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A Practical Control Approach for Safe Collaborative Supernumerary
Robotic Arms

Mahdi Khoramshahi, Alexis Poignant, Guillaume Morel and Nathanael Jarrassé

Abstract— Supernumerary robotic arms have a high potential
to increase human capacities to perform complicated tasks; e.g.,
having a third arm could increase the user’s strength, precision,
reachability, and versatility. However, having a robotic manip-
ulator working in extreme proximity to the user raises new
challenges in terms of safety; i.e., uncontrolled and hazardous
collisions with the user’s body parts and the environment.
In this preliminary work, we show that most of these safety
considerations can be extracted from standardized norms and
translated into kinematics constraints for the robot. Thus, we
propose a quadratic programming approach to achieve safe
inverse-kinematics and physical interaction for supernumerary
arms. We validate our approach in designing a safe supernu-
merary arm using the 7-Dof Kinova® Gen3 robot.

I. INTRODUCTION

The Supernumerary Robotic Limbs (SRL) are wearable
manipulators with the aim to increase humans’ capacities to
perform complex tasks through sensorimotor augmentation;
e.g., to improve human strength, precision, versatility [1],
grasping capacity [2], and perception [3]. Such extra artificial
degrees of freedom can be added to the human body in
several fashions: supernumerary arms [4], legs [5], fingers
[6], tails [7], etc. These physical devices are intended to
be lightweight with the possibility to be interfaced with
human motor control; for example through brain-machine
interfaces [8]. The first generation of SRLs were mostly
weight-supporting devices, but the field progressed toward
versatile, autonomous, and assistive SRLs. Currently, SRLs
are applicable to industrial settings such as assembly lines
[4], health-care where SRLs provide assistance for people
with disabilities [9], surgical robotics [10], and many other
domains; see [11] for a recent review.

In this work, we are concerned with redundant supernu-
merary arms with the goal to improve the manipulability
—in its broad sense— of the human user. However, having
such “third arms” poses new challenges when a powerful
device operates in extreme proximity to the human-user. The
risk of physical impacts that can lead to injuries raises new
safety issues for SRLs. Most often, these issues are addressed
from a mechatronic point of view [12]; e.g., by considering
backdrivable motor, serials elastic actuators, advance sensing
of contact, emergency stops for the actuators, etc. There is
also a growing interest in utilizing intrinsically safe struc-
tures such as soft materials for wearable robots [13], [14].
However, relying fully on mechatronics and soft materials
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Fig. 1. Our robotic setup where the the Kinova® robot is worn using a
vest. In this current setup, the power and the controller are off-board.

can severely limit the strengths and efficacy of SRLs. On
the other hand, the safety issues of SRLs are less addressed
from the control point of view [11] while there is a lack
for a safe control framework in this literature; for instance,
solving the Inverse Kinematics (IK) in a safe manner to avoid
hazardous collision with the user, or destabilizing the user
stability.

In this work, we consider a case in which the human-user
provides input commands for the position of the end-effector
(3 DoF) of a typical 7-DoF redundant robotic manipulator
which leaves 4 DoF to satisfy the safety measures. In
this manner, we reach an effective balance between the
robot and human autonomy. To answer safety issues, we
propose to use Quadratic Programming (QP) to solve the
IK where the safety considerations can be embedded as
inequality constraints for the robot joint velocities. QP is
commonly used in the literature to safely generate impact in
the environment [15], collision-free path planning for robotic
applications [16], full-body IK of a humanoid robot with high
DoF [17] or as a fast way to solve IK (to avoid computing
pseudo inverse) [18]. Moreover, the QP approach is suitable
for SRLs which require reactive motion planning; i.e., the
robot needs to continuously react to human inputs and the
interaction forces with the environment. Furthermore, we
consider an admittance control loop to safely react to in-
teraction forces [19], [20]. Nevertheless, obtaining quantified



safety measures for SRLs is a challenge as well since there is
no standardized or conventional approach in the literature. In
this work, we propose to use the standardized ISO norms to
extract inequality constraints for the QP solver. This enables
our control architecture to provide a safe behavior for a
supernumerary arm; i.e., to respect safety constraints on the
workspace, the velocities, the interaction forces, and the
impacts. To validate our approach, we use a commercial
collaborative robot (7 DoF Kinova® Gen3 arm) is mounted
on the back of the user.

