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Robust safety zones for manipulators with uncertain dynamics in collaborative 
robotics
Lorenzo Scaleraa, Carlo Nainerb, Andrea Giustib and Alessandro Gasparettoa

aPolytechnic Department of Engineering and Architecture, University of Udine, Udine, Italy; bRobotics and Intelligent Systems Engineering, 
Fraunhofer Italia Research, Bolzano, Italy

ABSTRACT
In this paper, an approach for computing online safety zones for collaborative robotics in a robust 
way, despite uncertain robot dynamics, is proposed. The strategy implements the speed and 
separation monitoring paradigm, and considers human and robot enclosed in bounding volumes. 
The human-robot collaboration is monitored by a supervisory controller that guides the robot to 
stop along a path-consistent trajectory in case of collision danger between human and robot. The 
size of the robot safety zone is minimized online according to the stop time of the manipulator, and 
the uncertain robot dynamics is considered using interval arithmetic to ensure compliance with 
the joint torques limits even in case of imperfect knowledge of the dynamic model parameters. The 
results verify the effectiveness of the proposed approach, and evaluate the influence of dynamics 
variations on human-robot collaboration.
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1. Introduction

Collaborative robotics is becoming one of the enabling 
technologies of modern manufacturing industries. 
Removing barriers between human and robot paves 
the way for flexible and human-centered automation 
in manufacturing. However, ensuring safety in human- 
robot collaboration is crucial due to possible and not- 
functional collisions between human and robot during 
the operation in a shared workspace (Gualtieri, Rauch, 
and Vidoni 2022; Seriani et al. 2018). A recent survey 
that discusses safety technology and standardization 
according to the principles of risk estimation and the 
typical strategies for risk reduction in collaborative 
robotics applications can be found in (Vicentini 2021).

The speed and separation monitoring (SSM) is one 
of the four scenarios described by the ISO/TS 15,066 
to achieve safe collaboration between human and 
robot (ISO 2016). The SSM reports that the robot 
system and the operator are allowed to move concur
rently in the collaborative workspace provided that 
a protective separation distance between operator 
and robot is ensured at all times.

Several strategies for collision avoidance have 
been developed in previous literature (Choi et al.  
2017; Kaltsoukalas, Makris, and Chryssolouris 2015; 

Lin and Saripalli 2017). The authors in (Byner, 
Matthias, and Ding 2019) consider both the separa
tion distance and the direction of motion to improve 
efficiency and productivity in SSM-type applications. 
An online collision-avoidance approach is developed 
in (Safeea, Neto, and Bearee 2019), where the off-line 
generated desired path of the manipulator is changed 
on-the-fly to avoid potential collisions with the body 
of the human operator, while being able to complete 
the assigned industrial task. Alternative paths 
together with a kinematic scaling algorithm are con
sidered in (Zanchettin et al. 2019) by a collision- 
avoidance strategy to enhance the performance of 
the robot in terms of productivity and cycle time. In 
(Kim et al. 2021), the potential runaway motion of the 
robot and its maximum permissible speed are inves
tigated to design a safe SSM function. Moreover, in 
(Palleschi et al. 2021) the safety of time-optimal tra
jectories are evaluated iteratively to plan safe motions 
along specified paths in shared workspaces.

In (Grushko et al. 2021), the robot is able to 
redesign the nominal motion to avoid collisions 
with the human operator, which is equipped with 
an hand-worn haptic feedback device to improve 
the mutual perception during human – robot 
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collaboration. Furthermore, an elastic band algo
rithm for collision avoidance is implemented in 
(Kot et al. 2022) to dynamically modify the position 
of control points on the robot path in reaction to 
any obstacles located or moving in the workspace. 
The authors in (Secil and Ozkan 2022) represent 
human and robot as static capsules and adopt the 
Gilbert-Johnson-Keerthi algorithm to compute the 
distance between the human and the manipulator 
in real time. A computationally efficient control 
scheme for safe human – robot interaction is pre
sented in (Merckaert et al. 2022), which relies on the 
explicit reference governor formalism to enforce 
input and state constraints in real-time. That 
method also considers the joint space dynamic 
model of the robot and the actuator saturation.

