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strategies. The work in [7], later revised in [8], has been
probably the first attempt in developing a control strategy
for industrial robots satisfying the SSM requirement. In
[9] a similar approach has been presented with the focus
on formally guaranteeing the safety requirement. Marvel et
al. in [10] completely address the problem, accounting for
all possible factors influencing the robot behavior (payload,
delayed reactions, etc.). Vogel et al. [11] approached the
problem differently using a laser to project the safe space
computed consistently with ISO/TS 15066. Byner et al.
finally contributed in [12] with an industrial implementation
with safety-rated distance monitoring sensors. The SSM
criterion requires to monitor the worker position and thus
implies the need for additional hardware. In turn, the PFL
criterion does not necessarily need the adoption of additional
hardware to monitor the workspace, as long as the velocity
of the robot can be limited to safe values. Control strategies
that explicitly account for the correlation between robot
velocity and impact energy can be found in [13], [14]. As
the key aspects of this kind of safety strategy are related to
the reflected mass at the contact point, further investigation
can be found in [15]. A more technological contribution to
the implementation of PFL functionalities in a sensorless
control strategy can be found in [16]. Finally, the work
in [17] contributed to the biomechanical characterization of
impacts as a function of the surface and the robot mechan-
ical characteristics. The two safety criteria have different
application scenarios. For example, PFL is suited when the
human operator spends significant time in the workspace of
the robot. In this case, the SSM would command the robot
to be always still or to move very slowly, compromising
productivity. In turn, for sporadic workspace sharing, the
SSM criterion is surely recommended, allowing the robot
to move at full speed when the operator is not present.
On the other hand, a meaningful combination of PFL and
SSM would arguably introduce substantial benefits in terms
of productivity, particularly in tight collaboration scenarios
requiring close and prolonged proximity between humans
and robots. One of the first attempts to combine PFL and
SSM strategies can be found in [18]. The approach therein,
however, assumes a simplified spherical representation of
human parts. Moreover the authors distinguish three separate
working conditions: full speed, reduced speed and stop,
which may turn out to be conservative since the dynamically
varying speed is not fully enabled.

In this paper, we attempt to combine SSM and PFL
safety strategies in a synergetic fashion. The proposed algo-
rithm does not revolve around otherwise typical conservative

Abstract— Enabling humans and robots to safely work close 
to each other deserves careful consideration. With the publi-
cation of ISO/TS 15066 directives on this matter, two different 
strategies, namely the Speed and Separation Monitoring and 
the Power and Force Limiting, have been proposed. This paper 
proposes a method to efficiently combine the two aforemen-
tioned safety strategies for collaborative robotics operations. 
By exploiting the combination of the two, it is then possible 
to achieve higher levels of productivity, while still preserving 
safety of the human operators. This is achieved by the optimal 
scaling of the initially prescribed velocity, while preserving the 
path consistency of the robot trajectory. In a nutshell, the 
state of motion of each point of the robot is monitored so 
that at every time instant the robot is able to modulate its 
speed to eventually come into contact with a body region of 
the human, consistently with the corresponding biomechanical 
limit. Validation experiments have been conducted to establish 
that the proposed method enables substantially less stringent 
limits on robot performance while still allowing for the safety 
limits prescribed by ISO directives.

I. INTRODUCTION

Collaborative robotics applications [1] are gaining atten-
tion in the robotics community, both from the academic and
the industrial points of view. When it comes to allow robots
to work in close proximity of the human operator, safety is
an aspect of paramount importance, especially for the actual
implementation of collaborative robotic applications in shop-
floors, [2], [3]. This safety problem has been dealt with in
several studies that take into consideration safety indexes as
Head Injury Criteria (HIC) and study their dependence on
robot parameters like mass or velocity (like [4] and [5] for
example). According to the ISO/TS 15066, see [6], safety
during collaborative operations can be guaranteed in mainly
two ways: Speed and Separation Monitoring (SSM) and
Power and Force Limiting (PFL). In short, SSM prescribes
that the velocity of the robot must be related to the separating
distance between the human and the robot itself so that
at any time the robot actuation system has the necessary
deceleration capability to achieve a complete stop before
coming in contact with the worker. PFL, in turn, allows
the robot to come into contact with the human worker with
non-zero velocities, provided the amount of (kinetic) energy
possibly transferred to the human does not exceed predefined
thresholds. Notable results are reported for both the two
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assumptions on robots motion nor considerably simplified
geometries. The main contributions of the paper are as
follows.

