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Online velocity constraint adaptation for safe and efficient human-robot
workspace sharing

Lucas Joseph!, Joshua K. Pickard', Vincent Padois' and David Daney!

Abstract—Despite the many advances in collaborative
robotics, collaborative robot control laws remain similar to
the ones used in more standard industrial robots, significantly
reducing the capabilities of the robot when in proximity to
a human. Improving the efficiency of collaborative robots
requires revising the control approaches and modulating online
and in real-time the low-level control of the robot to strictly
ensure the safety of the human while guaranteeing efficient
task realization. In this work, an openly simple and fast
optimization based joint velocity controller is proposed which
modulates the joint velocity constraints based on the robot’s
braking capabilities and the separation distance. The proposed
controller is validated on the 7 degrees-of-freedom Franka
Emika Panda collaborative robot.

I. INTRODUCTION

Improved processes, increased flexibility, reduced produc-
tion footprint, and the preservation and valorization of work-
ers’ health and expertise are among the most cited promises
of collaborative robots for the industry [?]. These promises
raise high expectations for collaborative robots, and despite the
emergence of technological breakthroughs such as joint torque
sensing [1], collaborative robot control laws remain very
similar to the ones used in more standard industrial robots,
just accounting for standards dedicated to collaborative robots
without deeply revising the control approaches themselves.

The ISO 10218-1:2011 standard on safety requirements
for industrial robots [2] states that when a human is near a
robot, the robot nominal velocity should not exceed 250 mm/s.
While such an approach is considered to be safe, it relies
on rough estimations of the robot’s braking capabilities. As
a consequence, it can impose significant performance restric-
tions on the robot, forcing either low or zero joint velocities
in situations where the true robot capabilities would allow
significantly faster motions.

The ISO/TS 15066:2016 standard for collaborative
robots [3] accounts for the fact that, during its motion, the
dangerousness of a robot arises from the kinetic energy that it
can transfer to a colliding object. This standard describes the
energy limits that should be respected in order to avoid any
injuries to a human subject. It also provides safe separation
distance computation rules as a function of several factors
[4], [S]. While this finer modeling of the danger of an impact
goes in the right direction in terms of both robot safety
and efficiency, it still underestimates the real capabilities of
the robot. Moreover, its practical implementation remains
complex and hard to certify at the industrial level. In practice,
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Fig. 1. Human-robot workspace sharing when performing collaborative
tasks showing the Franka Emika Panda collaborative robot, the Microsoft
Kinect sensor, and the desired trajectory generated offline.

this leads to collaborative features restricted to discrete
modulation of the robot velocity as a function of the presence
of humans in predefined zones, triggered safety stops and
automatic restart without the need for human intervention in
case of a controlled stop.

While most of the 2D laser ranger sensors used to define
discrete zones for safety also provide a “continuous” informa-
tion regarding the distance of the closest obstacle, safety in
existing industrial environments is envisioned either as an a
priori feature, i.e., the robot trajectory is adapted as a function
of the considered safety zone, or a posteriori, i.e., controlled
emergency stops are triggered in case some safety limits on
the separation distance are exceeded. Safety zones can, for
example, be implemented as in [6], [7] and used to stop the
robot or to reduce the robot velocity [8].

In order to achieve more efficient behaviour, safety must
be considered at the control level, by modulating online the
real-time low-level control of the robot. Such online control
law adaptations are explored in the literature. For example,
safety can be ensured by computing a set of control inputs
that respect a threshold on some safety markers and the work
in [9] proposes to compute a set of torque commands that
respect a limit on the impact force. In [10], a single axis system
adapts its reference trajectory to prevent the accumulation of



energy during contact. Some of the authors of this paper have
also proposed control approaches [11], [12] where explicit
constraints on the robot energy are set at the control level. All
the proposed solutions prevent, to some extent, the robot from
being dangerous during an undesired interaction with a human.
However, the methods used to lower the robot performances
do not guarantee an optimal achievement of the desired tasks.
Also, while promising, these approaches cannot be applied
directly to velocity controlled robots and are thus still unfit
for the industrial world.