The authors in Scalera, Vidoni, and Giusti (2021) 
and Scalera et al. (2022a) adopt dynamically scaled 
safety zones as sphere swept lines (SSLs) to verify 
potential collisions between human and robot. The 
size of the safety zones enclosing the robot changes 
during the motion of the manipulator according to its 
potential stop time, which is minimized online, taking 
into account the robot dynamics and its joint torque 
constraints. The manipulator is guided to stop along 
a trajectory that is planned considering the minimum 
stop time, but that does not preserve the geometrical 
path. Furthermore, an approach for planning path- 
consistent stop trajectories online is presented in 
(Scalera et al. 2022b), showing its benefits in terms 
of fluency metrics, e.g. the total task time, with 
respect to the previous strategy.

However, the aforementioned works do not con
sider uncertainties or inaccuracies in the dynamic 
model of the manipulator. In these cases, the 
imperfect knowledge of the dynamics parameters 
can possibly cause a violation of the joint torque 
limits during a stop trajectory, when the dynamic 
model is considered to optimize online such stop 
trajectory of the robot during a collaborative task. 
In this work, uncertain robot dynamics is consid
ered using a recursive Newton-Euler (NE) algorithm 
based on interval arithmetic (Moore, Baker Kearfott, 
and Cloud 2009). These techniques allow for an 
efficient numerical computation of operations 
where the variables are subject to bounded uncer
tainties. In the case of recursive NE algorithms, 
interval arithmetic can be used to compute over- 
approximate sets of robot torques/forces from the 

uncertain model parameters, while keeping the 
same (linear) computational complexity with 
respect to the number of degrees of freedom, com
pared to the classical recursive NE (Giusti and 
Nainer 2022).

The main contribution of this work is the computa
tion of safety zones for collaborative robotics in 
a robust way, despite uncertain robot dynamics. The 
strategy implements the SSM paradigm, and consid
ers human and robot enclosed in bounding volumes. 
The human-robot collaboration is monitored by 
a supervisory controller that guides the manipulator 
to stop along a path-consistent trajectory in case of 
collision danger. The size of the robot safety zone is 
minimized online according to the stop time of the 
manipulator, and the uncertain robot dynamics is 
considered using interval arithmetic to ensure com
pliance with the joint torques limits even in case of 
imperfect knowledge of the dynamic model para
meters. To the best of the authors’ knowledge, this 
is the first time that the uncertain robot dynamics is 
considered for dynamic safety zones in collaborative 
robotics together with trajectory scaling. The effec
tiveness of the proposed solution is verified on 
a model of the Franka Emika Panda arm, 
a commercial manipulator with 7 degrees of freedom 
(DOF). The results verify the effectiveness of the pro
posed approach and shed light on the influence of 
dynamics variations on human-robot collaboration.

The paper is organized as follows: Section 2 
describes the problem statement. The proposed 
approach is detailed in Section 3, where the strategy 
for achieving path consistency during the stop, the 
handling of robot dynamics uncertainty, and the opti
mization of the size of the robust safety zones are 
presented. Section 4 illustrates the simulation results. 
More in detail, the robustness of the proposed 
approach is verified, and the influence of dynamics 
uncertainties on human-robot collaboration is ana
lyzed. Finally, the conclusions and the future perspec
tives are given in Section 5.

2. Problem statement

In this work, a rigid robot manipulator composed 
of N links that performs a collaborative task along
side a human operator is considered. The 
dynamics parameters of the manipulator (mass m, 
center of mass c, inertia matrix I) are uncertain 
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within known bounds. The overall model of the 
manipulator dynamics can be expressed as 
(Siciliano et al. 2010) 

M q;Δð Þ q
þ

c q; _q;Δð Þ þ f _q;Δð Þ þ g q;Δð Þ ¼ τ þ τd; (1) 

where q 2 R N�1 is the vector of the joint states, 
M �ð Þ 2 R N�N is the inertia matrix, c �ð Þ 2 R N�1, 

f �ð Þ 2 R N�1, and g �ð Þ 2 R N�1, are the centrifugal and 
Coriolis, friction, and gravity vector terms, respec
tively. The terms τ and τd are the control input torque, 
and the disturbances, respectively. The set of robot 
parameters is represented by Δ.

To avoid collisions between the human operator 
and the robot in motion, a supervisory controller 
continuously checks the compliance with the SSM 
function provided in (ISO 2016). More in detail, the 
collision danger between bounding volumes sur
rounding the human and the manipulator is verified 
online, and a stop trajectory that complies with the 
geometrical path is engaged in case a potential risk is 
identified. The bounding volumes are shaped as SSLs, 
i.e. the geometrical Minkowski addition of a line seg
ment and a sphere. The reader may refer to Figure 1 
for a visualization of the SSL for the k-th link of the 
robot: the points ak and bk identify the line segment 
Pk , whereas rv is the radius of the sphere that tightly 
over-approximates the link geometry.