• definition of a simple framework that combines SSM
and PFL, enabling considerable improvements in pro-
ductivity while preserving safety criteria;

• reduction of the problem onto an optimization algorithm
that allows for a closed-form solution without any
conservative assumptions;

• inclusion of the configuration-dependent inertial proper-
ties of the robot, which enables a more comprehensive
treatment of safety constraints with respect to simply
using the (typically considered) robot mass.

The remainder of this work is organized as follows. In
Section II, a quick overview of background is given. Section
III presents the approach developed in this work to combine
the SSM and the PFL safety criteria. Based on the maximum
velocity allowed by the combined criteria, a velocity scaling
method is also proposed. Section IV describes the experi-
mental setup and the implementation details, as well as the
outcome of the experiments.

II. BACKGROUND KNOWLEDGE

Before proceeding further, a more detailed analysis of the
two safety functionalities is needed. Letting v the (scalar
approach) velocity of the robot, d the separating distance
between the robot and the human, and Ts the stopping time,
the SSM criterion prescribes that

v ≤
d

Ts
(1)

In turn, the inequality established by the PFL criterion is the
following one

|v| ≤
Fmax

√
k

√
m−1

R +m−1
H (2)

where Fmax represents the maximum contact force for
specific body region, k stands for the effective spring con-
stant for same body region, while mR and mH are the
effective mass of the robot as a function of robot posture
and motion and the effective mass of the human body region,
respectively, [6].
For a generic robot having mR = 14 kg and Ts = 0.5
s, Fig. 1 shows the velocity limits corresponding to the
SSM criterion and to the PFL criterion with respect to the
upper arm (corresponding values for the quasi-static1 case are
Fmax = 150 N , and k = 30 N/mm, from [6]) of the human
body. Here, the consideration of upper arm is arbitrary and
just serves to provide an intuition behind the approach. Any
other body part could be considered as well.

1A quasi-static contact between an operator and part of a robot system
occurs when the operator body part can be clamped between a moving part
of a robot system and another fixed or moving part of the robot cell. In
this case the human reflected mass can be regarded as infinite, i.e. m−1

H ≈
0. Note that by considering an infinite value for the mass of the human
(clamped case), the upper limit for the admissible velocity decreases, thus
making the analysis more conservative.
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Fig. 1. Allowed velocity as a function of the separating distance for the
SSM (orange) and PFL (blue) criteria. The dashed black line represents the
combined criterion proposed in this paper.

As clearly visible in Fig. 1, there are situations, especially
for reduced separating distances (under 130 mm referring
to Fig. 1), where the PFL allows to move the robot with
higher velocities than those allowed by the SSM. This is a
straightforward consequence of the fact that, at small human-
robot distances, the SSM would reduce the robots speed to a
near zero values. In turn, as the PFL does not require a safety-
rated sensing device to monitor the separating distance from
the human, the SSM criterion can guarantee higher velocities
when the human is far from the workspace of the robot, but
also negative velocities, meaning that the robot can always
move away from the human with any speed. In applications
requiring sporadic, yet relatively long, workspace sharing
between the human and the robot, relying solely on either
the SSM or the PFL will inevitably lead to suboptimal
performance.

This work addresses the problem of combining the
two methodologies to improve productivity and to ensure
the safety of the human worker. This way, if an actual
collision between the human and the robot in motion cannot
be avoided, the system will ensure that the speed of the
robot at the impact would not lead to a severe injury
for the human. The dashed black line in Fig. 1 indeed
represents the maximum allowed velocity, as a function
of the separating distance, with such a property. In other
words, the robot is always capable of reducing its speed
such that an unavoidable contact will ensure a tolerable
energy transfer from the robot to the colliding body part.
The final objective of this work is then to find such a curve
for all the points of the robot and for all possible body parts
of the human that might be involved in a contact.

