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Exploiting the Kinematic Redundancy of a Backdrivable Parallel
Manipulator for Sensing During Physical Human-Robot Interaction

Arda Yigit, Tan-Sy Nguyen and Clément Gosselin

Abstract— Robots need to adapt their behaviour while phys-
ically interacting with an operator to guarantee safety and
provide intuitiveness. Inferring the intentions of the operator is
a challenging problem that can be addressed by introducing sen-
sors, in addition to motor encoders. Also, kinematic redundancy
can be used to avoid issues such as singularities or mechanical
interference, and the redundant coordinates can be controlled
freely. In this work, we propose to use the redundant degrees of
freedom to infer the intentions of an operator interacting with
a backdrivable kinematically redundant parallel robot, without
introducing any additional sensors. The proposed approach is
based on the fact that, in mechanically backdrivable robots, the
operator can control the redundant degrees of freedom, and this
can be sensed using solely motor encoders through the solution
of the forward kinematics. This approach is implemented to
switch between a position controller and a controller that
allows the operator to guide the robot freely thanks to gravity
compensation. Experiments are carried out to compare this
approach with an existing one and show that it improves
intuitiveness during interaction by reducing false mode change
detections.

I. INTRODUCTION

Physical human-robot interaction consists of a modality
that can be used to adapt the behaviour of a robot in order
to assist an operator while executing a given task. To this
end, sensory data are needed to infer the intentions of the
operator and to come up with a suited controller that yields
the desired closed-loop dynamics.

Some industrial robots, such as Kuka LBR iiwa, Universal
Robot UR5e or Fanuc CR to name a few, are equipped
with both encoders and force sensors to perform active force
control. They have operation modes during which they can
be guided by an operator. In such modes, the controller only
compensates for gravity, which requires an accurate model
of the mass distribution. The operator needs to be in contact
with the robot at all times, otherwise, because of modelling
errors and external disturbances, the robot can move in an
uncontrolled way. This causes safety issues and reduces the
comfort and the intuitiveness of the interaction since the use
of dead man’s switch is then required. Adding more sensors
can help to alleviate these issues.

While less common than encoders and force/torque sen-
sors, other devices have also been used for physical human-
robot interaction. Skin-like tactile sensors detect the human
touch and the positions of the contacts [1], [2]. They can
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be mounted on the end-effector to ensure (or avoid) con-
tact [3]. Robot links can be covered with low-impedance
displacement sensors, similar to shells, to decouple the user
interaction forces from gravitational and inertial loads [4].
The sensors can also be on the operator side, for example
the operator can be equipped with inertial measurement units
[5] or electromyographs [6].

Robots actuated by direct-drive motors can control the
wrench generated at the end-effector without any force
sensor. However, since there are no gearboxes, these motors
are not adapted for serial architectures like industrial robot
arms. In parallel robots, the actuators can be fixed to the
base, reducing significantly the moving mass. However,
parallel robots often suffer from singularities which restrict
their workspace. Introducing kinematic redundancy can yield
singularity-free mechanisms [7]. The additional degrees of
mobility can then be used, for example, for the remote
actuation of a gripper. Some parallel haptic devices have
kinematically redundant designs to provide grasping capabil-
ities [8], [9]. Two tripedal (6 + 3)-degree-of-freedom (DoF)
parallel robots have been proposed recently by our research
group for physical human-robot interaction [10], [11]. The
robot developed by Wen et al. [10] is hybrid parallel, i.e.,
not all motors are fixed to the base. The mechanism is
singularity-free within its reachable workspace thanks to
its kinematically redundant architecture. Yigit et al. [11]
modified the leg architecture so that all motors are mounted
on the base, reducing the moving mass while increasing
the maximum wrench that can be generated at the end-
effector by using more powerful actuators. In these robots,
two of the three additional degrees of mobility are used to
remotely operate a gripper at the end-effector. The remaining
redundant degree of freedom can be freely controlled.