Safety zones are considered as SSL that account for 
the protective separation distance Sp. The radius rSZk 

of the safety zone enclosing the k-th link can be 
defined, according to (ISO 2016), as the sum of rv 

and the protective separation distance Sp to be kept 
during the collaborative operation. rSZ is computed as 
follows: 

rSZk ¼ rv þ Sp ¼ rv þ Srk þ Ssk þ Sh þ �

¼ rv þ ò
t�

t0

vrk tð Þdt þ ò

t�þts

t�
vsk tð Þdt þ vh tr þ tsð Þ þ �;

(2) 

where Srk is the space covered by the manipulator at 
speed vrk during the reaction time tr , i.e., from the 
current time t0 at which the safety check starts to 
t� ¼ t0 þ tr . On the other hand, the term Ssk repre
sents the space traveled by the robot at speed vsk 

during the stop time ts. Sh is the distance covered by 
the human at the considered worst-case speed 
(vh ¼ 1:6m=s) during tr þ ts. Finally, � accounts for 
multiple error sources in the perception and measure
ment systems.

To verify a potential collision, the minimum dis
tance dhr between each couple of line segments 
belonging to the human and the manipulator is com
puted as in (Ericson 2004). Compliance with the SSM 
paradigm is provided if the manipulator is stopped, or 
when dhr < rSZ þ rh, being rh the radius of the human 
bounding volume corresponding to the minimum- 
distance vector.

To summarize, the objective of this work is to 
define a collision avoidance approach based on 
online computed safety zones, which are robust 
with respect to uncertain robot dynamics. The size 
of the safety zones is computed online, and a path 
consistent stop trajectory is engaged by the robot in 

Figure 1. Representation of a SSL and the corresponding safety zone enclosing one link of the considered manipulator. The path- 
consistent stop trajectory of the end-effector is shown with a thicker line with respect to the nominal trajectory.
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case of potential collision between the bounding 
volumes surrounding the human and those enclosing 
the manipulator. As described in Sect. 3, in this work 
an efficient and robust strategy is introduced to mini
mize the stop time of the robot, and in turn the radii 
of its safety zones, based on the calculation of robot 
dynamics in case of uncertain parameters.

3. Proposed approach

In this section, the approach proposed in this paper is 
described. First, the strategy for achieving path con
sistency during the stop is introduced. Then, the 
method for dealing with robot dynamics uncertainty 
is presented. Finally, the optimization of the size of 
the robust safety zones enclosing the robot is 
detailed.

3.1. Achieving path consistency during the stop

The nominal trajectory of the robot is defined as 
a joint space curve q γð Þ, where γ 2 R is a time- 
dependent parameter assumed to be twice differenti
able. Being tn the final time of the desired trajectory, 
the nominal timing law can be described as 
γðtÞ : ½0; tn� ! ½0; 1�. When a potential collision is 
identified by the supervisory controller, that parame
trization is changed online to plan the stop trajectory 
qs tð Þ, switching to a five-degree polynomial γsðtÞ. The 
six coefficients of γsðtÞ are determined by applying 
the following conditions that ensure continuity with 
γðtÞ up to acceleration, and a smooth stop at 
time t� þ ts: 

γsðt
�Þ ¼ γðt�Þ

_γsðt
�Þ ¼ _γðt�Þ

€γsðt
�Þ ¼ €γðt�Þ

_γsðt
� þ tsÞ ¼ 0 

€γsðt
� þ tsÞ ¼ 0 

γs t� þ tsð Þ ¼ 0 (3) 

The value of γsðt� þ tsÞ is left free to analytically 
determine the final joint position qs γs t� þ tsð Þð Þ, 
which only depends on the stop time ts. A lower 

degree polynomial can also be considered, e.g. 
a fourth degree, renouncing to the possibility to 
set a constraint for the jerk to be equal to zero at 
the stop time t� þ ts. However, smoother trajectories 
have been chosen, since they are considered bene
ficial for human-robot collaboration settings 
(Lagomarsino et al. 2022). In summary, the formula
tion of the path-consistent stop trajectory qs tð Þ is 
expressed by: 

qs tð Þ ¼ q γsð Þ

_qs tð Þ ¼ _q γsð Þ γs (4) 

q
s

tð Þ ¼ q
γsð Þ

γs

2

þ _q γsð Þ γs
:

