the commercially available HIs have a small
workspace and/or small force feedback capability. The main
reason is that there is a trade-off between the desirable
characteristics of HIs [8]. An HI should ideally have low
mass, inertia, and friction properties with high force feedback
capability [9], [10]. However, requiring a large workspace
with high force feedback capability commonly leads to an
HI with large inertia and friction. A possible approach for
designing HIs with a large workspace and large force feed-
back capability that have relatively less inertia is employing
kinematically redundant serial haptic interface [11]. A kine-
matically redundant HI (RHI) has more degrees of freedom
(DoF) than required to perform a task in the Cartesian space.
The kinematic redundancy allows for joint motions/torques
that do not affect the end-effector pose/wrench [12]. These
joint motions/torques can be employed to achieve multiple
objectives in parallel to the primary objective for the RHI,
which is reflecting a desired wrench to the human operator.

In the teleoperation literature, kinematic redundancy is
mostly considered for slave robots [13]–[16], and the benefits
of having a redundant HI have not been comprehensively
explored. To the best of knowledge, the only commercial
redundant master interface exists in the surgeon’s console
of the da Vinci Surgical System (Intuitive Inc., CA, USA)
[17]. However, haptic feedback is not provided in the da
Vinci system. To extend the workspace of HIs, a few
researchers have utilized kinematic redundancy [11], [18]–
[21]. Teleoperation of a redundant slave robot with an RHI
with the same number of DOFs was investigated in [22].

Recently, from our group, Torabi et al. [23] showed that by
adding one or more DoFs to the base of a non-redundant HI
(NHI) to make it an RHI, the workspace and manipulability
will be increased while the apparent inertia will be decreased.
This implies that the apparent inertia of the RHI in an
arbitrary direction is intrinsically smaller than that of the
NHI. Also, another intrinsic advantage of the RHI over NHI
is its larger effective manipulability. This means that the user
needs to move the joints of the RHI less than the joints of
the NHI for the same Cartesian-space movement. Therefore,
the RHI could display forces to the user with higher fidelity
than the NHI. Yet, the force feedback capability of the
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resulting RHI will be upper bounded by that of the NHI.
One of the immediate ways to increase the force feedback
capability is to use larger actuators and/or gearboxes with
higher gear ratios at the joints, both of which will increase
the apparent inertia of the RHI and may make it less back-
drivable, which is not desirable. An alternative solution
to this problem, which is addressed in this research, is
employing small actuators that have low rotor inertia and
friction in a kinematically redundant serial haptic interface
design. We propose to leverage the redundancy of the RHI
and re-distribute the torque of overloaded joint’s actuator
(hereafter called actuator) among the available unsaturated
actuators to enhance the force feedback capability of the
RHI. This approach will enable the RHI to both have high
fidelity and be useful for rendering a wide range of contacts
form soft contacts such as brain tissue to hard contacts such
as bones.

The inverse kinematic problem of an RHI has an infinite
number of solutions [24]. This implies that the RHI can be
reconfigured using a null-space controller in many different
ways to have a specific posture. Kinematic redundancy
can be resolved at velocity, acceleration, or force/torque
levels [25]. For the redundancy resolution, the null-space
control is often performed with the aim of achieving an
objective in parallel to the primary task such as actuator
torque limit avoidance [26], [27]. However, this approach
does not provide a remedy once an actuator does reach
its torque limit [28], [29]. It is actually very common in
rendering an environment for the user that one or more of the
HI’s actuators become saturated as relatively small actuators
without gear-head are used in the design of HIs to minimize
the inertia and maintain the device’s back-drivability [30].
Unlike the NHIs, the actuator saturation problem for the
RHIs can be evaded by manipulating the redundancy to
distribute the torque among the unsaturated actuators. In a
case where one or more actuators are overloaded, a suitable
torque command in the null-space of the Jacobian matrix can
distribute torque among the unsaturated joints such that the
desired force/torque feedback can be provided for the user.