Robots performing physical human-robot interaction often
need to switch between two operation modes. They can
either be in "task mode", moving autonomously to track
a reference trajectory, or be guided by an operator in
"collaborative mode", for example, to teach positions for
repetitive tasks. Detecting whether the operator intends to
move the robot without introducing additional sensors is a
challenging problem. Wen et al. proposed the use of a double
threshold strategy [10]. The robot switches to collaborative
mode during which the operator can guide the end-effector
if either the tracking error or the velocity crosses some given
thresholds. Otherwise, the robot is in task mode. While this
strategy allows the detection of the presence of an operator
when the robot is guided along trajectories at high speed,
it suffers from many undesired and unexpected changes of



operation mode during slow trajectories for tasks requiring
precision, significantly deteriorating the interaction.

Sensing the intention of the operator without using sensors
other than motor encoders is a challenging problem. This
work proposes a solution for kinematically redundant parallel
backdrivable robots. Mechanically backdrivable robots can
be operated by applying a force to the output (i.e., the
end-effector) or to any other moving link of the robot. In
particular, the operator can control the redundant degrees
of freedom, which can be sensed with high precision using
motor encoders. A similar approach was used in [12] for
large payloads using an underactuated robotic system. In
this work, the redundant degrees of freedom are used by
the operator to switch between a position controller and an
interaction controller. The experimental results are compared
to those obtained with the double threshold strategy proposed
by Wen et al. [10] and show the superiority of using the
redundant link to detect the presence of an operator. It is
noted that neither of these two approaches requires the use
of a force/torque sensor because the robot is backdrivable.

This paper is structured as follows. First, a general dy-
namic model is derived in Section for kinematically
redundant parallel backdrivable robots both in open loop
and in closed loop with an impedance controller, and the
switching between operation modes is discussed. Then, the
experimental setup is presented in Section Experimental
results are shown in Section [Vl Section [V] concludes the
paper and discusses some perspectives.

II. MODELLING

Let us consider an n-DoF manipulator, which is kinemat-
ically redundant with respect to a given task that requires
m < n degrees of freedom. Let q(t) € R™ be the vector
of actuated joint coordinates, x;(t) € R™ the vector of task
coordinates and x,.(t) € R"~™ a vector of redundant coordi-
nates. The task coordinates and the redundant coordinates are
assumed to be independent. Let z(t) = [x;(t)T =,.(t)T]T €
R™ be the vector of augmented task coordinates.

Within the singularity-free workspace of the robot, the
velocity model can be written as

Bt] :@q (1)
J(q)

where J;(q) € R™*™ and J,(q) € R(®~™)*" are Jacobian
matrices corresponding respectively to task coordinates and
redundant coordinates. For all non-singular configurations,
these matrices are well-defined and matrix J(g) € R™*™ is
invertible.

A. Open-loop Dynamics

In joint space, the dynamics of the robot can be written
in the form

M(q@)i+C(q.9)qg+9(@)=7-J(@) ferr @

where M (q) € R™ "™ is the joint-space generalized iner-
tia matrix, C(q,q) € R™*™ the matrix of Coriolis and

centrifugal effects, g(q) € R™ the vector of conservative
forces, T € R™ the vector of motor forces (or torques) and
fext € R™ the vector of external wrench applied on the
robot.

In augmented task space, becomes

A@)i+T(q, @)z +n(q)=T(@) "7 Feur 3

with A = J"TMJ ', T =J7Ccg ' - AJJ T and
n=J "g[13].

B. Closed-loop Dynamics

The actuated joint coordinates g are measured using motor
encoders. The joint velocities g can either be measured or
estimated using a state observer — for example an extended
Kalman filter. In the latter case, the observability needs to
be verified, assuming, for example, that the external wrench
feut 1S constant.

The following impedance control law is implemented to
track the reference trajectory x*:

T =J(q)" [A(9)é* + (T(q,q) + D)(&" — @)
+K(¢" — ) +T(q, )& +n(q)] @

where matrices D € R™*™ and K € R"*" are positive
semidefinite.

Let & = x* — x be the tracking error. Closed-loop
dynamics are obtained by combining (B) and (@), yielding

A(@)&+ (T(q,q) + D)+ K& = £,y (5)

The passivity with respect to the pair (f,,;,£) can be
guaranteed using the positive semidefinite storage function

1.7 . 1
V=38 Al + ;¢ Ke. (6)
Since matrix %A — T is skew-symmetric [13], it yields

V S éTfezt (7)

for any constant positive semidefinite matrix K and possibly
time-varying positive semidefinite matrix D. Therefore, the
closed-loop system (B) is passive with respect to the pair
(f ot 5) and it can be coupled to any passive environment
without hindering passivity [14].