III. PROPOSED APPROACH

This section first describes the development of a novel
safety requirements that combines SSM and PFL criteria.
Inequalities corresponding to the dashed black line in Fig.
1 will be derived to account for the entire robot. In the



Fig. 2. Parameterisation for a beam (robot link) and for a point (obstacle).

second part, an algorithm to scale the robot velocity when
not consistent with the safety requirements will be detailed.

A. Safety requirements

For quasi-static contacts, the safety criterion that combines
the SSM and the PFL prescriptions can be expressed as
follows

v ≤
d

Ts
+

Fmax

√
k

√
m−1

R (3)

and is represented by the dashed black line in Fig. 1. Notice
that when a contact occurs, which happens for d = 0,
the impact velocity is bounded from above by a quantity
that satisfies the PFL criterion in (2). The presence of the
maximum stopping time Ts, in turn, ensures that the robot
has enough deceleration capabilities to eventually reach such
a condition.

The given requirements can be further divided in two
cases, one for positive distances, i.e. d > 0:

dv ≤ d

(
d

Ts
+

Fmax

√
k

√
m−1

R

)
, d > 0 (4)

and one for situations close to a contact (d ≈ 0):

v ≤
Fmax

√
k

√
m−1

R , d ≈ 0 (5)

With the aim of applying the mentioned speed limit to the
whole kinematic structure of the robot, consider a generic
rigid link represented as a beam, as shown in Fig. 2. The
position rs and velocity Jsq̇ (where Js represents the
positional Jacobian at the considered point s) of each point
of the link can be written in terms of position and velocity
of the two end points as follows:

rs = ra + s (rb − ra) Jsq̇ = Jaq̇ + s (Jb − Ja) q̇
(6)

where s ∈ [0, 1]. Vectors ra and rb are the positions of the
endpoints of the link, Ja and Jb are the related positional
Jacobians, while q̇ stands for the vector of joint velocities.
For a given point obstacle, detected at position robst, define2

n = ros/∥ros∥

the unit vector representing the direction from rs to the
point obstacle robst. Then, the scalar approach velocity v

2The following shortened symbols will be used in the following: Jba =
Jb − Ja, rba = rb − ra, ros = robst − rs, roa = robst − ra.

is obtained as a projection of vector vs = Jsq̇ onto vector

ros, i.e., v = vT
s n = q̇TJT

s

ros

∥ros∥
. Furthermore, for the

effective mass mR of the robot at configuration q, perceived
at the operational point along a direction n, the following
holds [19]:

m−1
R = nTJsB

−1JT
s n, (7)

where B represents the configuration dependant robot inertia
matrix. Using the fact that d = ∥ros∥, the condition (4) may
now be reformulated as:

q̇Tβ(s) ≤
∥ros∥2

Ts
+ C

√
βT (s)B−1β(s), (8)

where β(s) = JT
s ros and C = Fmax

√
k

. Vector β(s) can be
expressed as:

β(s) =
(
JT

a + sJT
ba

)
(roa − srba) .

It has the same dimension as q̇ and q and can be roughly
interpreted as a joint angular displacements required to bring
the point rs closer to robst. Due to rigidity of the link, we

have that
(
JT

barba

)T
q̇ = rTbaJbaq̇ = rTbavba = 0. Since

this holds for an arbitrary joint velocity vector q̇, it implies
that the vector JT

barba needs to be a zero vector. Thus, we
have that:

β(s) = y0 + y1s,

where y0 = JT
a roa and y1 = JT

baroa − JT
a rba. The left-

hand side of (8) can now be expressed as:

q̇Tβ(s) = a0 + a1s, (9)

where a0 = q̇Ty0, and a1 = q̇Ty1.
Furthermore, the term ∥ros∥2 can be written as:

∥ros∥2 = ∥robst − rs∥2 = ∥roa − srba∥2

= ∥roa∥2 − 2srToarba + s2 ∥rba∥2 .
(10)

Combining (9) and (10), we may write:

g (s, q̇) ≡ q̇Tβ(s)−
∥ros∥2

Ts
= α2s

2 + α1s+ α0, (11)

where α2 = −∥rba∥2/Ts, α1 = a1 + 2rToa/Tsrba, α0 =
a0 − ∥roa∥2 /Ts. Now, the inequality (8) becomes:

g (s, q̇) ≤ C

√
βT (s)B−1β(s). (12)

The above inequality is irrational and hence it is recom-
mended to discuss (for a given joint velocity vector q̇) the
sign of the quadratic function g (s, q̇). In that regard, we
identify three cases which are considered separately in the
sequel.