An example of nominal and path consistent stop 
trajectory (with five and four-degree parameteriza
tion) is reported in Figure 2, which shows the joint 
position, velocity and acceleration over time. 
Alternative approaches for the planning of trajec
tories consistent with the geometrical path are also 
possible, as for instance those described in (Faroni 
et al. 2021; Lange and Albu-Schäffer 2015; Rojas, 
Giusti, and Vidoni 2022; Trigatti et al. 2018).

3.2. Handling robot dynamics uncertainty

Interval arithmetic techniques are used to obtain 
bounded solutions from mathematical operations 
involving uncertain variables for the robot 
dynamics computations online. 
A multidimensional interval is used to describe an 
uncertain, but bounded, variable: 

x½ � :¼ � x; �x½ �; � x 2 R n; �x 2 R n; xi � xi;"i ¼ 1; . . . ; n;

(5) 

where � x and �x indicate the infimum and supremum 
of the interval, respectively. Any operation involving 
interval variables is performed by its corresponding 
interval arithmetic operation, allowing for an effi
cient propagation of the uncertainty. For additional 
details, the reader may refer to (Althoff and 
Grebenyuk 2016; Moore, Baker Kearfott, and Cloud  
2009).

Under the assumption of uncertain dynamics para
meters (ΔÞ, the robot dynamics can be computed via 
an interval arithmetic-based NE algorithm (IA-RNEA) 
(Giusti and Nainer 2022) 
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� τ tð Þ;�τ tð Þ½ � ¼ IA � RNEA q tð Þ; _q tð Þ; q
tð Þ
; Δ½ �

� �

: (6) 

In particular, given that the standard recursive NE 
algorithm is indicated with RNEA, the IA-RNEA 
provides: 

τ ¼ RNEA q; _q; q
;

Δ
� �

(7) 

τ½ � ¼ IA � RNEA q; _q; q
;

Δ½ �
� �

; τ 2 τ½ �;"Δ 2 Δ½ �: (8) 

Such algorithm yields a lower and upper range of the 
robot torques given the parameter uncertainty bounds, 
while maintaining a linear computational complexity 
with respect to the number of robot DOFs, as the classic 
NE approach. The IA-RNEA method can be extended in 
order to include also uncertain kinematics states of the 
robot base (Giusti and Nainer 2022).

3.3. Optimizing the size of the robust safety zones

The idea behind the considered collision avoidance 
approach is to minimize online the size of the manip
ulator safety zones, by defining the minimum stop 
time ts that satisfies the actuators torque limits during 
the stop trajectory. Considering w0 > 0 and w1 > 0 as 
weighting factors, the value of ts is determined by 
solving on-the-fly the following optimization 
problem: 

min
ts

w0 ts þ w1 jts � ts;prevj (9) 

subject to 

max � τi qs tð Þ; _qs tð Þ; qs tð Þð Þ ;j j�τi qs tð Þ; _qs tð Þ; qs tð Þð Þj jð Þ

� τi;max
t 2 t�; t� þ ts½ �; i ¼ 1; . . . ;N; 10ð Þ

where ts;prev is the value of the stop time at the pre
vious safety check (ts;prev ¼ twc at the beginning, 
where twc is the worst-case stop time). The interval 
torque vector τ tð Þ½ � 2 R N�1 during qs tð Þ is computed 
by evaluating the inverse dynamics of the robot con
sidering uncertainties in the dynamics parameters via 
interval arithmetic.

After the definition of the stop time ts, the compu
tation of the contribution Ssk to the radius of the k-th 
dynamic safety zone of the robot in (2) is achieved by 
considering the velocities of the extreme points _aek 

and _bek of the spherical heads of the safety zone, 
which are depicted in Figure 1. To account for the 
direction of the motion of the robot with respect to 
the human, only the velocity component directed on 
the minimum-distance line segment δ tð Þ with respect 
to the human is considered, as in (Scalera et al. 2022a). 
In this way, the maximum linear velocity vsk of the k-th 
safety zone in the direction of δ tð Þ during the path- 
consistent trajectory that steers the robot to stop is 
defined as: 

vsk tð Þ ¼ max _aek tð Þ � δ tð Þ ;j j _bek tð Þ � δ tð Þ
�
�

�
�

� �
: (11) 

