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Abstract—The new face of modern industrial scenarios involves
shared workspaces where humans and robots work closely together.
To ensure safe human-robot collaboration (HRC), regulations have
been updated introducing the ISO/TS15066. However, complying
with these regulations often leads to inefficient behavior, such as
unnecessarily reducing robot speed or unpredictably changing the
robot path, which may negatively affect the operator perception of
the robot. In this letter an optimal approach to address together
these two issues is proposed. Starting from a desired final con-
figuration, the framework plans a collision-free trajectory for the
robot. Subsequently, predictability is taken into account and a set
of virtual tubes into which the path of the robot can move is built.
Lastly, an optimization problem is solved online to ensure that the
robot stays within these tubes and the velocities are compliant with
the ISO/TS 15066. The proposed approach has been experimentally
validated in two different scenarios: one composed by a mobile
manipulator, i.e. a UR10e mounted on a Neobotix MPO-500, and
one composed by only a collaborative manipulator, i.e. a UR5e.

Index Terms—Human-robot collaboration, safety in HRI,
human-aware motion planning, optimization and optimal control.

I. INTRODUCTION

INDUSTRIAL applications where collaborative robots are
used in close proximity to human operators are growing

rapidly. Despite the increase of the flexibility in the production,
this new paradigm requires great prudence in guaranteeing the
safety of operators. For this reason, the safety standards have
been updated accordingly [1]. The ISO 10218-1 and the ISO
10218-2 [2], [3] standards codify four different collaborative
modes: safety-rated monitored stop (SMS), hand guiding (HG),
speed and separation monitoring (SSM) and power and force
limiting (PFL). For each collaborative mode, the technical speci-
fication ISO/TS 15066 [4] provides guidelines on the risk assess-
ment. Typically, SSM is adopted in industrial application. In this
collaborative mode the robot speed must be adapted according to
both the human-robot distance and the human velocity. In some
cases, this approach may be too conservative and the speed can
be unnecessarily limited.
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The problem of ensuring safety and implementing collision
avoidance behavior HRC applications has been extensively ad-
dressed in the literature. In [5] a solution to estimate the future
human occupancy volume based on human kinematic model is
presented. This occupancy volume is then exploited to reduce
the robot velocity along the path. In [6] the scaling procedure is
exploited to build a safety framework for multi-robot collabora-
tive application. The robots speed are reduced in order to prevent
that a safety index falls below a certain value. When the scaling
procedure is not enough, an emergency stop is applied.

Adapting the robot speed along a pre-planned path is not
always the best solution. In some cases it would be better to
modify the pre-planned path to increase the performances. In [7]
the concept of static and kinetostatic danger field is exploited
to avoid collisions with human operators. Similarly, in [8] the
authors generates at runtime collision-free trajectories building a
potential field around the whole robot body. In [9] a combination
of attractive and repulsive potential field, namely virtual fixtures,
is used to guarantee safety in a teleoperated environment. In [10]
the authors propose an efficient control scheme for safe HRC.
The approach exploits the use of attractive and repulsive dan-
ger field to generate constraints on the control inputs. Despite
the simplicity of implementation and their effectiveness in the
case of simple environments, potential fields are subjected to
the problem of local minima that may compromise the task
execution.

To avoid this, many researchers focused in leveraging on
optimization-based algorithms. In this way, it is possible to
obtain a minimum deviation from the desired path, while ensur-
ing safety through the constraints in the optimization problem.
In [11] the authors propose the use of an optimization problem
to force the robot to stay inside a safe set, evaluating the vari-
ation of a safety index. In [12], an optimization-based control
algorithm that addresses the safety while trying to preserve the
desired trajectory is proposed. The strategy exploits the use of
control barrier functions [13] around the robot body to maintain
a collision-free trajectory while fulfilling the ISO/TS 15066.
In [14] the authors propose to integrate an online planning
strategy with a safety-aware scaling optimization algorithm. The
robot moves along a planned path adapting the speed based on
the safety standards constraint. When the reduction of the speed
is too high, the current path has become largely inefficient. The
planner is then triggered to plan a new collision-free trajectory,
allowing the robot to reach the desired goal faster.