C. Operation Modes

The robot has two operation modes: collaborative mode
and task mode. The operation mode to be used is determined
based on the redundant coordinates x,.. The robot controller
is represented schematically in Fig. Matrices K .o11ap
and K,,s; determine the virtual stiffness in respectively
collaborative and task modes. The switching function is
described in Section

Let us choose K with the form

K, 0}

®)

K:[O K,

with K; € R™™ and K, € RM™™x(n=m) positive
semidefinite matrices.
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Fig. 1. Control diagram of the robot.

In collaborative mode, matrix K; is set to zero and the
reference trajectory «; is constant, i.e., &7 = 0 and &; = 0.
As a consequence, the robot follows the movements of the
operator. This mode can be used, for example, to teach some
poses to the robot.

In task mode, matrix K is positive definite. Hence, the
robot follows the reference trajectory ;. This mode can be
used, for example, to keep the robot still when the operator is
not interacting with it or to replay/repeat the taught positions.

Note that the proposed proof for passivity is not valid
when switching the operation mode since the stiffness matrix
K; associated with the task variables is no longer constant.
To prevent losing passivity, in this work, it is assumed that
the switching between the operation modes only happens
when the task coordinates are (i) at steady state (so ét =0)
and (ii) without steady-state error, i.e., £, = 0, where &, =
x; — x; is the tracking error in task coordinates. Since §, =
0, matrix K has no impact on (3). Therefore, varying K
does not violate passivity. A less conservative approach could
consist in changing the stiffness smoothly and considering
other storage functions [15], [16] or tank-based methods [17],
[18]. However, this is out of the scope of this paper.

III. EXPERIMENTAL SETUP

The control and interaction technique presented above is
validated experimentally. This section describes the robot
that is used for the experiments and the implementation of
the operation mode switching procedure.

A. Backdrivable Kinematically Redundant Parallel Robot

Experiments are carried out using a tripedal (6 4 3)-DoF
kinematically redundant hybrid parallel robot developed in
[10] for intuitive physical human-robot interaction (see Fig.

[2). Using only three legs reduces mechanical interference.
Each leg is equipped with three direct-drive motors, one
of them is fixed, and the other two are mobile and drive
a planar five-bar linkage that constitutes a leg of the robot.
Mobile motors are positioned close to the base to reduce
the moving inertia. The leg mechanism is singularity-free
within its reachable workspace. The legs are attached through
spherical joints S; (i € {1,2,3}) to a configurable platform
with three degrees of mobility.

Fig. 2. Backdrivable tripedal (6 + 3)-DoF kinematically redundant hybrid
parallel robot proposed in [10].

Figure [3] is a simplified diagram of the platform. The
platform consists of an equilateral triangle of side length [;
with revolute joints R; at the vertices. The spherical joints
S; are connected to the revolute joints R; through identical



links of length l». Using Grassmann line geometry, it can be
readily observed that the configurable platform is singular
only if (i) spherical joints .S; are aligned or (ii) all three
lines (R;, S;) have a common intersection [10]. The former
condition cannot happen since the dimensions are selected
such that [y < @ll. The latter condition is prevented using
mechanical stops such that ¥.,;, < ¥ < Upmge, With
Umin > 0% and 9,4, < 120°. As a consequence, the robot
has no singularities within its reachable workspace.

Fig. 3. Configurable 3-DoF platform [10]. The physical joint limits of the
redundant coordinates ); are indicated.

Equipped with direct-drive motors, this mechanism has a
very low mechanical impedance and is backdrivable, which
means that an operator can easily move the platform without
an active help of the motors.

The robot has eight task coordinates, six corresponding
to the pose p of the end-effector and two ()1 and v5) that
control the opening of a gripper: x=; = [pT (o 1/}2]T. The
only redundant coordinate is the angle of the link that is not
related to the gripper: x, = 3.

The experiments are designed such that, in task control
mode, there are no physical interactions with either the
operator or the environment (except with the objects to be
grasped). As a consequence, the positive definite stiffness
matrix K; associated with the task variables x; does not
need to be tuned finely. For the experiments, this matrix is
diagonal:

K = diag(100, 100, 100, 50, 50, 50, 10, 10). )
The damping matrix is also diagonal:

D = diag(5,5,5,0.1,0.1,0.1,0.1,0.1,0).  (10)

The coefficients of matrices K; and D are expressed in
standard ST units.