In this research, an actuator saturation compensation
method (ASCM) is proposed as a secondary objective in
the null space of an RHI. This method enhances the force
feedback capability of the RHI by leveraging the kinematic
redundancy of the haptic interface and distributing the over-
loaded actuator’s torque among the available unsaturated
actuators. This method handles the joint torque bounds of
the RHI by successively relieving the joints that exceed their
limits when providing force feedback for the user (primary
objective). The ASCM addresses the RHI’s limitations due to
its effective distribution of a desired end-effector Cartesian
wrench to joints torque. This method distributes torque
among the RHI’s actuators as much as possible via the null-
space of the RHI until the desired force feedback is not
feasible for the RHI. Then, a scaling factor less than unity
will be incorporated to downscale the desired force feedback.
Furthermore, if after resolving all of the actuator limits, the
RHI has any redundancy left, a tertiary objective will be

achieved in the null-space of the robotic system to enhance
the RHI manipulability.

We discuss how appropriately manipulating an RHI’s extra
DoFs in joint-level control can enhance its force feedback
capability and deal with saturation for small-capacity actu-
ators that bring advantages such as low rotor inertia and
friction. This is an effective way to address the trade-offs
between the conflicting requirements of a haptic interface,
e.g., having large force feedback capability to transparently
recreate contact with stiff environments while having low
apparent inertia and friction for transparently recreating the
feeling of moving in free space. By employing the proposed
method, a redundant haptic interface is able to generate larger
force feedback with relatively smaller actuators. This feature,
in addition to the potential to achieve a tertiary objective,
motivates the widespread deployment and utilization of re-
dundant haptic interfaces in the teleoperation context.

The primary task is to reflect force feedback to the user.
In Section II, a task-space impedance control as the primary
task is developed. As the RHI’s actuators have limited
capacity, for the case of hard contact, the actuators might
become saturated. In this case, the secondary objective, i.e.,
ASCM, will be activated in order to distribute the overloaded
actuators’ torque among the available unsaturated actuators.
In Section III, the actuator saturation compensation method
in the null space of the RHI is proposed. Then, if the
system has remaining redundancy after the primary task and
the secondary objective are fulfilled, the manipulability of
the manipulator can be enhanced along the direction of the
task via the tertiary control objective, which is developed
in Section IV. In Section V, the experimental results are
reported to verify the practicality of the proposed control
strategy. Concluding remarks appear in Section VI.

II. CARTESIAN SPACE PRIMARY TASK CONTROL:
END-EFFECTOR IMPEDANCE CONTROL

Consider a redundant haptic interface in an m-dimensional
Cartesian space X with an n-dimensional vector of joint
variables q whose task space dynamics can be represented
as

MxẌ + CxẊ +Gx + Fx = Fm + Fh (1)

where Mx = (JM−1
q JT )−1 is the m × m end-effector

inertia matrix or apparent inertia, Cx = Mx(JM−1
q Cq −

J̇)J# is the m ×m end-effector’s centrifugal and Coriolis
forces/torques (wrench) matrix. Gx and Fx are m × 1
vectors of gravitational and friction wrench, respectively,
reflected at the end-effector. J ∈ Rm×n is the Jacobian
matrix and J# is the generalized inverse of it, defined as
J# = M−1

q JT [JM−1
q JT ]−1 [31]. Fm = J#T τm is the

m × 1 Cartesian-space control wrench vector in which τm
is the n × 1 joint-level control wrench vector. Fh is the
wrench applied by the user’s hand on the haptic interface.
Mq(q) ∈ Rn×n and Cq(q, q̇) ∈ Rn×n are joint-level inertia
matrix and Coriolis and centrifugal matrix, respectively.

For an RHI, the goal is to generate appropriate control
signals, regardless of the operator and environment dynam-

297



ics, to reflect wrench measured at the environment side (be
it virtual or physical) to the operator. Given the end-effector
dynamics (1), the Cartesian-space control law is designed as

Fm = −Fe −BdẊ + CxẊ +Gx + Fx (2)

where Fe is the vector of the wrench, which is applied by the
environment, and Bd is the desired damping matrix, which
is positive definite.

The control law (2) imposes the dynamics of the RHI as

MxẌ +BdẊ = Fh − Fe. (3)

In the RHI’s modified dynamics (3), the operator can
smoothly control the desired position, velocity, and accel-
eration by applying the appropriate force Fh on the end-
effector of the RHI. Since the acceleration and velocity are
not too large in common operations, the left side of (3)
becomes small if the values for the impedance parameters
Mx and Bd are sufficiently small. Accordingly, the right
side of (3) becomes small (Fh−Fe → 0). Thus, the wrench
reflection performance is achieved. If the human operator
or the environment applies sudden large forces that generate
large acceleration and velocity, the force tracking error at the
right side of (3) increases. We are aware that by using slightly
more complicated Cartesian space control law, the apparent
inertia of the RHI can also be altered [32]. However, if the
apparent inertia is reduced less than a specific threshold, the
RHI becomes unstable because of losing its passivity [33].
Also, for such a control law, the applied wrench by the user
Fh on the HI is also required. Therefore the apparent inertia
is kept unchanged in this paper. Also, The HIs are typically
designed lightweight and cable-driven, thus, their dynamics
have more significant joint friction terms compared to inertia
term.

