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Abstract— A fundamental prerequisite to achieve a successful
human-robot cooperation is human safety, which becomes
even more crucial when multiple robots are involved in the
cooperative task. A general solution for addressing safety in
human-multi-robot scenarios is proposed in this paper. Human
safety is assessed by a safety field which accounts for the multi-
robot system as a whole. The assessment of human safety is
exploited within an optimization protocol where the robots’
cooperative task trajectory is scaled whenever required, while
exploiting the system redundancy. Control Barrier Functions
(CBFs) are adopted to set up the optimization problem and
kinematic and dynamic constraints are taken into consideration.
Finally, simulations on a realistic setup composed of three
industrial mobile manipulators show the effectiveness of the
proposed solution.

I. INTRODUCTION

bot systems and human-robot interaction represent two key

topics in the current scientific scenario. The former provide

enhancement of physical capabilities, execution time, and

robustness of the robotic system compared to the single robot

case; the latter enables benefiting from human cognitive and

manipulation skills in robotic settings [1]. Merging these two

components in a single system thus represents a promising

direction to achieve flexible and efficient production systems

handling dynamic tasks with any physical effort requirement.

However, enabling human-multi-robot collaboration re-

quires designing rigorous strategies to ensure human safety.

The presence of multiple robots in the system leads to: i)

increased risk of collision between the human and robotic

components compared to the single robot case, and ii)

possible constraints among the robots given by collaborative

tasks. A coexistence setting is considered in which humans

and robots share the same workspace but no physical contact

between them must occur. Moreover, as desirable in indus-

trial applications, we consider that the robots’ planned path

should not be altered by the human avoidance strategy.

In this work, motivated by the CANOPIES project1, that

aims at devising human-multi-robot interaction strategies

in the framework of precision agriculture, we propose a

scaling procedure for human-multi-robot safe coexistence.

We first introduce a safety field which assesses the human

level of safety with respect to the entire team of robots.

We then parameterize the cooperative task with respect to
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a scaling parameter which allows to modulate the robots’

velocity along the path without deviating from it. The scaling

parameter is determined as the output of an optimization

problem based on CBF formulation where also kinematics

and dynamics constraints of the robots as well as possible

redundancy are taken into account. This paper builds on [2]

with respect to which the following main aspects are intro-

duced: i) a more general formulation of the safety field is

provided which makes the multi-robot system intrinsically

safe when the robots are still, and ii) a CBF-based solution

is devised for trajectory scaling which allows to include

constraints on human safety as well as on possible positions,

velocities, and torques of each robot.

II. RELATED WORK

Traditional approaches for human-robot coexistence sce-

narios rely on carrying out evasive actions to move the

robot away from the human operator. For example, geometric

primitives are combined with attraction and repulsion vectors

in [3], while an augmented reality based on depth sensor is

exploited in [4] to stop or move the robot away from the

human. Human safety assessment is also exploited to drive

the evasive action, as instance, in [5].

However, all the aforementioned approaches do not guar-

antee any preservation of the planned path which is of

interest in any precision industrial task. In this regard, the

work in [6] presents a collaborative work-cell prototype in

which the human operator motion is monitored through both

depth and laser sensors for the sake of robustness. A Model

Predictive Control is formulated in [7] where the trajectory

is scaled down so as to guarantee that no collision occurs

with the robot end effector while kinematic redundancy is

exploited to maximize the human-robot distance. A solution

compliant with the ISO/TS 15066 is then proposed in [8]

where a CBF formulation is employed to modulate the robot

velocity according to power and force limits regulations

at the robot end effector. In addition, the entire structure

of the manipulator is taken into account in [9] where an

optimization problem is set up to define the velocity scaling

parameter. However, no human motion is taken into account

in the proposed formulation. A trajectory scaling approach

for Dynamical Movement Primitives is then provided in [10]

where velocity constraints are taken into account to achieve

a comfortable interaction for the operator.