1) g (s, q̇) ≤ 0, ∀s ∈ [0, 1],
2) g (s, q̇) changes its sign in s ∈ [0, 1],
3) g (s, q̇) ≥ 0, ∀s ∈ [0, 1].

Due to the quadratic nature of g (s, q̇), it is straightforward
to establish which of the above conditions hold. In case 1),
the inequality (12) is clearly satisfied ∀s ∈ [0, 1], meaning
that the complete link is consistent with the safety criteria. If



g (s, q̇) changes its sign in s ∈ [0, 1] (case 2)), this implies
that some parts of the link are guaranteed to be consistent
with the safety criteria (the parts where g (s, q̇) ≤ 0), while
others need to be further investigated. Since α2 < 0, there
can be only one subsegment where g (s, q̇) > 0 (see Fig.
3). This subsegment corresponds to a connected subset of
the manipulator link that can clearly be analyzed within the
case 3). It is necessary though, that this “truncated” link
gets reparameterized, meaning that endpoint positions ra and
rb get reassigned. Finally, under assumption that g (s, q̇) ≥
0, ∀s ∈ [0, 1], (12) is equivalent to:

g2 (s, q̇) ≤ C2βT (s)B−1β(s). (13)

Using the expressions for g2 (s, q̇) and β(s), (13) can be
written as:(
α2s

2 + α1s+ α0

)2 ≤ C2
(
yT
0 + yT

1 s
)
B−1 (y0 + y1s) ,

which is a quartic inequality in terms of parameter s:

f (s, q̇) ≡ γ4s
4 + γ3s

3 + γ2s
2 + γ1s+ α0 ≥ 0, (14)

where
γ4 = −α2

2

C2
, γ3 = −2α1α2

C2
,

γ2 = yT
1 B

−1y1 − 2
α2
1 + α0α2

C2
,

γ1 = 2yT
0 B

−1y1 − 2
α0α1

C2
, γ0 = yT

0 B
−1y0 −

α2
0

C2
.

To establish whether inequality (14) is satisfied ∀s ∈ [0, 1],
it is sufficient to check the following condition:

fmin (q̇) ≡ min
s∈[0,1]

f (s, q̇) ≥ 0. (15)

To compute the minimum fmin of the function f (s, q̇),
having in mind that f (s, q̇) is smooth, it is sufficient to
check the value of f at the boundary, i.e., f(0) and f(1),
and at possible stationary points that belong to the interval
[0, 1]. More precisely:

fmin (q̇) = min
s∈M

f (s, q̇) , (16)

where the set M = {0, 1} ∪ SP , and SP ={
s ∈ [0, 1] | ∂f(s,q̇)∂s = 0

}
. The problem of computing the

set SP is reduced to finding possible real roots s ∈ [0, 1] of
the equation:

∂f (s, q̇)

∂s
= 4γ4s

3 + 3γ3s
2 + 3γ2s+ γ1 = 0. (17)

This can be done by using some of the efficient linear-
algebra-based solvers for polynomial equations, or even in
closed form using Cardano formula.

Finally, the case of d ≈ 0, i.e. the pure PFL criterion in
(5) to be applied in very closed proximity, can be handled by
requiring ∥Jsq̇∥ ≤ C

√
m−1

R for all points belonging to the
link, hence for all s ∈ [0, 1]. Since, from the triangular in-
equality we have that ∥Jaq̇ + sJbaq̇∥ ≤ ∥Jaq̇∥+ s ∥Jbaq̇∥
and the left-hand side term is linear with respect to s, we just
need to require ∥Jaq̇∥+∥Jbaq̇∥ ≤ C

√
m−1

R to be satisfied.