In practice, Cartesian-space control law (2) needs to be
implemented in the joint-level. Thus, the corresponding joint-
level torque control law can be calculated as

τm = JTFm. (4)

III. JOINT-LEVEL SECONDARY OBJECTIVE: ACTUATOR
SATURATION COMPENSATION

A drawback of control law (4), which limits its application
for the RHIs, is that joint-level torque limits are not explicitly
taken into account. The underlying assumption is that the ac-
tuators’ capabilities are unlimited, or the robot task has been
tailored to fit within the interface’s capabilities. However,
during interactions between a user and an RHI, it is likely
to require large instantaneous joints torque in response to
an unexpected situation, e.g., contacting with a solid object.
In this section, a method for resolving the torque saturation
problem in the joint level is proposed.

Assumption: The underlying assumption in this paper is
that the RHI’s joints are not at the physical range limit and
thus, the end-effector of the RHI is not at the boundary of
the workspace. This is because of the fact that when a joint
is at its physical limit, the torque saturation level for the joint
will be changed from its maximum/minimum level to ±∞.

For an RHI, the joints’ torque control law (4) can be
modified by leveraging the kinematic redundancy of the RHI
through the null-space control as [34]

τ = τm + (I − JTJ#T )τN︸ ︷︷ ︸
Null-space controller

, (5)

where τN is a torque vector corresponding the null space
controller in the joint level, and it does not create any end-
effector wrench. An appropriately designed τN can be used
to compensate for the joints’ overload in τm.

Consider an RHI with the bounds on joint torque as
Tmin,i ≤ τi ≤ Tmax,i, i = 1 . . . n. Also, it should be
noted that all the joint-level constraints (e.g., velocity and
acceleration) should be converted to the joint torque bound.
Now, let us consider a case in which the jth joint of the RHI
is overloaded, and its corresponding value in τm is either
larger than Tmax,j > 0 or smaller than Tmin,j < 0. The
vector τN needs to be designed such that it brings back the
torque of joint j within the torque bound by distributing
the torque among other joints without overloading them. To
design τN , first, a diagonal selection matrix S needs to be
defined to identify the saturated joints. S is defined as an
n × n diagonal selection matrix whose diagonal elements
specify whether the joints are saturated or not, i.e., if the j
element on the S diagonal is one, the jth joint of the RHI
is saturated. Next, τs is introduced as the n × 1 saturation
torque vector which its jth non-zero element is either equal
to Tmax,j or Tmin,j corresponding to the saturated joint j.
Now, the saturated joints can be isolated with the following
Jacobian matrix for the isolated system:

Ĵ = JS, (6)

where J is the Jacobian matrix of the RHI. For the isolated
system, control law (5) is rewritten as

τs = ĴTFm + (I − ĴT Ĵ#T

)τN . (7)

Therefore, τN can be calculated as

τN = (In − ĴT Ĵ#T

)#(τs − ĴTFm). (8)

With this choice of τN , the torque of joint j will be adjusted
back to its saturation level and the associated torque shortage
will be distributed between the other joints. However, this can
overload other joints of the RHI. Thus, this method needs
to be repeated iteratively until either there is no overloaded
actuator left or the Cartesian space primary task is found to
be infeasible. One can inspect the feasibility of control law
(4) for the RHI by checking the rank of J(In − S) matrix,
i.e., how many joints are not saturated. If the rank of this
matrix is smaller than the dimension of the Cartesian space
m, the Cartesian space control law Fm is not feasible, and
it has to be modified to become realizable for the RHI. In
this case, we introduce a scaling factor 0 ≤ α ≤ 1 to make
control law (2) realizable. α is equal to one unless the force
feedback Fe is not feasible for the RHI. As a result, the
control law (2) is modified as

F̃m = −αFe + µ, (9)
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where
µ = −BdẊ + CxẊ +Gx + Fx.