In order to improve collaboration, it is essential to analyze
how human operators perceive speed and path changes.

In [15] the authors introduce the concept of the Expectable
Motion Unit (EMU), which allows the embedding of human fac-
tors into the control problem. The EMU ensures the reduction of
involuntary motions in human operators by imposing a velocity
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constraint, addressing startle or surprise reactions. Furthermore,
in [16] the EMU is used inside an MPC control framework to
generate deviations for improving the robot performance.

However, such deviations from the expected path may have
a negative impact on the human operator. According to [17],
[18], human operators feel safer when robots adhere closely to
the expected path, resulting in more predictable robot behavior.
Consequently, planner strategies that dynamically adjust to the
current human intentions, such as [19], might have a negative
impact on human operators. On the other hand, it is crucial to
adapt robot behavior to the human operator with whom it is
collaborating, based on factors such as mutual trust [20]. Indeed,
there might be some operators who are confident and accept
deviations from paths, while others may be unconfident users
who prefer predictable robot behavior.

In this letter we propose a novel framework for trajectory
planning that takes inspiration from these approaches to enhance
the HRC while ensuring safety. Given a desired final configu-
ration, the framework firstly plans a collision-free trajectory for
the robot and establishes a subspace, i.e. a set of tubes, where
it can move freely without collisions. These tubes allow con-
trolled deviations from the nominal path based on the operator
preferences, By incorporating these deviations, the framework
ensures that the robot behavior remains as predictable as desired
by the human operator. Secondly, the framework computes the
inputs that enable the robot to follow the desired path while
guaranteeing compliance with the SSM limit and remaining
within the established subspace. By integrating these elements,
the proposed framework promotes efficient HRC by explicitly
considering both safety and collaboration preferences.

The main contributions of this letter are:
� A framework for trajectory planning that takes into account

the high dynamism of the environment and human prefer-
ences to generate collision-free trajectories associated with
the desired level of predictability in an HRC scenario.

� A novel optimization problem that explicitly considers the
human operators preferences, i.e. the desired predictability
level, to improve the collaboration, while ensuring adher-
ence to SSM limit imposed by safety standards.

� An extensive experimental validation, considering differ-
ent HRC scenarios.

The letter is organized as follows: in Section II the planning
problem with attention to the ISO/TS 15066 is detailed. In
Section III the overall architecture is presented, while Section II-
I-A and Section III-B details the most important components of
the framework, i.e. trajectory planner and optimizer. Finally in
Section IV an experimental validation of the proposed approach
is presented and Section V addresses the conclusions.

II. PROBLEM STATEMENT

Consider an industrial application where a human operator
and a n-DOFs velocity-controlled collaborative robot have to
work together to perform a job. The robot can be modeled as:

q̇ = u, (1)

where q̇ ∈ R
n, and u ∈ R

n are the joints velocities and the
controller input, respectively.

During the collaboration, the robot has to perform a set
of predefined tasks. Each task is associated with a trajectory
qdes(·) ∈ R

n that allows the robot to reach a desired final
configuration qdes(tf ) = qf ∈ R

n from an initial configura-
tion qdes(ti) = qi ∈ R

n. The ISO/TS 15066 [4] provides the

guidelines for defining when the trajectory is considered safe
according to the SSM collaborative mode. In particular, during
the collaboration, the robot-human distance Srh must be:

Srh(t) ≥ Sp(t) = Sh(t) + Sr(t) + Ss(t) + C + Zd + Zr,
(2)

where Sp(t) is the minimum protective separation distance at
time t, while t is the current time. Sh(t) represents the contri-
bution to the protective separation distance due to the operator’s
movements,Sr(t) is the one derived from the robot reaction time
and Ss(t) is the contribution caused by the robot stopping time.
C represents the intrusion distance, i.e. the distance that a part of
the body can intrude into the sensing field before it is detected.
Zd and Zr are the position uncertainties of the human operator
inside the workspace and of the robot system respectively.