Figure 2. Example of nominal and path-consistent stop trajectory (with five and four-degree parameterization): joint position, velocity 
and acceleration.
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A complete description of the method for the calcula
tion of the maximum linear velocities of the safety 
zones can be found in (Scalera et al. 2022a; Scalera, 
Vidoni, and Giusti 2021). With respect to those works, in 
this paper the computation of uncertain dynamics 
based on interval arithmetic is introduced to guarantee 
compliance with the actuators torque limits during 
stop trajectories even in case of inaccuracies or uncer
tainties in the dynamic model of the manipulator.

The only requirements needed to implement the 
proposed solution for a new robot arm are the 
nominal kinematics and dynamics parameters of 
the robot as well as the expected bounded uncer
tainties of the dynamics parameters. The former can 
be obtained either from CAD or kinematic calibra
tion. The latter can be gathered from measures or 
estimates (see e.g. the work in (Giusti, Liu, and 
Althoff 2021), which uses reachset conformance 
testing (Roehm et al. 2019) to estimate the bounds 
of uncertainties of dynamics parameters). 
Kinematics uncertainties are not considered in this 
work. The robot is assumed to be calibrated from 
the kinematics point of view, and that its kinematics 
parameters do not change after the robot calibra
tion and deployment in operation. In this work, the 
focus is on the variability of dynamics effects, which 
are relevant realistic scenarios where the robot is 
subjected to uncertain payload.

To implement the proposed approach in a real 
scenario, the robot must be able to accept a desired 
trajectory profile in position, speed and acceleration, 
as well as to provide measurements of joints position, 
velocity and torque. Furthermore, a tracking system 
must be available to supervise the position of the 
human operator in real time. The human tracking 
uncertainties are considered to be bounded, so that 
they can be included in the term � of the protective 
separation distance in (2).

4. Numerical results

In this section, simulation results are discussed that 
verify the feasibility of the proposed approach to 
compute online torque sets to be used to minimize 
the stop time of path-consistent trajectories. The 
simulated test bed is first described. Then, the robust
ness of the proposed approach is verified with exten
sive simulations in which the results obtained with 
the IA-RNEA algorithm are compared with those 

obtained with a classical NE approach, which does 
not guarantee the satisfaction of torque constraints 
during a safety stop under uncertain robot dynamics. 
Finally, the influence of uncertainties on fluency 
metrics for human-robot collaboration is analyzed 
by varying the maximum range of the payload 
applied to the robot end-effector.

4.1. Simulated test bed

The considered simulated test bed includes a Franka 
Emika Panda arm with 7-DOF. The nominal model 
dynamical parameters of this manipulator are taken 
from (Franka Emika 2022), and are reported in 
Appendix A. However, in the case of uncertain para
meters, bounds of �2:5%, �5%, �10% for the center 
of mass, masses/inertia, and joint viscous and 
Coulomb friction coefficients, respectively, are consid
ered, as in (Giusti and Nainer 2022).

The numerical simulations are implemented 
exploiting MatlabTM/Simulink® on a computer run
ning Windows 10 Pro with an Intel i7-8565 U CPU 
and 16 GB of RAM. To solve the minimization problem 
of the stop time online the sequential quadratic pro
gramming iterative method for constrained nonlinear 
optimization is used. The number of iterations of the 
algorithm is limited to 10, the rate of the robot track
ing controller is set to 1kHz, and the rate of the super
visory controller to 200Hz.

To verify the proposed approach in challenging con
ditions for the robot, extensive simulations are consid
ered in which the manipulator tracks random 
trajectories in the joint space, whereas a simulated 
human cyclically intrudes in the robot workspace, so 
as to induce safety stops of the robot. A representation 
of the simulated test bed is shown in Figure 3, where 
six frames of an example simulation are shown.

To define each nominal trajectory, five arbitrary 
points are selected in the joint space of the robot 
and are connected in pairs by five-degree polyno
mials with a time duration of 2s. These polynomial 
trajectories verify the kinematic and dynamic con
straints of the robot. Each nominal trajectory has 
a duration of 10s, without considering potential 
stops and restarts of the robot due to the intrusion 
of the human.