In this work, the proposed control approach is openly simple
in its principle, and its implementation is straightforward. It
relies on a modulation of constraints on the joint velocities
to strictly ensure that the robot is capable of completely
braking before collision with a human. This controller, which
draws its inspiration from the work in [13], is formulated as
an optimization based controller which returns safe control
actions without the need for explicitly pre-defining safety
distances. This approach makes use of specifications provided
by the robot manufacturer that describes the capabilities of
the robot throughout its workspace. With the assumption that
these specifications describe the worst-case capabilities of
the robot, they can be used to determine the robot’s braking
capabilities. The proposed concept of braking capabilities of a
robot describe its ability to reduce all of its joint velocities to
zero. For a given stopping time, which can be derived from the
separation distance and velocity of the human, joint velocity
limits can be derived which ensure that all joint velocities can
be driven to zero before the human reaches the robot. Thus,
the robot’s performance is maximized without jeopardizing the
human’s safety.

The paper is organized as follows. Section II presents an
approach to select the joint velocity limits based on the robot’s
braking capabilities. Section III defines the optimization based
controller used to constrain the joint velocity commands sent
to the robot actuators. To demonstrate the performance of
the proposed approach, the proposed controller has been im-
plemented on the 7 degrees-of-freedom (dof) Franka Emika
Panda collaborative robot. Section IV consists of experimental
results exposing the interesting properties of the proposed
algorithm. Finally, Section V presents a discussion on several
aspects of the controller, including some limitations and pos-
sible improvements.

II. BRAKING CAPABILITIES

A safe human-robot interaction, such as the task shown in
fig. 1, must ensure that the robot’s kinetic energy is incapable
of causing harm to the human. Since the kinetic energy, Ey, of
a n-dof robot is related to its joint velocities ¢ € R™ through

Ey, = %fM(q)q ()
where M (q) € R™*™ is the mass matrix evaluated in configu-
ration g € R™, modulating joint velocities has a similar effect
to modulating kinetic energy.

Given the separation distance between the human and the
robot as d, and the maximum linear velocity of the human
as v, let the minimum time to collision be t., = ds/vp.
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profile until reaching a complete stop.

The robot is considered to be safely operating if it is able to
dissipate its kinetic energy below a safe limit, taken simply as
0 Joules in this work, within a time of t.,.

The joint accelerations and jerks are defined by ¢ € R"
and ¢ € R™ respectively. In the worst-case, as depicted in
fig. 2, the robot is currently moving with a maximum velocity
of —¢,,.. and a maximum acceleration of —¢ ... In order
to reduce the joint velocities to zero, the robot can accelerate
at a maximum jerk of @, until the maximum acceleration
G max 1S reached, maintain a constant acceleration of G,
then decelerate at maximum jerk until ¢ = ¢ = 0. The gray
area on fig. 2 corresponds to the evolution of the robot velocity,
q, over time tp, Which is the time required for the robot to
stop. Since the velocity contributions of the first two sloped
regions cancel out, the velocity can be expressed as

.1 . .
q = §tslopeqmax + tconslqmax (2)

With tgope = Gmax/ Tmax- The overall stopping time is then
Lsiop = Stslope T teonst and from eq. (2), considering absolute
joint velocities, the time for the robot to stop is the worst-case
stopping time for all joints, given as

+ 2.5 Ji,max ) : 3)
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|

qi,max

tstop = Max <

1=1...n

where ¢ corresponds to the index of the joint.

The controller time period and the distance sensor acqui-
sition time are respectively defined by At and t,.q. The time
which can be allocated to stop is then given by

tStOP = ma‘X(07 teol — At — tacq)- 4)

Considering the robot’s common joint limits, the maximum
absolute joint velocities which can be reduced to zero in time
tsiop» denoted by |Gy .| € R™, is given by the components

t --‘ )
|q.i7brake| = max <0, min (q'i,ma)n . S 25%,111@)())
i, max qi,max
&)

forjoints¢ =1,...,n.