B. Trajectory scaling

If the safety requirements are satisfied for given nominal
joint velocity q̇ = q̇n, obstacle position robst, and robot
link with endpoints ra and rb, it is not necessary to scale
the speed of trajectory. Otherwise, the problem is to find a
maximal scaling coefficient δ ∈ [0, 1] such that q̇ = δq̇n

implies that (12) is true for all s ∈ [0, 1]. This consideration
is clearly relevant only for case 3), remembering that case
2) can be reduced to case 3).

Assume the condition (15) is violated, meaning that
fmin (q̇n) < 0. This implies that inequality (8) does not hold
either. Thus, we can write:

q̇T
nβ(s) = A(s) +m(s), (18)

where m(s) > 0 and

A(s) =
∥ros∥2

Ts
+ C

√
βT (s)B−1β(s).

On the other hand, for the desired δ, we may impose the
equality to hold, i.e.,

δq̇T
nβ (s∗) = A (s∗) , (19)

where s∗ = argmins∈[0,1] f (s, q̇n). Plugging s = s∗ in (18)
and combining with (19), we have that:

δ =
A (s∗)

A (s∗) +m (s∗)
. (20)

Such obtained δ is then used to compute the candidate
velocity vector q̇ = δq̇n, which is then checked for feasibility
in the same fashion as q̇ = q̇n. The scaling may be
repeated until δ converges. It appears that such procedure
converges rapidly. In particular, the value of m (s∗), which
captures the degree to which the safety requirement is
violated, reaches zero in finite number of iterations (usually
2-3). Unfortunately, we do not have a rigorous proof of
convergence in finite time. However, such behavior can be
explained as follows. If the slack variable m(s∗) is large
compared to A(s∗), the scaling factor gets small, which
implies a substantial decrease in the joint velocity that is now
more likely to be consistent with the safety criterion. On the
other hand, if the slack variable m(s∗) is small compared to
A(s∗), the velocity is already close to satisfying the safety
criterion, i.e., the procedure is close to convergence. The
statistical analysis (based on slightly more than 106 runs of
the procedure within a variety of simulated scenarios) shows
that in about 62% of cases, the procedure converges after
2 iterations, in about 36% cases, the convergence occurs
after 3 iterations, while m(s∗) reaches zero value after 4
iterations in less than 2% of cases. Never have we observed
that 5 or more iterations were needed for the convergence.
The described procedure is condensed in Algorithm 1

Note that the combination of PFL and SSM requires a
discussion of the sign of the quartic polynomial. On the other
hand, either PFL or SSM strategy (if applied alone) would
reduce to a discussion of a second order polynomial. The
main contributor to the increase of the technical difficulty is



s = 0 s = 1

s

g (s, q̇)

s = 0 s = 1

s

g (s, q̇)

s = 0 s = 1

s

g (s, q̇)

Fig. 3. Three cases that may occur when g (s, q̇) changes sign in s ∈ [0, 1]. In each scenario, the subset where g (s, q̇) > 0 is connected (shown in red).

Algorithm 1 δ-SEARCH
1: δ ← 1;
2: for k = 1 to kmax do
3: q̇ ← δq̇n;
4: s∗ ← argmins∈[0,1] f (s, q̇);
5: A← A (s∗);
6: β ← β (s∗);
7: m← q̇Tβ −A;
8: if m ≤ 0 then
9: return δ

10: δ ← A
A+mδ;

11: return δ

actually the reflected mass mR defined in (7), which clearly
implicitly appears in (8) as well. An easier approach would
be to replace mR with M/2 (M being the mass of the
robot), which is the typical rough approximation of reflected
mass [6]. However, neglecting the configuration- and motion-
related dependencies of the robots inertial properties may
conceal the possible room for performance improvement or,
on the other hand, cause the safety constraints to be violated.

IV. EXPERIMENTAL VALIDATION

To verify and measure the benefit of the proposed ap-
proach, an experimental verification was carried out. Our
mixed algorithm that combines SSM and PFL is conceived
as an attempt to relax the constraints on robots velocity (and
hence possibly increase the productivity) and make them
more liberal with respect to SSM- or PFL-based constraints,
when applied individually. This relaxation of constraints is
carefully defined in order to preserve the safety criteria
prescribed with the relevant standard. Mathematically, this
corresponds to the fact that the right-hand-side (RHS) of the
inequality (3) is larger than RHSs of inequalities (1) and
(2). Therefore, our mixed approach is by construction set
to outperform both SSM and PFL. Clearly, the interesting
question is by how much? Arguably, it is difficult to assess
the performance improvement in an analytical fashion since
the amount by which the constraints are relaxed depends on
many factors such as robots configuration, the environment
setup, specific task, etc. Therefore, it is desirable to collect
the empirical evidence via suitable experimental validation
that covers a variety of scenarios, followed by statistical
analysis of the appropriate performance metrics.