Accordingly, the joint-level control vector τm needs to be
modified to τm = JT F̃m. The actuator saturation compen-
sation method (ASCM) calculates the null space control law
τN , the scaling factor α, and the joint-level control law
τ . In this method, first, the most overloaded joint will be
identified, and its torque will be adjusted back to the torque
saturation limits. Next, the method will look for the new
most overloaded joint, if any, to adjust its torque to within
the admissible torque limits. This process will be repeated
until either there is no overloaded joint remaining or the
rank of J(In − S) is smaller than the dimension of the
Cartesian space. For the latter case, the scaling factor α
will be calculated to scale the force feedback and make the
control law (5) practical. Algorithm 1 shows the required
steps for calculating the scaling factor α.

Algorithm 1 Scaling Factor α Calculation
1: if rank(J(In − S)) < m then
2: N0 = (In − JT (J#)T )(In − ĴT Ĵ#T

)#

3: N1 = (−JT +N0(JS)T )Fe
4: N2 = N0τs + (JT −N0(JS)T )µ
5: α = (Tmax(min),k −N2,k)/N1,k

6: . k is the most overloaded joint
7: end if

As stated before, one of the advantages of using an RHI
over an NHI is that when some of the actuators are over-
loaded, ASCM saturates them and distributes the remaining
torque among the other available (unsaturated) actuators
while preserving the direction of the force feedback Fe.
However, if this is infeasible, the amplitude of the reflected
force is adjusted by 0 ≤ α ≤ 1. For the NHI, however, the
full capacity of each actuator will not be used and the force
feedback amplitude will be much smaller than the desired
value in compare to an RHI.

As a simulational example, consider a 3-DoF planar RHI
with the links length as Li = [0.25, 0.25, 0.25] m. The
joints torque bounds are assumed to be |Ti| ≤ 0.5 Nm.
The RHI is at qi = [π4 , −

π
3 , −

π
6 ] rad configuration and

supposed to provide environment force feedback to the user
when he/she holds the end-effector of the RHI fixed in the
task space. The environment force is Fe = [4 sin(tπ/2), 0]T

N, where t is time. Fig. 1 shows the torques of the RHI joints
and the output force feedback of the RHI with and without
implementing the ASCM. The results show that when a joint
is saturated, the ASCM will distribute torque among other
joints to provide the desired force feedback by utilizing the
full capacity of the RHI’s actuators (see Fig. 1(c)). When
two joints of the 3 DoF RHI are become saturated, the rank
of J(In−S) matrix will be smaller than the Cartesian space
dimension (2) and from this point, the scaling factor, α, scale
the desired force feedback to maintain its direction. When
this method is not used, not only the magnitude of desired
force feedback cannot be achieved, but also the direction
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Fig. 1. Joints torque τi (dotted lines), desired force feedback Fe (black
solid line Fex and black dashed line Fey ), and output force feedback Fout

(red solid line Foutx and red dashed line Fouty ) of a 3 DoF planar RHI
subject to RHI joint saturation. Without any compensation method (a), with
simple force feedback scaling algorithm (b), and with the actuator saturation
compensation method (c).

of force feedback is altered (Fig. 1(a)). It is noted that a
simple scaling method can be used to maintain the direction
of the force feedback (Fig. 1(b)), however, in this method,
the maximum output force of the RHI is lower than that of
the RHI when ASCM is used (12% lower for the 3-DoF RHI
example).

IV. JOINT LEVEL TERTIARY OBJECTIVE

After the ASCM resolves joint limits, a tertiary objective
can be accommodated within the residual torque capacity
generation of the RHI. The RHI still has redundant DoF if
the rank of (In−S) is larger than the dimension of Cartesian
space m. Therefore, the RHI is capable of achieving a Ter-
tiary objective by leveraging its redundant joints (i.e., internal
motion) without affecting the position and orientation of the
end-effector of the robot.