To simulate the human operator working side-by- 
side with the robot, a kinematic tree is designed 
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with a head, a chest and two arms, enclosed in six 
bounding volumes, in a way similar to (Pereira and 
Althoff 2017). During the simulations, the human 
moves back and forth on a linear path 2m long, 
positioned at a distance of 0:50m from the reference 
frame of the robot base. A rotation of πrad along its 
vertical axis is performed by the human every time 
it reaches one end of its path. The human does not 
react to the robot, and its movement is only 
intended to induce random safety stops of the 
manipulator using a repeatable and well-known 
motion pattern. To stress the evaluation of the 
method in challenging conditions, the human 
motion law is defined as a trapezoidal speed profile 
with a speed of vh ¼ 1:6m=s, in accordance with the 
technical specification (ISO 2016). One cycle of the 
human on its path lasts 10s. However, the simulated 
human repeats its path until the manipulator has 
not completed the whole nominal trajectory.

4.2. Verification of the robustness of the proposed 
approach

To verify the robustness of the proposed approach, 
100 numerical simulations are run for each of the two 
following cases:

● Case (1): the dynamics parameters of the robot 
are considered uncertain and the payload of the 
manipulator varies randomly between the 
bounds of 0 and 1kg;

● Case (2): the dynamics parameters of the robot 
do not account for uncertainties and for possible 
payload.

The simulated scenario can be representative of 
a situation in which the robot performs manipulations 
or pick-and-place tasks of objects whose weight is not 
known a priori. Indeed, picking objects of unknown 
characteristics whose payload is uncertain is 
a common task in manufacturing, e.g. in bin-picking 
of diverse objects, sorting and grasping applications, 
as well as in the packaging of mixed products. In these 
cases, the uncertain payload introduces uncertainties 
in the robot dynamics.

In Case (1), the dynamics of the manipulators are 
evaluated with an IA-RNEA approach to obtain 
a feasible set of torques for each joint of the robot. 
On the other hand, Case (2) represents the nominal 
case, in which no errors in the dynamics parameters 
are present. In that case, only a single value of nom
inal torque is computed for each joint of the robot.

Once the simulations are run, the position q, velocity 
_q, and acceleration q of the robot during the tests 
(comprising both nominal, stop and restarts trajectories) 

Figure 3. Frames of an example simulation in which the manipulator performs a random trajectory, while the human cyclically enters 
the robot workspace. A safety stop of the robot is highlighted with grey background.
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are used as input to evaluate the torques that the robot 
would have required in case of uncertain parameters. To 
do this, 100 sets of random uncertain dynamics para
meters are defined, and the torques of the robot are 
computed for all simulations in the two cases. In this 
way, the torques for corresponding simulations in Case 
(1) and (2) are calculated using the same arbitrary 
settings.

Figure 4 reports an example trajectory, in which 
position velocity and torque for the joint 1 of the 

manipulator are shown. In the plot on the bottom, 
the nominal torque of the robot is shown in black, 
together with the range of torques in dark grey, corre
sponding to whole set of values that can be obtained 
due to the uncertain parameters. As it can be seen from 
the figure, in some cases (as for instance, during a stop 
trajectory), the maximum torque could exceed the joint 
torque limits of the manipulator, if the proposed robust 
approach for the computation of the dynamics is not 
considered.

Figure 4. Example trajectory: position, velocity and torque for joint 1. Safety stops and uncertain torque bounds are represented as 
shaded areas, whereas vertical solid lines indicate target points.\.

Figure 5. Maximum torques for case (1) and (2) evaluated considering uncertain dynamics.
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Figure 5 reports the box plot representation of 
the maximum available torques for Case (1) and (2) 
evaluated considering uncertain dynamics. In the 
box plots, the central point represents the median, 
the bottom and top of the box indicate the first and 
third quartiles, whereas the whiskers extend to the 
most extreme data points not considered outliers. 
As it can be seen from Figure 5, the torques for Case 
(1), which correspond to robust stop trajectories 
optimized using an IA-RNEA approach, always 
respect the torque bounds. On the other hand, the 
maximum torques for Case (2) violates the joint 
torque limits in the 87% of the simulations. This 

verifies the robustness of the proposed approach 
and its applicability to the computation of the 
robot dynamics in case of parameter and payload 
uncertainties, making the suggested strategy 
a viable solution for manipulators with uncertain 
dynamics.