In the context of human-multi-robot interaction, most of

existing results address safe navigation scenarios with no

manipulators and where only goal states are assigned, i.e.,

no desired path from start to goal is provided. As in-

stance, a framework for real-time replanning in human-multi-

robot settings is devised in [11] where human prediction
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is exploited to ensure human safety in a proactive manner.

However, no tight cooperative tasks and no path preserving

are considered. Similarly, a human-aware navigation problem

for multi-robot systems is tackled in [12] where a distributed

solution based on velocity obstacles is provided.

Differently from the presented works, we aim to devise a

trajectory scaling approach which is suitable for collaborative

multi-robot settings and in which the human motion is taken

into account as well as each robotic part is considered as a

possible source of danger to the human.

III. MATHEMATICAL BACKGROUND

This section presents the robot modeling and a task-

oriented formulation for cooperative tasks along with the

robot control law. Finally, the CBF framework is recalled.

A. Robot modeling

A team of N > 1 mobile manipulators is considered where

the generic robot i has the following dynamic model:

M i(qi)q̈i +Ci(qi, q̇i)q̇i + F iq̇i + gi(qi) = τ i (1)

where qi ∈ IRni (q̇i, q̈i) is the joint position (velocity,

acceleration) vector, τ i ∈ IRni is the joint torque vector,

M i(qi) ∈ IRni×ni is the inertia matrix, Ci(qi, q̇i) ∈
IRni×ni is the centrifugal and Coriolis terms matrix, F i ∈
IRni×ni is the viscous friction matrix and gi(qi) ∈ IRni is the

gravity vector. The end effector configuration with respect

to the world frame is denoted by xi =
[

pT
i , φ

T
i

]T
∈ IRp,

with pi and φi the position and orientation components,

respectively, for which it holds

ẍi = J i(qi)q̈i + J̇(qi, q̇i)q̇i (2)

with J i(qi) ∈ IRp×ni the manipulator Jacobian matrix.

Let n be the total number of Degrees Of Freedom (DOFs)

n =
∑N

i=1 ni, the following collective variables are defined

x =
[
xT
1 , xT

2 , . . . , xT
N

]T
∈ IRNp

q =
[
qT
1 , qT

2 , . . . , qT
N

]T
∈ IRn

J(q) = diag{J1(q1), . . . ,JN (qN )} ∈ IRNp×n.

(3)

Moreover, we consider that position, velocity and torque con-

straints exist for each manipulator as in real-world settings:

qi,m≤ qi ≤ qi,M , q̇i,m≤ q̇i ≤ q̇i,M , τ i,m≤ τ i ≤ τ i,M (4)

which are component-wise and where qi,m (q̇i,m, τ i,m)

and qi,M (q̇i,M , τ i,M ) are the minimum and maximum

joint position (velocity, torque) values, respectively. Torque

bounds can be converted into acceleration bounds provided

that an accurate model of (1) is available and by exploiting

the following quantities






χi,1 = M i(qi)
−1
(

τ i,M −Ci(qi, q̇i)q̇i−F iq̇i−gi(qi)
)

χi,2 = M i(qi)
−1
(

τ i,m −Ci(qi, q̇i)q̇i−F iq̇i−gi(qi)
)

which depend on the robot state. Let us introduce the vari-

ables q̈i,m = min{χi,1, χi,2} and q̈i,M = max{χi,1, χi,2},

with min,max intended component-wise, it follows

q̈i,m ≤ q̈i ≤ q̈i,M . (5)

B. Cooperative task specification

The robot cooperative task is specified by a task function

σ(x) ∈ IRm depending on the collective vector x

σ = Jσx, σ̇ = Jσẋ, σ̈ = Jσẍ (6)

with Jσ ∈ IRm×Np the constant task Jacobian matrix that

can be used to formalize a variety of multi-robot tasks [13]