Under the assumptions of constant robot velocity in the robot
reaction phase, constant acceleration in the stopping phase,
human velocity constant in these phases, and recalling that
the robot stopping time can be expressed as a function of the
actual robot velocity, i.e. Ts =

vr(t)
−amax

where amax ∈ R
− is the

maximum deceleration, the distance limit can be expressed as a
velocity limit [14]:

vrh(t) ≤
√
vh(t)2 + (amaxTr)2 + 2amaxK(t)

+ amaxTr − vh(t) (3)

where vrh(t) ∈ R and vh(t) ∈ R are the scalar velocity of the
robot towards the human operator and the scalar velocity of the
human operator, respectively. Tr ∈ R is the robot reaction time,
and K(t) = C + Zd + Zr − Sp(t).

To check and ensure that the overall trajectory is compliant
with the safety standards, the collaborative area is endowed with
a monitoring unit that allows to track the human movements.
Several algorithms that deal with the human tracking problem
are already available in literature, e.g. skeleton tracking with
multiple cameras [21], markers on the human body [22], ma-
chine learning techniques [23].

However, satisfying (3) may lead to significant and somehow
unpredictable deviations from the nominal trajectory. Thus, the
safe behavior of the robot may be perceived unsafe by the user,
e.g. leveraging a control strategy that optimally computes the
inputs [12]. Indeed, as shown in [17], the human operator should
be able to predict the robot behavior during the collaboration
task.

In this work, we consider the trajectory of the robot predictable
when the trajectory of each link is sufficiently close to the desired
one, namely:

||xi − xdes,i|| ≤ λh ∀i ∈ {1, . . . , n}, (4)

where xi ∈ R
3 and xdes,i ∈ R

3 represent the real Cartesian
position of the i-th link and the desired one, respectively, and
the term λh represents the maximum deviation that the human
operator may accept. This parameter embeds the human char-
acteristics, such as trust or confidence [24], and integrating it
into the control strategy translates on constraining each link to
lie inside a set of tubes, one around each nominal path.

In a first approximation, we consider a constant λh, which can
be related, e.g., to the level of experience of the operator (high
for confident users and low for the unconfident ones). We assume
that the level of confidence does not change during the task and,
consequently, that λh stays constant during the collaboration.

In this work, we aim at designing a safety kinodynamic
architecture that:
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Fig. 1. Proposed overall framework.

� Computes a nominal trajectory that is collision-free, i.e. a
trajectory that the robot could ideally execute at maximum
speed and that avoids all the surrounding obstacles.

� Starting from the nominal trajectory, it automatically builds
a set of safety tubes where the robot could stay without
colliding with the environment, while maintaining a pre-
dictable behaviour.

� Exploiting the tracking of the human movements, it com-
putes online the optimal safety robot inputs that aim at
following the nominal trajectory while ensuring that the
robot behaviour is compliant with the safety standards.

III. ARCHITECTURE

The proposed safety collaborative strategy is summarized in
Fig. 1, where two main components may be distinguished:
� The Trajectory Planner block, which is responsible of

planning the collision-free trajectory qdes(·) that allows
the robot to reach the desired final configuration qf .

� The Optimizer block solves online a Mixed-Integer Linear
Programming (MILP) problem to compute the optimal
input q̇ref that allows the robot to follow the planned
trajectory while being compliant with the safety standards.

The overall procedure starts with the assignment of the col-
laborative task to be executed, which can be implemented with
several procedures already available in literature [25], [26], [27],
[28]. The task is associated with a desired final configuration
qf that is exploited by the Trajectory Planner to compute
the collision-free trajectory qdes(·). Moreover, it leverages the
maximum admissible deviation λh to build a set of tubes around
each link trajectory T . To this purpose, the Trajectory Planner
must be aware of all the static obstacles that are inside the
collaborative workspace. In this phase, the human operator is
ignored since is a very dynamic obstacle.

Then, the Optimizer exploits the human monitoring informa-
tion to compute online the optimal input q̇ref . This optimization
problem ensures that the implemented behaviour is compliant
with the ISO/TS 15066 and that the resulting Cartesian motion
lies inside the tubes T .

Lastly, the input is forwarded to the low-level controller that
takes care of implementing the desired velocity.