4.3. Influence of dynamics uncertainties on 
human-robot collaboration

To verify the influence of dynamics uncertainties on 
human-robot collaboration, simulations are run in 
which the dynamics of the robot is evaluated by 

Figure 6. Numerical results: stop time (a), radii of the safety zones (b), total task time (c), and number of robot stops (d) for different 
bounds of the maximum payload.
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means of the IA-RNEA approach, with the bounds of 
uncertain parameters as in Sect. 4.1. Furthermore, for 
each set of simulations the bound of the maximum 
payload is increased from 0:00 to 1:50kg with steps 
of 0:25kg.

For comparison, not only the stop time of the robot 
and the radius of the safety zones are considered, but 
also quantitative metrics aimed to assess the perfor
mance of applications involving the collaboration or 
co-existence of robot and human operator (Hoffman  
2019; Kokotinis et al. 2023). In particular, two fluency 
metrics for human-robot collaboration are taken into 
account: the total task time (T-TIME), and the number 
of robot stops (R-STOPS). The T-TIME equals the total 
time needed for the robot to reach all the prescribed 
five way points, considering safety stops and restarts 
into account. The R-STOPS metric indicates how many 
times the manipulator is stopped by the supervisory 
controller during the task in collaboration with the 
human. These two metrics directly account for the 
fluency in the collaborative operation and have 
a direct link to the productivity of the robotic 
application.

The results of the numerical simulations are 
reported in terms of box plots in Figure 6, where the 
trend for the stop time, radii of the safety zones, total 
task time, and number of robot stops for different 
bounds of the maximum payload are shown. 
Furthermore, the mean values of these quantitative 
metrics and the percentage difference with respect to 
the nominal case are reported in Table 1 for the 
considered bounds of the maximum payload. As it 
can be noticed, the stop time and, accordingly, the 

radii of the four safety zones enclosing the robot 
increase by increasing the maximum payload. Due 
to the progressive enlargement of the size of the 
robot dynamic safety zones with the payload, the 
fluency metrics of T-TIME and R-STOPS are also 
negatively affected. Indeed, as the maximum bound 
of the payload increases, the total time to complete 
the prescribed operation becomes higher, since the 
supervisory controller stops the robot more fre
quently due to potential collisions with the simulated 
human operator.

5. Conclusion

In this paper, an approach for computing online 
safety zones in a robust way, despite uncertain robot 
dynamics has been presented. The strategy imple
ments the speed and separation monitoring para
digm, and considers human and robot enclosed in 
bounding volumes. The human-robot collaboration 
is monitored by a supervisory controller that guides 
the robot to stop along a path-consistent trajectory in 
case of collision danger between human and robot. 
The size of the robot safety zone is minimized online 
according to the stop time of the manipulator, and 
the uncertain robot dynamics is considered using 
interval arithmetic to ensure compliance with the 
joint torques limits even in case of imperfect knowl
edge of the dynamic model parameters.

The proposed approach has been verified with 
numerical simulations of a Franka Emika Panda 
robot with 7 DOFs. In the tests, the manipulator per
forms random trajectories, while a simulated human 

Table 1. Mean values of the quantitative metrics stop time, radii of the safety zones, total task time, and number of robot stops, as well 
as the percentage difference with respect to the nominal case (�) for different bounds of the maximum payload.

Bounds of the maximum payload ½kg�

0:00� 0:25 0:50 0:75 1:00 1:25 1:50

ts ½ms� 35:5 38:4 41:4 44:8 46:6 48:4 50:7
½%� 8:2 16:6 26:2 31:3 36:3 42:8

rSZ;1 ½m� 0:177 0:180 0:184 0:188 0:190 0:192 0:195
½%� 1:7 4:0 6:2 7:3 8:5 10:2

rSZ;2 ½m� 0:179 0:183 0:187 0:191 0:193 0:195 0:198
½%� 2:2 4:5 6:7 7:8 8:9 10:6

rSZ;3 ½m� 0:181 0:185 0:189 0:193 0:196 0:198 0:200
½%� 2:2 4:4 6:6 8:3 9:4 10:5

rSZ;4 ½m� 0:183 0:186 0:190 0:195 0:197 0:199 0:202
½%� 1:6 3:8 6:6 7:7 8:7 10:4

T-TIME ½s� 19:5 19:8 20:2 20:4 21:0 22:3 23:3
½%� 1:5 3:6 4:6 7:7 14:4 19:5

R-STOPS ½no:� 10:3 11:1 11:9 12:3 13:8 16:1 18:1
½%� 7:8 15:5 19:4 34:0 56:3 75:7
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cyclically intrudes in the robot workspace, so as to 
induce safety stops of the robot. The results verified 
the effectiveness of the proposed approach, and eval
uated the influence of dynamics variations on fluency 
metrics for human-robot collaboration.