(see an example in Sec. VI). A desired nominal trajectory

σn(t) (σ̇n(t), σ̈n(t)) corresponding to the task variables

in (6) is assumed to be available. The trajectory is param-

eterized through a parameter c(t) such that c : [t0, tf ] ∈
IR → [t0, tf ] ∈ IR, with t0 and tf the start and final time

instants of the nominal trajectory, respectively. Based on c(t),
a reference trajectory σr(t) (σ̇r(t), σ̈r(t)) is generated:







σr(t) = σn(c(t))

σ̇r(t) =
∂σn(c(t))

∂c
ċ(t)

σ̈r(t) =
∂2σn(c(t))

∂c2
ċ2(t) +

∂σn(c(t))

∂c
c̈(t)

(7)

which is the trajectory actually tracked by the robots. It

follows that the case c(t) = t implies σn(c(t)) = σn(t) and

that ċ = 1, c̈ = 0 implies σ̇n(c(t)) = σ̇n(t), σ̈n(c(t)) =
σ̈n(t). The rationale behind this design choice is that, by

modulating the scaling parameter c(t), the nominal trajectory

σn(t) can be online scaled to take into account human safety.

C. Multi-robot low-level control

Let qr,i(t) ∈ IRni (q̇r,i(t), q̈r,i(t)) be the reference joint

position (velocity, acceleration) of robot i. We make the

following assumption which is typically fulfilled for off-the-

shelf robots.

Assumption 1. Each robot is equipped with an inner motion

control loop which guarantees tracking of a reference joint

trajectory, i.e., qr,i ≈ qi (q̇r,i ≈ q̇i, q̈r,i ≈ q̈i).

Based on the above assumption and on the kinematic

model (2), the following virtual model is considered

ẍi = J i(qi)ui + J̇ i(qi, q̇i)q̇i (8)

where ui = q̈i ≈ q̈r,i is the input of the assumed virtual

model to design for tracking the cooperative reference trajec-

tory σr(t). By virtue of (3), the overall system dynamics is

ẍ = J(q)u+ J̇(q, q̇)q̇ (9)

with u =
[
uT
1 , . . . ,u

T
N

]T
∈ IRn. The input u is designed by

resorting to a standard closed loop inverse kinematic law [14]

u = J†
[

J†
σ

(
σ̈r+kσ,d ˙̃σ +kσ,pσ̃

)
− J̇ q̇

]

+∆u (10)

where σ̃(t) = σr(t) − σ(x(t)) ∈ IRm is the task tracking

error, ∆u =
[
∆uT

1 , . . . , ∆uT
N

]T
∈ IRn is an additional

input. By recalling (2) and (6), it easily follows:

Jσ(Ju+ J̇ q̇) = Jσẍ = σ̈ = σ̈r+kσ,d ˙̃σ+kσ,pσ̃+JσJ∆u

which can be rewritten as ¨̃σ +kσ,d ˙̃σ + kσ,pσ̃ = −JσJ∆u

according to which the error σ̃ exponentially converges to

the origin in the case J∆u = 0.



D. Exponential Control Barrier Function

In this section, we briefly review the theory underlying

CBFs which allows to handle constraint set-based tasks [15].

Let us a consider a system with dynamics

ξ̇ = f(t, ξ) + g(ξ)u (11)

where f and g are Lipschitz-continuous vector fields,

ξ ∈ D ⊂ IRl and u ∈ U ⊂ IRq are state and input of

the system, respectively. Let the k th generic constraint

be expressed in the following general form hk(t, ξ) ≥ 0
where hk(·) is a continuous differentiable function

in the domain D. The following sets are defined:

Ck = {ξ ∈ IRl : hk(ξ) ≥ 0}, ∂Ck = {ξ ∈ IRl : hk(ξ) = 0}
and Int(Ck) = {ξ ∈ IRl : hk(ξ) > 0}, implying that the

state ξ is required to belong to the set Ck in order to

satisfy constraint hk. Let us assume that the relative

degree r of hk is greater or equal to 1, i.e., ∀ξ ∈ D,

LgL
i
fhk(ξ) = 0, ∀i ≤ r − 2, LgL

r−1
f hk(ξ) 6= 0 with

Lfhk, Lghk the Lie derivatives of hk with respect

to f and g, respectively, and let us define vector

η(ξ) = [hk Lfhk · · · Lr−1
f hk], then hk is an Exponential

CBF for (13) if there exists a vector Kη ∈ IR1×r such that

sup
u∈U

[

Lr
fhk(ξ) + LgL

r−1
f hk(ξ)u

]