The null-space controller for tertiary objective can be
utilized to work in parallel with the primary and secondary
tasks controllers. The tertiary objective has a lower priority
than the primary and secondary tasks. Therefore, it needs to
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Calculate joint-level control

saturated actuator?
Is there any 

Adjust back the torque

Is the primary

task feasible?

control command from (2)
Calculate Cartesian-space

Fm

of the most overloaded 
actuator
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control command from (4)τm

Calculate andβ
τto from Algorithm 2

Calculate joint-level
control command τc 

"False"

"True"

"False"

"True"

"False"

= 0

β=0
τto= 0

PRIMARY TASK CONTROL

SECONDARY TASK CONTROL

TERTIARY OBJECTIVE CONTROL

"True"

from (10)

Fig. 2. Flowchart of the control system. It shows the correlation between
the primary task (end-effector impedance control), the secondary objective
(actuator saturation compensation), and the tertiary objective (manipulability
enhancement).

be defined in the null-space of the primary and secondary
tasks. In other words, the tertiary objective might not be
achieved in favour of realizing the primary task. Also, as the
torque limits of the RHI’s actuators should not be violated,
the ASCM is treated as a secondary task. Therefore, the
tertiary objective has to be satisfied in the null space of the
ASCM, which has a higher priority than it.

The joint torque command that realizes primary task,
ASCM, and a tertiary objective is

τC = τ+

β(In − (S(In − JT (J#)T ))#)(In − JT (J#)T )τto,
(10)

where β is the scaling factor to preserve the joint bounds
that is between zero and one, τ and S are calculated from
ASCM, and τto accounts for the tertiary objective. Algorithm
2 shows the required steps for calculating the scaling factor
β. This Algorithm calculates the remaining capability of the
RHI and determines the scaling factor β according to the
joint bounds. If after resolving the joint limits, the RHI does
not have any redundant joints left, β will be equal to zero.
The flowchart and block diagram of the control system is
depicted in Fig. 2 and Fig. 3, respectively.

Algorithm 2 Scaling Factor β Calculation
1: Get S from ASCM
2: if (In − S) > m then
3: Nto = (In−(S(In−JT (J#)T ))#)(In−JT (J#)T )
4: N3 = Ntoτto
5: βmin,i = (Tmin,i − τi)/N3,i For i = 1→ n
6: βmax,i = (Tmax,i − τi)/N3,i For i = 1→ n
7: Switch βmin,i and βmax,i If βmin,i > βmax,i
8: β = min(min{βmax,i}, 1)
9: else

10: β = 0
11: end if

There are different methods to implement τto [24]. Here,
the gradient projection approach is used. Thus, the tertiary
objective torque is calculated as

τto = −Λ
∂ν(q)

∂q
, (11)

where Λ is a suitable scalar step size and ν(q) is the cost
function. With this choice of τto, the robot tries to decrease
the value of ν(q) while executing a primary time-varying
task. Following the approach introduced in [23], the cost
function ν(q) is selected as

ν = logdet(
M+Mdes

2
)− 1

2
logdet(MMdes), (12)

whereM is the velocity manipulability ellipsoid of the RHI,
defined asM = JJT [35], andMdes is the desired velocity
manipulability ellipsoid. By minimizing the cost function
(12), the manipulability of the RHI will be matched with
the desired one. As shown in [23], by aligning the major
axis of the velocity manipulability ellipsoid of an RHI along
the desired direction of motion, the reflected joints’ friction
at the end-effector of the RHI will be minimized, and its
manipulability will be maximized. This will consequently
minimize the interference of the RHI’s kinematic with the
perception of the user from the rendered environment. The
main limitation of this approach is that the force feedback
capability of the RHI along the direction of motion will
be minimized due to the fact that the force manipulability
ellipsoid is inverse of the velocity manipulability ellipsoid.
Therefore, the proposed ASCM is required to distribute
torque among the actuators and enhance the force feedback
capability of the RHI.

V. EXPERIMENTAL EVALUATION

In this section, experiments are performed to evaluate the
proposed ASCM and null space controller using a 4-DoF
planar RHI. The experiments were performed using a 2-
DOF planar upper-limb rehabilitation robot (Quanser Inc.,
Markham, ON, Canada) that is serially connected to a 2-
DoF PHANToM 1.5A (3D Systems Inc., Morrisville, NC,
USA) to make the 4-DoF planar RHI. The base joint of
the 3-DoF PHANToM robot was removed to turn it into a
2-DoF planar robot. A coupler is designed and 3D-printed
to connect the end-effector of the upper-limb rehabilitation
robot to the base of the PHANToM robot. To measure forces
at the end-effector of the RHI, a 6-DoF force/torque sensor
(50M31A3-I25, JR3 Inc., Woodland, CA, USA) is attached
to it. The controllers are implemented in MATLAB/Simulink
(MathWorks Inc., Natick, MA, USA) with Quarc real-time
control software (Quanser Inc., Markham, ON, Canada).
The force/torque sensor data are sent through UDP from a
Robot Operating System (ROS) PC to the MATLAB PC.
The experimental setup is shown in Fig. 4. The joints torque
limits are programmed as τmin,i = [−3, −3, −1, −1] Nm
and τmax,i = [3, 3, 1, 1] Nm, and the links length of the
RHI are di = [0.254, 0.141, 0.21, 0.181] m.