II. METHOD
A. Robotic setup: hardware

The Kinova® Gen 3 Ultra lightweight robot L53 0007 is a
CE-marked arm that is designed according to major safety
standards. It fulfills several directives and standards such as
Machinery Directive 2006/42/EC and ISO 12100:2010. Its
power adapter cable is fitted with an integrated emergency
stop (E-stop) button which is located near the experimenter
and can be used to shutdown the robot. In case of a shutdown,
the robot falls slowly due to the regenerative brakes. An
additional emergency stop is also placed serially on an
extension of the power cable and is placed close to the robot
operator. As illustrated in Fig. 1 the robot is mounted on the
back of the user. Similar setups can be found in the literature
[12], [21]. Kinova Gen 3 is suitable for cobotics applications
given its intrinsic mechanical properties [22]. Additionally,
the native robot control library applies a number of different
joint limits for safety purposes. This includes limits on
joint position, speed, acceleration and torques. Gen3 also
provides a low-level admittance control mode allowing a
safe physical interaction with the environment. The native
control library also monitors the feedback of the internal
sensors of the robotic arm, along with the heat of internal
components, and in case of faulty behavior, switches the
robot to a safe compliant state. For the sensory information,
we rely on the conventional robotic states; i.e., joint position,
velocity, and torques. Beside a Robotiq two-finger gripper
(2F-85) mounted on the end-effector, we do not use any other
equipment such as sensors or tracking systems.

B. Control architecture

At the lowest level, a joint-velocity controller is provided
by Kinova. To simplify the high-level control, we use a 3D
joystick to command a desired velocity for the end-effector.
To ensure a safe robotic execution of the human-commanded
task, our mid-level controller needs to satisfy several con-
straints which are extracted from standardized norms. For
instance, while moving the end-effector based on human
commands, the robot needs to stay in a safe/designated
workspace and avoid high-force exertion or high-power
impacts. To this end, we propose a safe controller based
on Quadratic programming. In this fashion, we solve the IK
problem (converting human-user commands into proper joint
velocities) while respecting different safety specifications.
Given general safety specifications for pHRI and our specific

scenarios, we compute a set of limits on different aspects
of the robotic performance; i.e., workspace, joint positions,
joint velocities, interaction forces, and mechanical power.
These limits, along with the current robot’s state, are used to
compute a set of constraints for the QP-solver. This process
is repeated in each time-step given the updated measurements
and user’s input which leads to a reactive behavior. Our mid-
level controller is implemented in [23] which runs at 40 Hz.
In case of a hard collision, the control is passed to the low-
level admittance controller of the robot; i.e., the task and
other ROS-dependent components will not affect the robot’s
behavior until the issue is resolved by the human-user. The
QP problem is solved sequentially when the solution of each
time-step serves as the warm-start for the next one. For this
purpose, we use qpOASES library [24]. Some of the main
technical parameters are set as follows: terminal tolerance
le — 5, bound tolerance le — 5, max iteration 1le3.

C. Constrained inverse kinematics using QP

We use a QP-based approach inspired by [25] to solve the
following IK problem:

min -« Wu+67Q6 + g7 u
u,
st. Ju+90 =14
Umin < U < Umagz (1)
5min < o < 5maac

bimin < Au < bpas

where the decision variables u € IR"™ represents the joint
velocity commands. W is a diagonal and positive semi-
definite matrix representing the corresponding costs for mov-
ing each joint. We use W = diag([0.1,1,10,10,1,1,1])
which is chosen experimentally with high values for the 3rd
and 4th joints as they affect the posture more than other
joints. In the second term, § € R™ represents the slack
variables with its associated weight matrix @@ € R"*" > 0
which is defined in a manner that ||Q|| >> ||W||. For our
implementation, we choose Q = 1e81, where I, is the
identity matrix of size n. We use the linear part (g € R")
to favor an upright posture (g2 = 0) in the null-space by
choosing g = [0, k,q2,0,0,0,0,0]” where g5 is the position
of the second joint, and k,, is the null-space stiffness. The
goal of QP is to follow the desired end-effector velocity
(xg € R™) while respecting the safety constraints. The
equality constraint represents the forward kinematics of the
robot where J € R™*™ is the Jacobian matrix. It can be
shown that neglecting the inequality constraints and the slack
variables leads to the standard IK solution as:

u=J%iq+ (I —J*J)g, 2)
where J# = W=LJT(JW~1JT) is the weighted Moore-
Penrose pseudo-inverse and ¢, = —g¢g/2 is the null-space

velocity. In our control architecture, the desired velocity is
computed as follows:

fq =&+ da 3)



Where the task-related velocities ; € R™ are received from
a high-level controller; e.g., a simple control interface using
joystick or gaze. The second term z, € R™ is generated
by the admittance loop which handles the interaction forces
with respect to soft and hard collisions.