≥ −Kηη(ξ) (12)

with −Kη coefficients of a Hurwitz polynomial, and the set

Ck is positively forward invariant. Since (12) is affine in the

control input u, the latter can be computed as the result of

a convex optimization problem subject to constraint (12)

u⋆ = argmin
u

1

2

(
u− u(·)

)T
Q
(
u− u(·)

)

s.t. sup
u∈U

[

Lr
fhk(ξ) + LgL

r−1
f hk(ξ)u

]

≥ −Kηη(ξ), ∀ k

(13)

where u(·) is the desired nominal input as specified in the

following and Q ∈ IRq×q is a positive definite matrix.

IV. HUMAN SAFETY ASSESSMENT

Building on [2], a safety field accounting for human-multi-

robot relative position and velocity is defined. The following

features are embedded:

F.1 the case of still robots is intrinsically safe having the

field not falling below a provided minimum value;

F.2 the lower the human-robot relative distance, the lower

the safety;

F.3 when robots and human are moving against each other,

safety must decrease depending on the negative relative

velocity, while when they are moving away from

each other, safety must increase depending on positive

relative velocity.

The case of single point P of the robot structure and single

point Po of the human operator is first considered and the

following local scalar safety index is defined:

f(p, ṗ,po, ṗo)=α1(d)+m(ṗ)α2(d, ḋ)+(1−m(ṗ))fmin

(14)

where p (ṗ) ∈ IR3 is the position (velocity) vector of the

robot point P , po (ṗo) ∈ IR3 is the position (velocity) vector

of the human point Po, d = ‖p−po‖ is the distance between

P and Po, m(ṗ) is a smooth modulating function which is

monotonically increasing with respect to ‖ṗ‖ and is 0 for

‖ṗ‖ = 0 (still robot point P ), and 1 for ‖ṗ‖ ≥ mh (moving

robot point P ), with mh ∈ IR+ a threshold to design and,

finally, fmin is the local minimum safety, which is always

fulfilled when ‖ṗ‖ = 0. Note that the modulating function

m allows to guarantee feature F.1. Moreover, the higher the

threshold mh, the larger the range of velocities in which the

the robot is considered safe. Such a feature can be adopted

to account, for example, for the size of the robot (greater for

small-size robots and lower for medium or big ones).

Concerning function α1, it is any non negative continu-

ous monotonically increasing Lipschitz function accounting

for F.2. Function α2(d, ḋ) is any continuous monotonically

increasing function with respect to ḋ which is negative for

ḋ < 0 and positive for ḋ > 0; then, according to F.3,

it decreases the value of the field f whenever the relative

distance is decreasing and increases f when the relative

distance is increasing. A possible choice of α1, α2 and m
in (14) is:






α1(d) = d, α2(d) = tanh(ḋ)

m(ṗ)=







6

(
‖ṗ‖

mh

)5

−15

(
‖ṗ‖

mh

)4

+10

(
‖ṗ‖

mh

)3

,
‖ṗ‖

mh

≤ 1

0,
‖ṗ‖

mh

> 1.