A. Experimental setup and implementation details

The experimental setup consists in a dual arm ABB YUMI
robot, and a research version of the SMART ROBOTS cogni-
tive surveillance camera (see Fig. 4). The cognitive camera
is responsible for tracking the position of the operator, who
works in front of the robot, for evaluating the optimal speed
scaling parameter δ in Algorithm 1, and for sending it to the
robot through a standard Ethernet connection. At each time
instant, the SMART ROBOTS device performs the following
processing steps:

1) retrieve the robot’s configuration q;
2) retrieve the point cloud of the environment;
3) classify the points of the 3D cloud in order to extract

only those belonging to the human operator;
4) for each point, and based on the corresponding body

part, evaluate C = Fmax/
√
k according to the values

reported in [6];
5) evaluate the maximum speed scaling parameter δ as in

Algorithm 1, and sent it back to the robot.

While assigning the values of C = Fmax/
√
k (step 4)), some

considerations had to be addressed. In particular, the Yumi
robot is already consistent with PFL constraints at full speed.
Hence, there would be no point in implementing additional
safety strategies to this robot. Therefore, the recommended
values from [6] have been scaled down to the 10% of their
nominal values, thus making the activation of the constraint
possible. Roughly speaking, we artificially manipulate this
constraint, only as a means to render the available robot
relevant for the presented approach, by partially circumvent-
ing its inherent safety features. On the other hand, for an
arbitrary robot that does not already have PFL embedded, the
corresponding values do not need to be scaled. For instance,
the UR5 robot is consistent with PFL at speed below 0.25m/s,
though its full speed can reach 1m/s.

Clearly, the algorithm presented in Section III is being
utilized within the step 5) of the above-described operation.
Steps 1) - 4) serve to provide the algorithm with all the nec-
essary inputs. It is worth pointing out that the optimization
algorithm from Section III deals with the problem involving
a single link and a single point obstacle. Therefore, the
implementation of step 5) needs to loop the optimization
algorithm over all the points from the corresponding cloud
and over all the robots links. Note that this step also handles
the computation of other quantities which play role in the
algorithm described in Section III, such as: relevant positions



Fig. 4. Picture of the experimental setup consisting in a research SMART
ROBOTS intelligent surveillance camera, and an ABB dual arm YUMI robot
working in front of the operator.

ra, rb, Jacobians Ja,Jb and configuration-dependent inertia
matrix B. Positions are clearly available from the forward
kinematics, and so are the Jacobians. The inertia matrix
B, expressed as a function of q, can be computed from
the dynamic parameters of the robot, already available from
CAD models or identifiable through experiments.

More in particular, the 3D camera embedded within the
SMART ROBOTS device has a resolution of 512 × 424
pixels, while only approximately 2 − 3% of them are used,
being associated to the human operator. A dmin = 50 mm
threshold has been introduced to discriminate the two cases
in (4) and (5). In fact, below this minimum distance, the
camera, together with the developed algorithm, are no longer
able to robustly discriminate between 3D points belonging to
the human operator from those belonging to the robot or to
the environment. For this reason, as already stated in Section
III, a pure PFL method is applied in close vicinity.
The overall algorithm runs on the research version of the
SMART ROBOTS embedded processing board (single core
CPU, 2.1 GHz, with 8 GB of memory) and takes ap-
proximately 120 ms in the average case. Note that this
time is absorbed by the inherent braking time. Moreover,
this braking time may as well collect other constraints or
requirements such as reaction times or additional distance
margins.

The computational overhead introduced by the mixed
approach, with respect to SSM, is the computation of extrema
for the fourth-degree polynomial (which mainly reduces to
finding the roots of a cubic equation) in comparison to
computation of extrema for the second-degree polynomial.
However, being available the exact solution to cubic equa-
tion (Cardano formula) or extremely efficient linear algebra
libraries (e.g., Eigen3), the overhead is rendered negligible.