As an extension of this work, the online computation 
of safety zones in a robust way can be further investi
gated by implementing the proposed approach on 
a physical robot in a real collaborative robotics applica
tion, e.g. for pick-and-place tasks of diverse objects in 
a workspace that is shared with a human collaborator. 
Further promising developments of the proposed strat
egy will also include the extension to mobile manipu
lators to evaluate the performance of the approach in 
terms of safety and fluency in more complex and chal
lenging collaborative applications.
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Appendix A. Nominal kinematics and dynamics parameters of the Franka Emika robot

Table A1. Nominal parameters of the Franka Emika robot used in the numerical simulations from (Franka Emika 2022). αi, ai , di and #i 

are the parameters of the modified Denavit – Hartenberg convention (Craig 2006); mi represents the mass; cx , cy , cz are the center of 
mass coordinates; Ixx , Ixy , Ixz , Iyy , Iyz , Izz are the inertia tensor elements; βv , βc are the viscous and coulomb friction model coefficients 
(obtained by fitting the parameters of the friction model found in (Gaz et al. 2019.)).

Nominal parameters of links 2 f1; . . . ; 8g

1 3 3 4 5 6 7 8

αi ½rad� 0 � π=2 π=2 π=2 � π=2 π=2 π=2 0
ai ½m� 0 0 0 0.0825 � 0:0825 0 0.088 0
di ½m� 0.333 0 0.316 0 0.384 0 0 0.107
#i � qi ½rad� 0 0 0 0 0 0 0 0
mi ½kg� 4.970684 0.646926 3.228604 3.587895 3.587895 1.666555 7.35522·10−1 0
cx;i ½m� 3.875·10−3 −3.141·10−3 2:7518 � 10� 2 � 5:317 � 10� 2 � 1:1953 � 10� 2 6:0149 � 10� 2 1:0517 � 10� 2 0
cy;i ½m� 2:081 � 10� 3 � 2:872 � 10� 2 3:9252 � 10� 2 1:04419 � 10� 1 4:1065 � 10� 2 � 1:4117 � 10� 2 � 4:252 � 10� 3 0
cz;i ½m� � 0:04762 3:495 � 10� 3 � 6:6502 � 10� 2 2:7454 � 10� 2 � 3:8437 � 10� 2 � 1:0517 � 10� 2 6:1597 � 10� 2 0
Ixx;i ½kgm2� 7:1466 � 10� 1 8:5035 � 10� 3 5:6494 � 10� 2 6:7677 � 10� 2 3:9428 � 10� 2 2:4805 � 10� 3 1:5320 � 10� 2 0
Ixy;i ½kgm2� � 1:7908 � 10� 4 � 3:9250 � 10� 3 � 8:2483 � 10� 3 2:7716 � 10� 2 � 1:5152 � 10� 3 1:5241 � 10� 3 � 3:9511 � 10� 4 0
Ixz;i ½kgm2� 7:6892 � 10� 3 1:0261 � 10� 2 � 5:4876 � 10� 3 3:9054 � 10� 3 � 4:6002 � 10� 3 � 1:0376 � 10� 4 � 1:6725 � 10� 3 0
Iyy;i ½kgm2� 7:1796 � 10� 1 2:8124 � 10� 2 5:2878 � 10� 2 3:2399 � 10� 2 3:1460 � 10� 2 1:0568 � 10� 2 1:2899 � 10� 2 0
Iyz;i ½kgm2� 1:9662 � 10� 2 7:6893 � 10� 4 � 4:3773 � 10� 3 � 1:6445 � 10� 3 2:1641 � 10� 3 9:3569 � 10� 5 � 5:4836 � 10� 4 0
Izz;i ½kgm2� 9:2132 � 10� 3 2:6535 � 10� 2 1:8249 � 10� 2 7:7586 � 10� 2 1:0870 � 10� 2 1:1795 � 10� 2 4:9097 � 10� 3 0
βv;i ½Nms� 0.0853 0.8687 0.0597 0.1877 0.0896 0.0172 0.0499 0
βc;i ½Nm� 0.1506 3.1571 0.2381 0.3726 0.2950 0.1281 0.2133 0
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