(15)

We can now introduce the global safety field associated with

the human-multi-robot system. As in [16], the end points

of the links of the human skeleton are considered. The

cumulative safety index related to robot i is obtained by

integrating f in (14) along the robot links and by evaluating

it for each human point [2]. Each link l of robot i is modeled

as a segment starting at p0
i,l and ending at p1

i,l:






Fi,l =

∫ 1

0

f(ps
i,l, ṗ

s
i,l,po, ṗo)ds

ps
i,l = p0

i,l+ (p1
i,l − p0

i,l)s

ṗs
i,l = ṗ0

i,l+ (ṗ1
i,l − ṗ0

i,l)s

(16)

with s ∈ [0, 1]. By denoting with no the total number of

human points and with po,j the position of the j th one,

the safety index associated with the j th human point with

respect to the i th robot can be easily defined from (16) as

F̄i,j =
∑ni

l=1 Fi,l(p
0
i,l,p

1
i,l, ṗ

0
i,l, ṗ

1
i,l,po,j , ṗo,j). (17)

By considering all the human points, the cumulative safety

index associated with the i th robot can be derived

F̄i =
1

no

∑no

j=1 F̄i,j(qi, q̇i,po,j, ṗo,j) (18)

which is finally extended to the team of robots as follows

F̄ =
∑N

i=1 F̄i,
˙̄F =

∑N
i=1

˙̄Fi. (19)

V. PROBLEM STATEMENT AND PROPOSED SOLUTION

In this section, the main problem addressed in the paper is

formulated, and the derivative of the safety field is computed.

The latter is finally exploited to define a CBF-based solution.



Problem 1. Let us consider N mobile manipulators per-

forming a cooperative task expressed by a task function σ(x)
in (6), for which a desired trajectory σn(t) is assigned. Let

us consider a human operator shares the same workspace of

the robots and the level of human safety is assessed by the

index F̄ (t) in (19), for which a time-varying minimum value

F̄min(t) is assigned. The objective is to modify σn(t) to

generate a reference trajectory σr(t) in (7) which guarantees

the safety condition F̄ (t) ≥ F̄min(t), ∀t, to be always

satisfied while meeting the robots position, velocity and

acceleration constraints in (5).

In [2], it is proven that F̄min(t) can be chosen in such a

way to ensure a minimum safety distance between the human

operator and any robots in the team. A further possibility

consists in experimentally calibrating F̄min according to the

estimated human stress or perceived level of danger [17].

A. Time derivative of the safety field F̄

In the following, the time derivative of the safety field

F̄ in (19) is computed. To this aim, the derivative of local

safety field f in (14) is first computed:

ḟ =

(

∂α1(d
s
i,l)

∂dsi,l
+m(ṗs

i,l)
∂α2(d

s
i,l, ḋ

s
i,l)

∂dsi,l

)

ḋsi,l

+m(ṗs
i,l)

∂α2(d
s
i,l, ḋ

s
i,l)

∂ḋsi,l
d̈si,l +

(

α2(d
s
i,l, ḋ

s
i,l)− fmin

) ∂m(ṗs
i,l)

∂ṗs
i,l

T

p̈s
i,l

(20)

where dsi,l = ‖ps
i,l − po‖. Note that whenever the robot

point is still (ṗs
i,l = 0p), being ∂m(ṗs

i,l)/∂ṗ
s
i,l = 0T

p and

m(ṗs
i,l) = 0, it holds ḟ = ∂α1(d

s
i,l)/∂d

s
i,l, which means that

the safety field can only change if the human moves in such

a way to modify the distance dsi,l.
By differentiating the distance term, one obtains

ḋsi,l =
(ps

i,l − po)
T (ṗs

i,l − ṗo)

dsi,l
, d̈si,l = βT

1 p̈
s
i,l + β2

with dsi,l 6= 0 and β1 ∈ IR3 and β2 ∈ IR defined as






β1 =
ps
i,l − po

dsi,l

β2 =−βT
1 p̈o+

‖ṗs
i,l−ṗo‖

2

dsi,l
−
[βT

1 (ṗ
s
i,l−ṗo)]

2

dsi,l
.