It is worth pointing out that the current implementation
assumes that, in each cycle, the human is still, or at most
slowly moving. While this may seem as a radical simplifi-
cation, it does not jeopardize the generality of our approach.
Nevertheless, our algorithm is perfectly capable of taking
into account the motion of human parts. For instance, this
problem has already been tackled in [20], where the initial
human-occupied volume is augmented to account for the

motion of the human within the robot stopping time. Such
augmented volume is still represented via point cloud that
can easily be used as an input to our algorithm. This is
enabled by the fact that our algorithm is agnostic with respect
to means by which the point cloud is generated.

B. Results and discussion

Several verification experiments have been run in order
to test the validity of the approach, as well as to evaluate
the performance of the mixed SSM and PFL safety criterion
with respect to both PFL and SSM. In the following, the
outcome of three experiments is reported to compare the
three approaches. The experiments are performed in similar,
yet not identical, conditions. The robot and the human
operate in front of each other, sharing part of the workspace,
as shown in Fig. 4. They both perform repetitive movements,
within the shared workspace in all the three conditions. A
metric, consistent in all the three scenarios, has been defined
to objectively evaluate the performance of the implemented
safety criteria. As the ultimate goal of the work developed
in this paper is to maximise the velocity of the robot in
performing its task, while still being safe with respect to
the human operator, the robot velocity and the separating
distance are the two main quantities of interest. It is worth
mentioning that all the three safety criteria, the PFL, the
SSM and the mixed SSM-PFL developed in this work, are
all aligned with the safety regulations of the ISO/TS 15066
[6]. Therefore, to compare the three different approaches, a
metrics that is uniquely associated with robot productivity
has been introduced. Specifically, the ratio r between the
scalar approach end-effector velocity in the direction of the
closest point on the human body nTJ7q̇ and the correspond-
ing minimum separating distance min ros has been selected
for the comparison. More formally r = nTJ7q̇/min ros.
The higher this quantity, the faster the robot at the same
separating distance. Only values with positive velocities,
i.e. nTJ7q̇ > 0, and with a minimum separating distance
min ros not higher than 400 mm are considered, since
from this point on, neither the SSM safety constraint nor
the mixed safety constraint limit the robot velocity, thus they
perform exactly the same. The negative approach velocities
correspond to the cases when the robot moves away from the
human and in these scenarios we do not expect our method
to outperform SSM, though it will most likely outperform
PFL. On the other hand, by taking into account the positive
velocities only, we wanted to highlight potentially dangerous
situations where our method has a clear advantage. Moreover,
any improvement captured exclusively from motions directed
at humans would clearly translate to general scenarios.

Unlike seemingly more intuitive choices for the proper
metric such as task execution time, or maximum/average
task velocity, the ratio r has several advantages. First, both
the task time and the maximum/average task velocity are
highly task-dependent. Thus, we would need to perform
an extensive set of experiments to cover a wide variety of
scenarios. Even in this case, the question remains whether
some potentially relevant scenarios are neglected from con-
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Fig. 5. Distribution of ratio r for the three scenarios: PFL (blue), SSM
(red), and Mixed (green), sampled every 120 ms.

TABLE I
STATISTICAL COMPARISON BETWEEN THE PERFORMANCE INDICES

quantity average stdev 25-th 75-th max
rPFL 0.4526 0.7978 0.0890 0.3947 4.8702
rSSM 0.6448 0.6354 0.0791 0.9261 4.9942
rMixed 1.1820 1.3981 0.4521 1.4517 18.464

sideration. Second, the ratio r enables a more efficient way
of collecting the relevant data. Even a single experiment may
provide a large number of values r, simply by computing it
in each time cycle. Otherwise, we would need a dedicated
experiment to compute a single value of the metric.