A. Trajectory Planner

The role of this component is to find a robot trajectory q(·)
that is collision-free and that the robot could ideally execute at
maximum speed. Since the human operator is in a certain sense
an unpredictable obstacle, in this first planning phase it is not
considered, and the trajectory is calculated only on the static
collaborative workspace.

Algorithm 1: TrajcetoryPlanner().
1: Require: qi,qf , λh

2: q̄des(·)← plan(qi,qf )
3: qdes(·)← generateTrajectory(q̄des(·))
4: T ← generateTubes(qdes(·), λh)
5: send(qdes(·), T )

The trajectory planning is implemented according to the
pseudo-code reported in Algorithm 1.

The trajectory planner needs as input the initial and the final
configuration, respectively qi and qf , and the maximum admis-
sible path deviation λh (Line 1). It firstly plans the collision-free
path q̄des(·) that the robot should perform (Line 2). The function
plan can be implemented using different strategies already
available for robotic applications, e.g. [29], [30], [31]. Once
the path has been computed, the planner defines a trajectory that
follow the desired path and which is compliant with the robot
limits, i.e. maximum joint velocity, maximum torque. To this
purpose it is possible to exploit the strategy presented in [32],
which allows to obtain the maximum speed trajectory (Line 3).
Subsequently, it computes the set of tubes T such that: in each
tube the i-th link can freely move without colliding and whose
radius is, at most, equal to λh. Lastly, the trajectory and the set
of tubes are forwarded to the optimizer block (Line 5).

B. Optimizer

Once the nominal trajectory qdes(·) and the set of tubes
T have been computed, the optimizer generates a safe and
predictable reference trajectory to be set as a setpoint to track to
the robot.

First, a mathematical description of the set of tubes T needs
to be computed in order to synthesize the controller. The idea is
to fit the tube with a set of simpler volumes, such as spheres or
cubes, and to constrain the Cartesian links positions inside this
set of volumes. To keep the computational cost low, we chose
to use cubes, as they allow a linear formulation and, therefore,
to set up a linear optimization problem

Fig. 2 reports a simplified example of how this step is per-
formed on a 2-joints planar manipulator. Considering Fig. 2
left, the Trajectory planner provides first the desired trajectory
(light blue dots) and the set of tubes (green areas). The set of
tube is computed as collision free considering the position of
the obstacle (dark red area). Then, for each link, a set of cubes
is located inside the original tube (see Fig. 2 right), ensuring a
minimum of overlap to guarantee communication between the
cubes, and contain the initial and final position. This constraint,
with (3) and the limits of the robot are finally used to summarize
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Fig. 2. Visual representation of the proposed predictability constraint in 2D.
On the left the constructions of the tubes around the paths. On the right the
approximation as a set of squares.

an optimization problem, the solution of which will be used as
a reference to control the robot.

Since this component works as a dynamic planner, it considers
the robot as perfectly kinematic initializing a stateqv as the state
of the robot q at the first control cycle, and updating it using the
model 1.

The procedure starts by constraining the Cartesian position of
the generic i-th link to lie inside the j-th cube of its trajectory.
The choice behind the use of cubes is related to possibility to
express these constraints in a linear form. This can be done by
constraining the position to lie in the volume of space enclosed
within the 6 planes defining the faces of the cube.

Let cji = [xcji ,
y cji ,

z cji ]
T ∈ R

3, lji ∈ R, with lji ≤ λh, and
Rcji ∈ R

3×3 be the centre, the edge size, and the rotation matrix
of the cube, respectively. The i-th link position xv

i ∈ R
3 lies

inside of that cube if:

Āj
ix

v
i ≤ b̄ji , (5)

with Āj
i = diag{[−1, 1]T , [−1, 1]T , [−1, 1]T } and b̃ji =

[lji /2, l
j
i /2, l

j
i /2, l

j
i /2, l

j
i /2, l

j
i /2]

T representing the matrices
grouping the coefficients of the 6 planes.