The closed-loop behaviour of the redundant DoF z, is
similar to that of trigger buttons on game controllers. While
the operator is not moving the redundant link, the virtual
stiffness k, maintains the redundant link at a mechanical

stop, i.e., T, = Ymin (respectively x, = ¥pq,). To generate
a minimum torque below which the redundant link stays
in contact with the mechanical stop, the reference position
can be chosen beyond the mechanical limit: z} < tpin
(respectively & > az). The values of both £, and z
can be selected to provide comfort to the operator and to
avoid undesired movements of the redundant link during task
control mode due to inertial effects, which might cause un-
expected mode switching. For the experiments, the stiffness
is k. = 2Nrad ™" and the reference is = = 30°.

Note that, during the experiments, the stiffness associated
with the redundant variable is generated virtually by active
force control, but it is also possible to achieve this passively
using a real spring.

B. Operation Mode Switching

In order to switch from task mode to collaborative mode,
the operator needs to move the redundant link from the
equilibrium position to the opposite mechanical stop. The
orientation of the redundant link 3 is obtained from motor
encoders by solving the forward kinematics in real time.
If the value of the redundant coordinate crosses a given
threshold value, the controller switches to the collaborative
mode. To avoid multiple undesired mode changes in a short
time window, a Schmitt trigger — also known as comparator
with hysteresis — is used. The threshold values are at 40°
and 50°. During the collaborative mode, if the operator
releases the redundant link, the controller switches back to
task mode due to the virtual stiffness associated with the
redundant task coordinate x,. The transition between task
mode and collaborative mode is schematically illustrated in
Fig. @

The proposed approach to switch the operation mode is
compared to an existing method proposed in [10], which
implemented a double threshold strategy. For each actuated
joint coordinate ¢;, the first threshold is on the tracking
error ¢ — ¢g; and the second threshold is on the joint
velocity ¢;. During the experiments, the reference trajectory
is static. Therefore, if the robot moves such that a threshold
is crossed by any of the actuated joints, the robot switches
to collaborative mode, and, otherwise, it is in task mode.
Both threshold values are tuned to provide the best possible
user experience. The second threshold (on the joint velocity)
defines a minimum velocity below which the robot can
switch between modes unexpectedly. This phenomenon is
a significant drawback for tasks requiring precision, and it
can be observed on the video accompanying the paper [10].
In the next section, this unexpected behaviour is highlighted
in experimental data.

IV. EXPERIMENTS

Two approaches to switch the controller mode, namely
the newly proposed approach using the redundancy and the
existing one based on the double threshold, are compared
using a "teach and repeat" experiment for pick-and-place
tasks. The video accompanying this paper shows the ex-
periments. To simplify the experiments, two assumptions



R,

(a) The virtual torsion spring maintains the redundant link at
a mechanical stop when there is no interaction. The controller
is in task mode.

R1 R2

(b) The operator moves the redundant link towards the oppo-
site mechanical stop. The controller switches to collaborative
mode.

Fig. 4. The operator changing the controller mode. The torsion spring
pulls the redundant link to the mechanical stop at ¥ymqs. The controller
switches to the collaborative mode when the operator pushes the redundant
link towards the mechanical stop at ¥,,in,.

are made: (i) the matrix of Coriolis and centrifugal effects
I'(g,q) in augmented task space is neglected since the
movements are slow and the moving inertia is small and
(i1) the opening of the gripper is assumed to be known for
each waypoint. During the teaching phase of the experiment,
when the robot is in task mode, the task reference x; remains
constant. It maintains the value that was measured when the
controller switched from collaborative mode to task mode
and, therefore, the robot remains stationary until the next
interaction is initiated.

The procedure to teach a waypoint consists of the follow-
ing steps:

1) The operator makes the robot switch from task mode to
collaborative mode. In the proposed approach, this transition
is detected by the redundant coordinate w3 crossing the
higher threshold of the Schmitt trigger (i.e., when 3 > 40°).
In the double threshold approach, the transition is detected
either by the minimum velocity of the actuated joints be-
coming higher than 0.2rad/s or the minimum tracking error
being higher than 0.1 rad.