D. Safety constraints for QP

In this section, we present how the safety measures for the
robot are translated into the boundaries for the inequality
constraints in the QP problem.

Velocity safety: ISO 10218-1:2011 [26] specifies that the
maximum velocity of the robot end-effector should be
0.25m/s, to leave enough time to the operator to avoid or stop
the robot. Therefore, we limit the commanded velocities for
the EE at 0.2m/s. Furthermore, we limit the joint velocities
at ¢mae = 0.3rad/s to have reasonable linear velocities
for other robotic parts. This is a conservative value that is
reached experimentally. The QP inequality constraints for our
decision variable constraints the joints velocities as follows:

—Gmaz < U < Gmax €]

Angular position safeties: In order to take into account
the mechanical limits of the robot, especially joint limits,
we need to add angular position limits. However, as our
command work is a velocity command, we need to express
joint limits as velocity limits. To do so, we can set the
following limits:

qmin — 4 Qmaz — 4

7pAT <u<7pAT 5)
where ¢pin and @m., € R™ are the angular joint lim-
its, and AT is the control loop rate. p > 1 serves as
a conservative factor; i.e., the robot will not violate the
constraint even if the robot keeps the same velocity over
the next p time-steps. Therefore, the higher p, the slower
the joints move when they get close to their limits. We
choose p = 2. The joint limits are experimentally set
t0 ¢min = [—00,—120,—00, —120, —0c0, —120, —oc0] and
Gmaz = [00, 120, 00, 120, 00, 120, 0o] where oo refers to the
fully-rotational joints. The inequalities in Eq. 4 and 5 lead
to the following QP constraints:

{umin - max{_Qmam» (qmin - CI)/PAT} (6)

Umaz = min{ijazv (qma:r - Q)/pAT}

Power safety: Average power consumption of Kinova®

(45W [22]) respects ISO norms which defines 80W as the
limit for cobots [26]. Furthermore, given the power at the
end-effector as 77u, we consider the following inequality
constraint:

_Pmaz < TTU < Pmax (7)

with P, = 4W. This threshold is chosen experimentally
by observing the value of 77w when the robot is operating
satisfactorily in terms of resulting velocities and interaction
forces. It is important to note that here we use the current

Fig. 2. View of the head and torso bounding boxes (in transparent green
color) which are defined in the frame of the robotic arm base, i.e. the
operator trunk.

torque measurement to estimate the power at the next time-
step; i.e., assuming slow dynamics for interaction forces. In
other words, the robot regulates its velocities based on the
measured interaction forces. Moreover, we only limit the
projected power at the end-effector and not for any other
specific point on the robot body. Nevertheless, this is not a
safety issue since there are other constraints at the joint-level.

Workspace safety: To avoid the collision between the
wearable robot and its user, we model the human torso and
head using bounding boxes as illustrated in Fig. 2. Here,
we only consider collision avoidance with the user’s head
and torso. In other words, we allow physical interaction of
the robot with the user’s arms where its safety is handled
via other parts of our mid-level controller. Using the QP
constraints, we limit the robot’s joints from entering these
volumes. To this end, each bounding box is defined as a
set of points (Xonin, Xmazs Ymin, Ymazs Zmins Lmaz) 10 the
base frame. Here we assume that the user’s torso and head
movement with respect to the base of the robot is negligible
considering a conservative choice for the size of the bounding
boxes. We constraint the Cartesian velocity of each joint as
follows:

it @ >
(®)

T; + kAL < T, if x; < T;

{xi + o, kAt > CU;L
where z; and z; € R for + = 1...n are the position and
velocity of the th joint of the robot. The upper and lower
boundaries x;r and z; € R? are computed by aggregating
the two bounding boxes. These constraints can be written as

if x; > z;"

{J,-u > (scgiF — ;) /(kAt) 9)

Jiu < (z; —x;)/(kAL) it x; <

where J; € R™*3 for i = 1..n are the partial Jacobians.
These constraints are then added to the QP solver as a part of
the A matrix; 3 constraints per joint. Furthermore, to have a
conservative and damped behavior near the bounding boxes,
we choose k = 20.