Since the robot is considered as perfectly kinematic, (1) holds
and it is possible to assume that the position of the i-th link
evolves as a single integrator in the discrete time domain as:

xv
i (k + 1) = xv

i (k) +BJp
i (q

v)uv(k), (6)

where B = diag{Δtc} ∈ R
3×3 is the input matrix, with Δtc

the sampling time (t = kΔtc, k ∈ Z), Jp
i (q

v) ∈ R
3×n is the

position part of the i-th link Jacobian, and uv ∈ R
n represents

the joint velocity input.
Using (6) in (5), the position of the i-th link of the robot can

be constrained to lie inside a cube by constraining its future
position and choosing the input velocities uv such that:

Aj
iu

v(k) ≤ bji , (7)

where:

Aj
i = Āj

iBJp
i (q

v), bji = b̄ji −Aj
ixi(k). (8)

The position of each link must lie inside the set made up by the
union of all cubes.

To this aim, it is necessary to expand the constraint (7) to
all the cubes of the trajectory. This cannot be done by simply
imposing (7) for all cubes. This in fact will turn to an AND type
of constraint, requiring that the robot is at the same time in all
cubes, which is clearly impossible. The overall constraint needs
to be converted into an OR type constraint, i.e. requiring that the

robot stays in one cube at a time. This can be done by (see [33]
for more details):

1) Designing a constraint like (7) for each cube.
2) Adding for each cube a binary extra variable representing

if the i-th link belongs to that cube.
3) Adding a constraint on the extra binary variables to force

the i-th link to belong to a single cube at a time.
Formally, by setting for each link:

Aj
iu

v(k)−Mεji ≤ bji j = 1, . . . , Nq, (9)

and
Nq∑

j=1

εji ≤ Nq − 1, (10)

where M ∈ R
6 is a large arbitrary positive vector, εji ∈ {0, 1}

is the extra binary variable, and Nq ∈ N the number of cubes
of each trajectory. With this approach, if the j-th constraint of
the i-th link is not satisfied, the corresponding binary variable
εji is equal to 1. The constraint (10) ensures that at least one of
the constraints (9) is satisfied, which represents the cube where
the i-th link lies in. It is worth noting that the formulation of the
constraint is still linear.

Finally, the input is computed solving the following optimiza-
tion problem:

min
uv,ε

‖q̇v
des(·)− uv‖2

s.t. Aj
iu

v −Mεji ≤ bji j = 1, . . . , Nq

Nq∑

j=1

εji ≤ Nq − 1

q̇min < uv < q̇max

J i
rhu

v < βi
rh

i = 1, . . ., n, (11)

where q̇max ∈ R
n and q̇min ∈ R

n represents the maximum
and minimum joint velocity of the robot, respectively, J i

rh =
nT
rh,iJi ∈ R

1×n is the Jacobian of the i-th link towards the
human, where nrh,i is the unit vector representing the direction
from the i-th link to the human operator. This vector can be
computed using standard techniques already available, such as
distance between spheres [13]. βi

rh is the velocity limit of the
i-th link computed as in (3) and:

q̇v
des = q̇des +Kv(qv − qdes) +Dv(q̇v − q̇des), (12)

where Kv ∈ R
n×n and Dv ∈ R

n×n are the proportional and
derivative gains, respectively, introduced to allow the system to
be attracted to the desired trajectory after a deviation induced by
the optimizer, e.g. to avoid the human.

At each control cycle, the state of the robot qv is updated
using the model (1), and the reference speed q̇ref is set equal to
uv returned by the optimizer.

IV. EXPERIMENTS

The proposed framework has been experimentally validated in
two distinct scenarios, thereby showcasing its efficacy and gen-
erality. The first scenario encompasses a collaborative mobile

Authorized licensed use limited to: UNIVERSITA MODENA. Downloaded on March 04,2024 at 12:09:15 UTC from IEEE Xplore.  Restrictions apply. 

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2024, Yokohama, Japan. Cite as RA-L paper.

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2024, Yokohama, Japan. Cite as RA-L paper.



PUPA et al.: DYNAMIC PLANNER FOR SAFE AND PREDICTABLE HUMAN-ROBOT COLLABORATION 511

robot, comprising an UR10e and a Neobotix MPO-500, while
the second scenario involves a collaborative manipulator, specif-
ically the UR5e model. In both instances, the robot’s objective is
to move from its current configuration to a desired configuration,
while adhering to the safety constraints outlined by ISO/TS
15066. Comparative analysis against the approach presented
in [14] reveals better performance across both scenarios.