The safe joint velocity limits which ensure braking are given
by the vector of intervals

[q.safe] = [_‘q.brake|’ |q.brakeH' (6)

These limits ensure that the robot’s joint velocities can be
reduced to zero within the time #y., and never exceed the
maximum joint velocity limits.

III. OPTIMIZATION-BASED CONTROLLER

Although safety can be enforced a priori by redefining the
trajectory online, it should also be enforced at the control level.
First, in some applications a desired trajectory is not always
determined beforehand (e.g., with sensor based control or tele-
manipulation). Second, one cannot ensure that the desired
trajectory will be correctly tracked which may lead to the
actual joint velocity required to properly reduce the tracking
error exceeding the safe joint velocity limits.

The end-effector pose and the operational space twist are
respectively denoted by z € SO(3) x R3 and v € RS,
Regardless of how the trajectory is generated, let’s consider
a desired pose xy,; along the trajectory. At the joint velocity
level, a proportional controller with a feed-forward term can
be defined as

Vies = diag(kp)(Tuaj © T) + Vira @)

where v is the desired velocity to correct the tracking error,
diag(k,) is a diagonal matrix of the proportional gains, x is
the current pose, © denotes the difference between two poses
in Cartesian space, and v,; is the velocity required by the
trajectory. The robot operational velocity v is linked with the
robot joint velocity through the Jacobian, J(q) € R%*™, such
that v = J(q)q. From a control point of view the robot task
can be defined as finding a set of joint velocities, g4, such that

Vdes = J(q)iIdes' (8)

To ensure safety one must ensure that the joint velocity
commands sent to the robot do not exceed the joint braking
velocities computed in eq. (5). These velocities must therefore
be expressed as constraints in the control problem. Two differ-
ent methods exist for this. The first one consists in projecting
solutions in the null-space of the robot main task in order to
push the robot away from its joint velocity limits (see [14]).
The second one consists in expressing the control problem
as a constrained optimization problem. The optimization cost
function minimizes an error between a desired operational
velocity and the robot’s current operational velocity. The max-
imum joint velocities that the robot can get are then expressed
as a constraint inside the optimization problem. This method
allows to track the desired position optimally while respecting
the set of given constraints. The ability of the constrained
optimization approach to minimize tracking error while also
strictly respecting safe joint velocity limits makes it ideal for
this work.

To account for the redundancy of a robot and the potentially
infinite number of solutions to eq. (8), a regularization task
is considered. This auxiliary task allows determining joint
velocities which can, for example, help in minimizing the error
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Fig. 3. Optimization based controller.

between the current joint angles g and the regularization joint
angles g, as follows

ql‘eg = diag(k:preg) (qreg - q) (9)

where ¢, is the regularization joint velocities required to cor-
rect joint regularization errors and kpreg is the regularization
proportional gains. In addition, wy, < 1 is a regularization
weight that provides an incentive to adjust the joint angles
towards the regularization joint angles g, while minimally
affecting the achievement of the main task.

The optimization problem can be written as

dop = argmin [[vaes — T + wreglldeey — 1l
q
10
S.t. q € [qminv qmax] ( )
qc [qsafe}'

The optimization output, g, yields the optimal solution for
the joint velocities and is sure to comply with the safe joint
velocity limits. Whenever necessary, the velocity constraint
will induce an implicit deceleration of the robot using the
maximum joint acceleration and jerk capabilities to ensure the
safety of the human. One advantage of this formulation is that
implicit braking allows to maintain a trajectory tracking task
at reduced velocity while explicit braking in joint space would
require giving up the trajectory tracking completely.