The inequalities in Eq. 7 and 9 lead to construction of the
A € R**" matrix and the corresponding boundaries for
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Fig. 3. The result of robot motion planning in avoiding the designated

bounding boxes while following the desired end-effector velocities.

bonin and bpas € RA™.

T —Ppin
J Dz —x kAt

ac | (21 .1)/( ) a0)
In Lz}t —x,) /(KAL)

where the switching function I'(z) = = for z < 0 and a
large value otherwise in order to rend the constraint void.
The computation for b4, is done similarly.

Collision safety: In order to provide a safe and versatile
interaction with the environment, we handle the collisions
at two levels; namely “soft” and “hard” collisions. Unlike
the previous safety factors that were handled by the QP
solver, collision safety is handled by the admittance loop.
Soft collision is concerned with interaction forces that we
expect from a safe physical interaction with the environment
and humans; e.g., the human pushes the robot or when the
robot physically manipulates an object. For this purpose, we
use the following admittance feedback loop.

(an

where ® is a deadzone function that is applied element-wise
as follows:

Lo = aJTTQD(T — Tg: Tsoft)

Ti —T] if Tl < T
D, (r,7) =40 if —7/<7n<7] (12)
T+ 7] if T < —7]

where 7 € R™ is an arbitrary vector with positive values.
In our case, we choose Tso 5+ = [8,6,6,6,4,4,2]Nm which
acts as the threshold below which no collision is detected.
Moreover, 7, is the estimated gravity effect and the measured
torque on the ith joint respectively. .JT is the pseudo-inverse

Joint velocity [rad/s|

Joint position [rad]

2k ‘ l :
25 30 35 40 45
Time s

Fig. 4. The corresponding joints position and velocity for Fig. 3. The joint
velocity limits are respected and the resulting joint positions are satisfactory
in terms of smoothness. No collision or penetration into the bounding boxes
occurs in this demonstration.

of the Jacobian. Here, « is the admittance gain that con-
trols the behavior of the response (response time, stability,
and oscillations); i.e., higher/lower « leads to lower/higher
damping behavior. Therefore, in the case of a soft collision,
this admittance rule moves the end-effector based on the
interaction forces. This admittance loop also allows the user
to indirectly control for the interaction forces through ;.

F =K, (i .
{ 7= Kol £) (13)
Tq = aF
This leads to 1
F= ot (14)

where K, is the forward gain imposed by the velocity con-
troller. There, given high values for K, in interaction with
the environment, —%;/« can be applied to the environment.
However, this relation is only valid in a steady state while
during the transient phases, these forces can be much higher,
depending on the inertia and velocity of the robot. Therefore,
it is crucial to consider a “hard” collision mode.

Hard collision: this mode classifies the abnormal collisions
which might harm the human (or the robot). Such collisions
are recognized by a higher level of force/torque (compared
to the soft one). The implemented strategy is to stop the
task (ignoring the desired end-effector motion) and render the
robot fully compliant. To detect hard collisions, at each time-

step, we check if any joint satisfies the following criterion:
(15)

|7 — 74| > Thard

with 74,4 = [40, 40,40, 40, 40,40, 40| Nm. Therefore, in
case of a hard collision, we stop sending joint-velocity
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Fig. 5. The resulting behavior with respect to the interaction forces. The

robot is initially placed in contact with a hard surface as the desired velocity
(¢+) increases over time. High interaction forces are recognized as hard
collisions where the robot ignores the task and switches to a low-level
admittance control.

commands to the robot and switch the compliant mode
implemented by Kinova® on the robot. The robot stays in
this mode until the user specifies otherwise manually.