In order to track the human operator1 and detect obstacles
within the environment, we employed seven OptiTrack PrimeX

cameras along with the Motive software. These tracking com-
ponents were integrated into the system, which was developed
using ROS Kinetic Kame meta-operating system and executed
on a Intel(R) Core(TM) i7-7700HQ with Ubuntu 16.04 op-
erating system. The trajectory planner layer is based on the
RRT-Connect algorithm [34] and it is implemented exploiting
OMPL and FCL libraries, while the MILP problem in (11) is
solved online exploiting the Gurobi solver.

Concerning the frequencies, the communication with both
UR10e and UR5e works at 500 Hz, while the one with the
Neobotix MPO-500 works at 50 Hz. The OptiTrack, instead,
works at a frequency of 240 Hz.

Solving the optimization problem as in (11) considering (9)
and (10) for all the links may be computationally demanding.
For this reason we choose to apply (9) and (10) to 4 links only,
which are the ones reported in Figs. 5 and 10. With 4 links, the
optimization problem it is solved in approximately 2.5 ms.

Moreover, to further reduce the computational load, (9) and
(10) were applied only to the subset of cubes located in close
proximity to the current position of each link. To compute such
subset it has been ensured that the future position of each link
belongs to at least one cube in case it moves at maximum speed
towards or in the opposite direction of the trajectory.

The number of cubes Nq used to fit the tube of each link is
calculated by initially positioning a cube at intervals of 0.25λh

along its trajectory. Adjustments are made to reduce sparsity as
necessary, ensuring proper overlap between consecutive cubes.

Lastly, the gain matrices Kv is equal to identity matrix, while
Dv is a zero matrix.

In order to validate the efficacy of the proposed framework,
a series of experiments were conducted in each scenario. These
experiments aimed to evaluate the performance under different
conditions, considering both a confident human operator who
permits significant deviations from the planned path, and an
unconfident human operator who lacks trust in the robot and
allows minimal deviations. The outcomes of these experiments,
along with supplementary material, provide a comprehensive
understanding of the results obtained.

A. Mobile Collaborative Robot

In this scenario, the UR10e robot is positioned atop the
Neobotix MPO-500 mobile platform. The robot’s kinematic
structure corresponds of 7 links, 6 for the UR10e and 1 that
embeds the entire mobile base. Regarding control, it becomes
necessary to account for the increased degrees of freedom intro-
duced by the mobile base, thereby the Jacobian matrix exploited
in the optimization problem (11) is the augmented Jacobian of
the mobile manipulator [35]:

J(q) =
[
Jb(qb) Jm(qm)

]
, (13)

1For the sake of simplicity, the human operator is approximated only with a
capsule embedding the arm.

Fig. 3. Setup of the experiments with two obstacles (yellow circles) and a
wrist band tracking the human operator (red circle).

Fig. 4. Joint positions and velocities in a scenario with a confident human
operator.

where Jb(q) ∈ R
6×3 and Jm(m) ∈ R

6×6 are the Jacobian of
the mobile base and manipulator, respectively.

The complete setup is illustrated in Fig. 3(left).
In the first experiment, the robot has to reach a desired final

configuration avoiding the obstacles while collaborating with
confident human operator, i.e. large cubes size. The planner
successfully plans a trajectory and the robot starts to follow
it. At 4.5 ≤ t ≤ 9.5, the human operator approaches the robot
causing a drop of the velocity, see (3), and making the planned
path inefficient. Since the operator is classified as confident, λh is
big and the optimizer is capable of computing a set of inputs that
deviate from the desired path to obtain a better trajectory, while
ensuring the safety. Fig. 4 shows the evolution of the joints that
reports the most interesting behaviour, while Fig. 5 demonstrates
that the respective links fulfill the constraints, i.e. they remains
inside the tube (set of cubes) and the speed is compliant with
(3).