In the experiments, a user holds the end-effector of the
RHI (where the force sensor is shown in Fig. 4) and palpates
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Fig. 3. Block diagram of the control system.
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{
Fig. 4. Top view of experimental setup.

a virtual environment along the right-hand direction through
it. The experiment was approved by the University of Alberta
Research Ethics Board under study ID Pro00055825. 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 X0 = [0.45, 0]Tm.
The Cartesian space control law used in the experiments is

FRHI = −Fe −BdẊ + CxẊ (13)

where Fe is modeled as KeδX in which Ke is the stiffness
of the virtual environment and δX is the position deviation
from the starting point. The desired damping parameter is
selected as Bd = diag{0.01, 0.01}Ns/m. Also, the virtual
environment is modelled with Ke = 1000 N/m to create
a stiff environment. As the end-effector movement is small
in the experiment, the effect of friction is neglected, and
thus, the friction compensation is not implemented. Also, the
gravity compensation is not required as the RHI is planar.

The objective of the experiments is to show the enhanced
force feedback capability of the RHI by using the proposed
ASCM. Two cases are considered: Case (1) The palpation is
performed without the ASCM, and Case (2) The palpation
is performed with ASCM. In both cases, the major axis
of the desired velocity manipulability ellipsoid is aligned
with the direction of motion (contact) (i.e., u = [0, 1]T ),
and it is designed as Mdes = diag{0.01, 170}. The
desired velocity manipulability ellipsoid is designed using
the method discussed in [23].

Fig. 5 shows the experimental results. In this figure, the
measured force using the wrench sensor, the desired force
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Fig. 5. Experimental results without (a) and with (b) employing the ASCM.
Joints torque τi, i = 1, 2, 3, 4, are shown with dotted lines, desired force
feedback Ke×δX with black dashed line, and the measured force feedback
Ff/t with black solid line.

(Ke × δX), and the torque of the actuators are illustrated.
By employing the ASCM, the maximum force feedback of
the RHI is enhanced by 73% (Fig. 5(b)) in comparison to
the case in which the palpation is performed without the
implementation of ASCM (Fig. 5(a)). The ASCM distributes
torque among the unsaturated joints when the saturation
happens in one or more joints. As a result, the user feels
the environment more solid in case (2).

VI. CONCLUDING REMARKS

In this paper, we proposed an actuator saturation com-
pensation method (ASCM) for redundant haptic interfaces
that distributes the torque of the saturated joints among
the available unsaturated joints. This method leverages the
kinematic redundancy of the haptic interface to enable the
haptic interface to achieve a higher force feedback capability
with relatively smaller actuators. This is important as there is
a trade-off between the maximum force feedback capability
of the RHI versus minimum apparent inertia and back-drive
friction. Indeed, a large force feedback capability requires
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large actuators, increasing the haptic interface’s inertia. The
proposed method generates torque commands in the null-
space of the Jacobian matrix of the haptic interface to
bring back the overloaded joints to their saturation level
and distributes that excessive torque among the unsaturated
joints. Also, a tertiary objective null-space controller was
proposed that takes the ASCM implementation into account.
If the primary task is feasible after ASCM implementation
and the redundant haptic interface has available redundancy,
a tertiary objective will be satisfied in the null-space of
ASCM. This will guarantee that the tertiary objective will
not interfere with the primary task and ASCM that those
have higher priorities. The experiments with a 4-DoF planar
haptic interface demonstrated 73% enhancement in the force
feedback capability of the RHI using the proposed methods.
The focus of this research is to show that the redundant
haptic interface is able to provide larger force feedback to a
user with ASCM than without it. Therefore, the method can
be used for the design of a new haptic interface with small
actuators to provide relatively large force feedback. In the
future, we will perform an extensive user study to evaluate
how using the proposed method affects the perception of free
space and stiff environments.
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