0 10 20 30 40
t [s]

Fig. 5. Waypoint teaching experiment using the redundancy-based approach
to switch between controller modes.

2) The operator moves the robot to the next waypoint.

3) The operator makes the robot switch from collaborative
mode to task mode. In the proposed approach, this transition
is detected by the redundant coordinate 3 crossing the lower
threshold of the Schmitt trigger (i.e., when 13 < 30°). In the
double threshold approach, this transition is detected when
the maximum velocity of the actuated joints becomes lower
than 0.2rad/s.

4) The controller records the waypoint.

For each waypoint, the operation mode needs to change
only twice. Therefore, for n waypoints, 2n transitions are
expected. The video accompanying this paper illustrates
pick-and-place tasks with a single object using each of the
two approaches to change the operation mode. During the
experiments, three waypoints are used: a pose where the
object is to be grasped, a pose where the object is to be
dropped and an intermediate pose.

The results of the teaching experiment using the
redundancy-based approach are shown in Fig. 5] The red
and green areas represent respectively the task mode and
the collaborative mode. Transitions are obtained from the
redundant joint coordinate s, as illustrated in Fig. [] It
can be noticed that the operation mode changes six times,
therefore, there are no undesired transitions.

As explained in Section the use of a threshold on joint
velocities for the double threshold-based approach suggests
that this method would lead to numerous undesired operation
mode changes. This is confirmed experimentally as it can be
seen in Fig. [6 where the double threshold-based switching
function (DT-B SF) replaces the redundancy-based one.
The operation mode changes 84 times. Here, the red areas
correspond to the periods of time during which the operator
is away from the end-effector and the green areas to the
period of time during which the operator is in contact with
the end-effector. The transition times are approximated using
the video recording. As it can be seen in the video, switching
back to collaborative mode after an undesired change may
not be immediate. Therefore, the operator may still be in
contact with the robot even if the controller switched back
to task mode. As an example, between times ty, = 19.3s
and t; = 21.8s, the controller stayed in task mode while the
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Fig. 6. Waypoint teaching experiment using the double threshold-based

switching function (DT-B SF). Areas are respectively red or green when the
operator is away from or in contact with the end-effector.

operator was attempting to move the end-effector.

V. CONCLUSION AND PERSPECTIVES

This work introduces a novel approach to detect the inten-
tions of an operator interacting with kinematically redundant
backdrivable parallel robots using only motor encoders.
Such robots can be guided by operators without requiring
force/torque sensors. In particular, the operator can control
the redundant degrees of freedom, which can be sensed using
the forward kinematics. The controller can, then, adapt its
behaviour accordingly.

This approach has been tested experimentally on a (6+3)-
DoF hybrid parallel robot with an impedance controller that
switches between two operation modes: a collaborative mode
during which the operator can guide the robot and a task
mode during which the robot is stiff. Sufficient conditions
are given under which passivity is conserved while switch-
ing between the two modes. Comparisons with an existing
method using thresholds on joint tracking error and velocities
show the effectiveness of the proposed approach, reducing
significantly the number of false operation mode changes.

Although the proposed method has shown its effectiveness,
there is still room for improvement and several potential
research directions can be identified.

The proof for passivity yields a very conservative condi-
tion that could be less restrictive using state-of-the-art storage
functions [15]-[17]. This would allow for varying the virtual
impedance parameters of the robot continuously. Indeed,
in this work, only a binary signal was extracted from the
coordinate associated with the redundant degree of freedom,
since the robot needs to be static while changing the virtual
stiffness with the given passivity condition.

The end-effector that is used for the robot was not specif-
ically designed so that the operator can easily control the
redundant link. Moreover, if the gripper mechanism uses only
one degree of mobility, this leaves two redundant degrees
of freedom that can be used for the interaction. Specific
platforms could be designed to benefit from the redundant
degrees of freedom. The interaction with the redundant
degrees of freedom is not limited to presence detection

or variable impedance, it can also be used, for example,
as a low-impedance displacement sensor [4], [12]. These
research directions have the potential to significantly improve
the effectiveness of the proposed method, and they will be
investigated in future work.
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