An additional set of experiments was conducted involving
an unconfident human operator, characterized by a smaller tol-
erance for deviations from the planned path. In this scenario,
the robot was constrained to maintain close proximity to the
intended trajectory. Unlike previous experiments, when the hu-
man approached the robot, the only permissible solution was to
stop until the human operator moved away from the robot. The
details are reported in Fig. 6.
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Fig. 5. Constraints in a scenario with a confident human operator. On the left,
the links Cartesian position and their respective upper and lower bounds due to
the cubes. On the right, the links velocity towards the human operator with the
velocity limit imposed by the ISO/TS 15066.

Fig. 6. Joint positions and velocities in a scenario with an unconfident hu-
man operator. When the human operator approaches the robot, the optimizer
commands a zero velocity since λh is low.

To better understand the effectiveness and the performances of
the proposed solution, the proposed approach is compared with
the framework developed in [14] has been performed. To have
a more reliable comparison the experiment has been performed
under these conditions:
� [14] has been extended to work also with the mobile base.
� The obstacles have been removed.
� The human operator is considered confident, in order to

allow changing in the path as [14].

Fig. 7. Comparison between the cartesian position of the end-effector with
the two approaches.

Fig. 8. Joint positions and velocities in a scenario with a confident human
operator.

TABLE I
QUANTITATIVE ANALYSIS OF THE RESULTS

Fig. 7 shows the resulting end-effector trajectories achieved
with the two strategies, while Table I presents the corresponding
quantitative results. It is noteworthy that the proposed frame-
work outperforms the approach presented in [14], exhibiting
better performance in terms of both path length reduction and
decreased execution time.

It is important to highlight that the proposed approach rep-
resents a generalization of the work presented in [14]. Specifi-
cally, when λh = 0, the proposed approach effectively reduces
to [14], where replanning is not incorporated. By employing the
architecture introduced in this study, it is possible to achieve the
same level of safety as in [14], while simultaneously offering
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Fig. 9. Joint positions and velocities in a scenario with an unconfident hu-
man operator. When the human operator approaches the robot, the optimizer
commands a zero velocity until the human operator moves away.

Fig. 10. Constraints in a scenario with an unconfident human operator.

enhanced flexibility to accommodate varying degrees of human
confidence.

B. Collaborative Manipulator

To enhance and further validate the framework, the identical
set of experiments was conducted in a scenario involving solely
the collaborative manipulator UR5e, which is illustrated in Fig.
3(right). From the control point of view, instead, the Jacobian of
the robot is equal to the one of the solely manipulator:

J(q) = Jm(qm), (14)

The evolution of the manipulator joints when approaching a
confident human operator is depicted in Fig. 8. Additionally,

Figs. 9 and 10 provide detailed insights into the experiments
involving an unconfident human operator. It should be noted that
due to the small size of the cube, the validity of the constraint is
demonstrated only for a portion of the experiment.

Regarding the comparison with [14], instead, the results are
reported in Table I, which demonstrates that also in this case the
proposed approach performs better.

V. CONCLUSIONS AND FUTURE WORKS

In this letter, a novel framework for safe human-robot col-
laboration has been proposed. Firstly, the trajectory planner
is responsible of computing a collision-free trajectory for the
robot. Subsequently, exploiting the human characteristics and
preferences and investigating the environment, a set of tubes
are build around the Cartesian paths of each robot link. The
size of this tubes depends on how much deviation from the
original path the human operator may accept. These tubes are
then approximated with a set of cubes, that can be expressed
with a proper set of convex constraints. Then, an optimization
problem is solved online to achieve an optimal behaviour while
ensuring both to be compliant the safety imposed by the ISO/TS
15066 and to stay inside the set of cubes. The results show
that the framework is capable of achieving optimal behaviour,
outperforming the work proposed in [14].

Future works aim at improving the human factors block,
extending the optimization problem to allow handling an online
variation of λh. Such online computation of λh can be associated
to the evolution of human stress and emotions during the col-
laboration [36], [37]. Next, it would be better to approximate
the tubes with a series of time-varying constraints, such as
Control Barrier Functions, to further integrate the characteris-
tics of the human operator. Finally, the method for assessing
predictability can be enhanced to create a more comprehensive
metric, which can also be validated through an extensive user
study.
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