The proposed optimization based controller is outlined in
fig. 3. The task controller block receives joint values from
the robot and the desired pose and operational velocities from
the trajectory and evaluates eq. (7) and eq. (9). The distance
sensor block determines the separation distance between the
human and the robot and outputs the required stopping time of
the robot. The stopping time, along with the robot’s accelera-
tion and jerk limits are fed into the braking algorithm block
which evaluates eq. (5). The optimization based controller
block solves the optimization problem in eq. (10) and sends
the control action g, to the robot. The trajectory may be
precomputed offline and optionally may receive |G| as an
input allowing for an online adaptation for modulating the
velocity of the trajectory according to the current capabilities
of the robot. The trajectory may also be defined online, e.g.,
through tele-manipulation, allowing the next desired pose to
be updated live.

IV. EXPERIMENT

The experimental setup used in this paper is shown in fig. 1.
It consists of the 7-dof Franka Panda robot, a human subject,



Fig. 4. The human point-cloud and associated circumscribed ellipse and
the robot workspace used to calculate separation distance. The purple sphere
near the human is the nearest point to the robot.

and a Microsoft Kinect 2 sensor! to capture the human’s
movement. Franka Emika’s ROS integration packages [15]
and the dynamic model provided in [16] are used together with
the KDL library [17] to implement the proposed controller on
the Franka Panda robot. The kinect human tracking software
from [18] is used to collect a human point-cloud and determine
its distance relative to the robot. The optimization algorithm
in eq. (10) is solved using the qpOASES quadratic program-
ming solver [19]. An Intel NUC model NUC6i3SYK running a
realtime Linux kernel executes the controller with a controller
time period of At = 0.001 s. The proposed controller is
executing each update in approximately 65 ps.

The Kinect sensor is calibrated with respect to the robot
base. As depicted in fig. 4, it captures a human point-cloud
of filtered points on the visible surface of the human. The
human point-cloud is projected to the XY plane and fit with a
circumscribed ellipse. The robot’s workspace is also projected
to the XY plane, and a circumscribed circle is fit to the pro-
jected workspace. The separation distance between the human
and the robot, dg, is then determined by finding the minimum
distance between the human ellipse and the robot circle. At all
times it is assumed that the human can move at a maximum
velocity v, = 1.6 m/s, as specified in [3]. The Kinect sensor
acquisition time is Z,cq = 0.03 s, allowing the stopping time to
be determined from eq. (4).

The symmetric joint limits published by the robot man-
ufacturer are given in table I. These published values are
assumed to be representative of the common limits through-
out the robot’s workspace and are therefore representative of
the robot’s braking capabilities. From eq. (3), the worst-case
stopping time considering maximum joint velocities is 0.295 s
for joint 2. The controller gains used by the controller are
given in eq. (11). In addition, the regularization joint angles
are specified as g,ey = (@max — Tmin) /2 With a regularization

lin a more industrial setting, a 2D laser ranger sensor could be used and

provide more robust information.

TABLE I
COMMON JOINT LIMITS PROVIDED FOR THE FRANKA PANDA.

joint qin dax max Gmax D max
(rad) (rad) (rad/s) | (rad/s®) | (rad/s3)
1 -2.8973 | 2.8973 2.175 15 7500
2 -1.7628 1.7628 2.175 7.5 3750
3 -2.8973 | 2.8973 2.175 10 5000
4 -3.0718 | -0.0698 | 2.175 12.5 6250
5 -2.8973 | 2.8973 2.610 15 7500
6 -0.0175 | 3.7525 2.610 20 10000
7 -2.8973 | 2.8973 2.610 20 10000

weight of W, = 1.0e~7. The controller gains are set as

k, = (20,20,20,40,40,40) s *,

11
k,.  =(5>5,5550505) s . an

Preg

The desired trajectory is given as a simple linear motion
generated offline and is depicted in fig. 1. It consists of two
linear segments parallel to the Y axis, each with trapezoidal
velocity profiles which start and end with zero velocity, and
accelerate at 0.8 m/s?> with a maximum velocity of 0.6 m/s.
The trajectory is modulated online by using |§y...| to scale
the time to the next desired pose & along the trajectory.