III. RESULTS AND DISCUSSION

To validate our control architecture, we present two exper-
imental scenarios. In the first scenario, we test the robot
motion-planning in its joint space. To do this, we send a
constant velocity for the end-effector (¢; = [0,.05,.02])
while we expect the robot to avoid the bounding boxes and
joint position and velocity limits. These results are illustrated
in Fig. 3 with its corresponding joint position and velocity in
Fig. 4. Given our choice for the slack variable, the robot is
allowed to deviate slightly from the straight line in order to
execute the task. Let us note that without the slack variable,
the robot stalls when there is no solution for the QP problem.
The size of the slack variable controls how much the robot’s
end-effector velocity can deviate from the desired one. This
figure also shows that not only the end-effector but also
all joints avoid penetrating into the bounding boxes. Such
behavior allows the user to easily move the robot’s end-
effector around (via any arbitrary interface) without being
worried about the robot’s configuration and collision. In other
words, the user is not required to 1) control all the joints
individually, or 2) send precise commands to the end-effector.
Furthermore, Fig. 4 illustrates other safety constraints were
respected as well; i.e., joint velocities remain in the safe
zone, and joint position limits are respected.

In the second experiment, we test the robot’s behavior in
terms of physical interaction with the environment. To this
end, we put the robot’s end-effector in physical contact with
an external force sensor while we send different desired end-
effector velocities to the robot. This result is depicted in
Fig. 5 where we slowly increase the desired end-effector

zg=0.02 = 0.06 0.08 =—0.15 0.2
100 | l ]
|
A
" |
Z |
= 90 F : 1
|
0 L
0 1 2 3 4
Time s

Power [W]

Time (s

Fig. 6. The result of impacts when the robot collide with the environment at
different speed. Higher velocities results in higher forces at the impact which
is detected as hard collision and trigger the low-level admittance control.
The plot of the power shows that this value remains in the boundaries before
we switch to low-level admittance.

velocity (z¢ from 0 to 0.2m/s). This increase in the desired
velocity leads to an increase in the interaction forces between
the robot and the environment. After a certain threshold
around F' = 90N which depends on 73,4 and the robot’s
configuration) the robot detects a hard collision and switches
to the low-level admittance control which ignores the desired
task. Thus the interaction forces disappear and the robot
becomes compliant which allows the user to move the robot
freely.

In the third experiment, we test the effect of impacts; i.e., the
robot follows a constant desired velocity and collides with
a hard surface. These results are illustrated in Fig. 6 which
shows that a similar safety behavior to the previous figure is
obtained; i.e., colliding with higher interaction forces triggers
the low-level admittance control. The other subplot shows the
projected power at the end-effector (77¢). We can see that
before collision, this power remains inside the designated
boundaries. The behavior of such power exchanges with the
environment after the collision depends on the control mode.
For the collisions with higher velocities (24 = 0.15 and 0.2),
the low-level admittance control is triggered. We can see that
this low-level controller is not constraining the power, how-
ever, providing a passive interaction with the environment.
However, operating the robot using the QP in a safe range of
velocities and interaction forces provide a satisfactory post-
collision behavior. Finally, let us note that in the second
and third experiments, we used a fixed-base configuration to
be able to investigate the controller in physical interactions
with rigid contacts. In the worn configuration, the situation
is ameliorated given the compliance of the human body and
the human ability to displace the robot’s base.



IV. CONCLUSION

In this preliminary work, we presented a mid-level control
strategy for a safe supernumerary robotic arm. We formulated
our control as a constrained inverse kinematic problem that
can be solved using Quadratic programming. We focused
on two main safety considerations: workspace safety and
interaction safety. These considerations were translated to
inequality constraints for the QP problem:; i.e., constraints on
the commanded joint velocities. The upper/lower bounds of
these constraints were extracted based on standardized safety
norms. We experimentally validated our approach in a con-
trolled laboratory environment. Our results show that such
QP problems can be effectively solved which leads to a safe
robotic behavior. Furthermore, we presented a generalized
formulation that can be easily adapted to different robotic
supernumerary arms. We provided guidelines and necessary
details for each constraint to improve the reproducibility and
adaptability of our controller. In our future work, we will
exploit the information about the movement of the human-
user to avoid dangerous or uncomfortable configurations;
e.g., the risk of falling when the user bends forward with
the robot extended forward as well. Furthermore, the hu-
man compensatory movements can be used for intention-
recognition purposes and be used to improve the robot’s
autonomy and reactiveness; see our previous work on such
control strategies [27-30].
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