The collected values, for the three scenarios, are reported
in Fig. 5 As one can notice, the average of rPFL is clearly
lower than the other two. Moreover, from Fig. 5 in particular
we can state that our mixed algorithm performs better than
the other two for medium and small distances since the right
part of the graph is dominated by the green color. At the same
time, we can also state that the Mixed algorithm performs
the same as SSM for high distances (as stated previously, the
robot reaches its maximum velocity without being limited
for safety reasons neither by SSM nor by the Mixed one)
since, in the middle part of the graph, the two superimpose.
Furthermore, a complete statistical comparison is reported
in Tab. I and shown in the box plots of Fig. 6. Statistical
tests confirm that SSM outperform the PFL method (left
tailed Mann-Whitney-Wilcoxon, p = 1.39 · 10−27), while
the developed mixed approach outperforms SSM (left tailed
Mann-Whitney-Wilcoxon, p = 7.21 · 10−54), in both cases
with a very high statistical significance. Finally, for a further
confirmation of the higher performance of the mixed SSM
and PFL method developed in this work as compared to the
two separate methods, Figures 7 and 8 report the distribution
of the end-effector velocity nTJ7q̇ in the three considered
scenarios (only positive values are reported). Also in this
case SSM outperforms the PFL (p = 5.65 · 10−114), while,
again, the mixed approach allows higher robot velocities with
respect to the pure SSM criterion (p = 6.46·10−16). In terms
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Fig. 6. Box plots of the three distributions of rPFL, rSSM and the
proposed rMixed.
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Fig. 7. Distribution of the end-effector approach velocity nTJ7q̇ for the
three scenarios: PFL (blue), SSM (red), and Mixed (green), sampled every
120 ms.
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Fig. 8. Box plots of the three distributions of the end-effector velocity
nTJ7q̇ for the three scenarios: PFL, SSM, and Mixed.

of end-effector velocity, on average, the mixed approach
performs 20% better than SSM and 460% better than PFL.

Not surprisingly, both metrics used in the paper (the
ratio r and the end-effector approach velocity nTJ7q̇ )



indicated the substantial performance improvement of the
mixed approach compared to PFL and SSM when applied
separately. For instance, the ratio r for the mixed approach
is on average almost twice as large with respect to SSM
and even more when compared with PFL. Another expected
behavior is that the improvement is more emphasized in
scenarios involving tight collaboration, i.e., when the average
human-robot distances are considerably small. The mixed
approach performs pretty much the same as SSM for larger
distances. This is not surprising since the robot may reach its
maximum velocity without being limited for safety reasons
neither by SSM nor by the mixed approach.

While the presented approach has shown to be promising
for enhancing productivity in collaborative applications, it
has two main limitations. The first one is related to a specific
geometric representation of humans. The current version of
the algorithm assumes that human operators are represented
via point clouds. Such an approach is arguably less general
than the surface-based representation, e.g., using triangle
meshes. However, despite our best efforts, the optimization
problem, which stems from the assumption of triangle-based
obstacles, remains intractable. The second limitation of the
methods scope is inherited from the potential limitations
of the robot itself. Namely, the algorithm assumes that the
robots design is consistent with the PFL paradigm. While
in principle the algorithm can be applied to an arbitrarily
articulated robot, the PFL-based assumption may exclude
some robots that are not intended for collaboration, e.g.,
robots having sharp edges, operating heavy payloads, etc.

V. CONCLUSIONS

In this paper, a new strategy to scale the velocity of an
industrial robot along a given path, so as to be consistent
with ISO/TS 15066 safety standards, has been proposed. The
method enforces a combination of the Speed and Separation
Monitoring with the Power and Force Limiting criteria,
reaching a higher overall production efficiency reaping full
benefit of the possibility for collaborative robots to gently ap-
proach the human body in case of collisions, while avoiding
unnecessary velocity limitations when they are not justified
by the perceived distance between human and robot. The
method selects the scaling coefficient in such a way that the
prescriptions of the safety standards are rigorously satisfied
for all points of the robot, at all time instants. The solution
is amenable to easy implementation in a realistic industrial
scenario, as the scaling factor can be conveniently assigned to
the robot through an Ethernet connection, without requiring
specific or research-oriented robot controller interfaces. A
safety-rated device to perceive the distance between human
and robot is required though.
Future work will explore the possibilities to enable more
general geometric representations, both for humans and
for robots links. Moreover, the motion of humans will be
considered as well.
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