To demonstrate the braking performance of the proposed
approach, a human subject is asked to move towards the
operating robot. Data from the robot is provided in fig. 5
which depicts the effect of separation distance on the safe joint
velocity constraints. The relationship between joint velocity,
stopping time and kinetic energy of the robot are also depicted.
As the human approaches the robot the minimum time to
collision, t.,, decreases, which also decreases the minimum
stopping time, tgqp, for the robot. This results in the safe joint
velocity limits [gr] = [—|durake s |Gorare|] sShrinking towards
0 rads/s. Correspondingly, the maximum time required for the
robot to stop, given by eq. (4), also decreases. Since the joint
velocities are related to the kinetic energy through eq. (1),
the current kinetic energy, Ey, and the maximum allowable
kinetic energy, Ex max = %qurakeM (@) @pyaxe» Of the robot both
decrease towards O Joules. This ensures a safe sharing of the
human-robot workspace since the kinetic energy of the robot
is unable to cause harm to the human.

Next, to further explore the performances of the proposed
approach, a human subject is asked to work in proximity to
the operating robot executing the same linear trajectory as
previously described. The relationships between separation
distance, desired operational velocity, trajectory tracking error
and the constrained joint velocities of joints 1 and 3 are
provided in fig. 6. The plots are divided into three sections:
@, @, and B). In (1), although the human is less than 40 cm
from the robot, the joint velocities required to perform the task
are far from the safe joint velocity constraints. Consequently,
the robot is able to continue operating normally with minimal
tracking error. In such situations, the trajectory modulation is
not applied, and the desired linear operational velocity comes
from the trapezoidal velocity profile defined in the original
trajectory and the correction of the tracking error. In (2), the
human moves even closer (less than 20 cm). This causes the
controller to determine an optimal solution for the joint veloc-
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Fig. 5. Human-robot separation distance, joint velocity constraints of joint
1, robot maximum stopping time, and robot kinetic energy versus time. The
red area represents the safe velocity for joint 1 computed from eq. (5). The
green area represents the maximum kinetic energy that the robot can acquire
according to the joint velocity limits.

ities that respects the safe joint velocity constraints while min-
imizing tracking and joint regularization error. Consequently,
the robot overall motion is slower, ensuring its motion will
completely stop in case the human comes even closer. It can be
observed as a side effect that the tracking error increases. This
is due to some of the joint velocity constraints becoming active
(e.g., joint 3), making it infeasible for the robot to bring the
tracking errors to zero. This shows that the proposed approach
to modulating the trajectory can be improved. Finally, in 3) the
human subject moves away from the robot. The joint velocity
constraints expand, and the robot is then able to return to
normal operation with minimal tracking error.

The experimental results presented in this section are dis-

played in a movie attached with this paper. This movie also
presents a simple application where a human is working near a
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Fig. 6. Human-robot separation distance, desired operational velocity
(vges), trajectory tracking error and joint velocity constraints of joints 1
and 3 versus time. The red area represents the safe velocities for the joints.

robot which is tele-manipulated to perform a simple pick-and-
place task. This additional experiment, that is not presented in
this paper, emphasizes the fact that the proposed controller is
trajectory independent.

The straightforward approach presented in this paper to
ensure safety can easily be applied on any velocity actuated
robot as long as one can get the human separation distance and
has access to the robot joint limits. The results displayed in



this section show that the proposed controller only stops the
robot when it is absolutely required, i.e. just before a collision
between a human and the workspace will occur. Thus, the
performance of the robot is maximized without jeopardizing
the safety of the human.

V. DISCUSSION
A. On energetic constraints

The present work demonstrates how simple velocity con-
straints can be used to provide easy to implement safe con-
trollers on existing industrial robots. However, the (slow)
emergence of truly collaborative robots [20] that physically in-
teract with a human to accomplish complex tasks in symbiosis
clearly advocates for the expression of safety constraints at the
energetic level [11], [12]. These constraints should account for
situations where the workspace is shared but also for situations
where the human and the robot are physically in contact at
low velocities with potentially non-negligible contact forces.
In these situations, one needs to go beyond kinetic energy and
consider more general energetic indicators which are mean-
ingful both in non-contact and whole-body contact situations.
This is one of the future direction of research related to the
work in this paper.

B. On joint capabilities

Throughout this paper, the robot maximum joint acceler-
ation and jerk capabilities are considered as constants, ac-
cording to the specifications of the robot manufacturer. These
constant values are likely obtained by sampling the robot
workspace for different states and taking the worst case.
However, whether the robot carries a load or not greatly influ-
ences these limits. Also, the robot capabilities depend on the
robot state and dynamics [21], [22] and the real technological
restrictions at the joint level are on the joint position and
velocity as well as on the joint torque and its time derivative
(these values are also provided by Franka Emika and some
other manufacturers). Thus, the capabilities specified by the
manufacturer in terms of joint jerk and accelerations can not
accurately reflect the current capabilities of the robot. Using
these published capabilities to predict the future performance
of the robot severely underestimates where the robot could be
at the next control period.

For example, as can be witnessed in the tracking error in
fig. 6, the current approach to modulating the trajectory to
respect the capabilities of the robot can be improved. The
tracking error increases when the joint velocity constraints
become active, thus for the trajectory modulation to be op-
timal, it is necessary to ensure that the next joint velocity
solution is strictly inside the joint velocity constraints. The
difficulty of optimally modulating the trajectory arises from
the lack of understanding of the true capabilities of the robot.
Therefore, the performance and reliability of the proposed
controller and the corresponding trajectory modulation could
be further improved by including state and dynamic dependant
models of the robot’s maximal joint acceleration and jerk. This
would provide more accurate braking capabilities that do not
rely on assumptions on the manufacturer’s specifications and

more optimal modulation of the trajectory to ensure minimal
tracking error.

One of the future challenges is thus to account for the
true, state dependant, joint limits when predicting the brak-
ing capabilities of the robot. While the concept of safety
maps introduced by N. Mansfeld et al [23] is promising, it
clearly cannot be used as such for real-time control. The main
difficulty is that this approach relies on sampling the robot
capabilities throughout the workspace. This is challenging
given the dimension of the state space which is 3n when
considering limits in terms of jerk or torque time derivative.
Going beyond offline sampling, one may want to learn efficient
braking maps [24]. However, the dimension of the state space
and the emergence of interactive contexts in robotics, where
the future trajectory may not be known beforehand, render this
kind of approach difficult to apply for the whole workspace.
Looking at the problem more locally, the estimation of braking
capabilities could be tackled online by making use of interval
analysis approaches [25], [26], [27] to estimate the worst case
braking capabilities on a sliding horizon of prediction. Interval
approaches are well suited for handling constraints, provide
formal guarantees and can be tuned in order to find the best
compromise between computation time and the precision of
the approximation. In addition, interval methods could also
be used to predict the future motions of both the human and
robot in a given time period, providing a safer estimate of the
separation distance and allowing to use the robot even more
efficiently. The use of interval analysis approaches is a second
future direction of research related to the work in this paper.

VI. CONCLUSION

To improve workspace sharing between a human and a
robot, more sophisticated control algorithms must be intro-
duced to the industry. This paper proposes a simple and fast
optimization based joint velocity controller which modulates
the joint velocity constraints based on the robot’s braking
capabilities and the separation distance between the human
and the robot. The controller provides optimal task tracking
while respecting joint velocity constraints, ensuring that the
robot is able to brake before collision with a human. Although
promising, this algorithm relies on the joint capacities of the
robot provided as constants by the robot manufacturer, but
in fact these capacities are state dependent. Therefore, the
proposed algorithm currently only uses a subset of the full
capacities of the robot. The development of state dependant
models of the robot’s capabilities, and more optimal trajectory
modulation approaches, will allow to further improve the
performance and reliability of the proposed controller.
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