Now, let us consider the relation between the linear acceler-

ation p̈s
i,l and the joints variables of the same robot i, i.e.,

p̈s
i,l = Js

i,l(qi)q̈i + J̇s
i,l(qi, q̇i)q̇i (21)

with Js
i,l ∈ IR3×ni the positional Jacobian matrix associated

with ps
i,l. Considering (10), (21) can be rewritten as

p̈s
i,l = Js

i,lSiJ
†
[

J†
σ

(
σ̈r+kσ,d ˙̃σ +kσ,pσ̃

)
−J̇ q̇

]

+Js
i,l∆ui +J̇s

i,lq̇i

(22)

where Si ∈ IRni×n is a selection matrix defined as

Si = {On1
· · · Ini

︸︷︷︸

i th robot

· · · OnN}.
(23)

By considering the reference trajectory in (7), (22) leads to

p̈s
i,l = γ1c̈+ Γ 2∆ui + γ3 (24)

that is linear with respect to c̈ and ∆ui and where the

coefficients γ1,γ3 ∈ IR3 and Γ 2 ∈ IR3×ni are defined as:






γ1 = Js
i,lSiJ

†J†
σ

∂σn

∂c
, γ2 = Js

i,l

γ3 =Js
i,lSiJ

†

[

J†
σ

(
∂2σn

∂c2
ċ2 +kσ,d ˙̃σ + kσ,pσ̃

)

−J̇ q̇

]

+J̇s
i,lq̇i.

In view of (20) and (24), it follows ḟ=λ1c̈+ λT
2 ∆ui + λ3

where the expressions of λ1, λ3∈ IR and λ2 ∈ IR3 are






λ1 = m(ṗs
i,l)β

T
1 γ1

∂α2

∂ḋsi,l
+ (α2−fmin)

∂m(ṗs
i,l)

∂ṗs
i,l

T

γ1

λ
T
2 = m(ṗs

i,l)β
T
1 Γ 2

∂α2

∂ḋsi,l
+ (α2−fmin)

∂m(ṗs
i,l)

∂ṗs
i,l

T

Γ 2

λ3 = m(ṗs
i,l)(β

T
1 γ3+β2)

∂α2

∂ḋsi,l
+

(

∂α1

∂dsi,l
+m(ṗs

i,l)
∂α2

∂dsi,l

)

ḋsi,l

+ (α2 − fmin)
∂m(ṗs

i,l)

∂ṗs
i,l

T

γ3.

Therefore, by virtue of (16), (17) and (18), ḟ is extended to

the entire structure of the i th manipulator:

˙̄Fi = µ1,i c̈+ µT
2,i ∆ui + µ3,i

with µ1,i, µ3,i ∈ IR and µ2,i ∈ IR3 defined as






µ1,i =
1

no

no∑

j=1

ni∑

l=1

∫ 1

0

λ1(p
s
i,l, ṗ

s
i,l,po,j, ṗo,j , qi, q̇i, c) ds

µT
2,i =

1

no

no∑

j=1

ni∑

l=1

∫ 1

0

λ2(p
s
i,l, ṗ

s
i,l,po,j, ṗo,j , p̈o,j , qi, q̇i, c, ċ) ds

µ3,i =
1

no

no∑

j=1

ni∑

l=1

∫ 1

0

λ3(p
s
i,l, ṗ

s
i,l,po,j, ṗo,j , p̈o,j , qi, q̇i, c, ċ) ds.

Finally, the time derivative of F̄ (t) in (19) is expressed as

˙̄F (t) = µ1(t) c̈(t) + µ2(t)
T∆u+ µ3(t) (25)

with µ1 =
∑N

i=1 µ1,i, µ2 = [µT
1,i . . . µT

N,i]
T ∈ IRn and

µ3 =
∑N

i=1 µ3,i.

B. Proposed solution

We are now ready to present the proposed solution to

Problem 1. Let us consider the model in (9) that implies

q̈ = u. The latter can be rewritten as
[
q̇

q̈

]

=

[
On In

On On

] [
q

q̇

]

+

[
On

In

]

u (26)

which, by virtue of (7) and the control input (10), leads to
[
q̇

q̈

]

=

[
On In

On On

] [
q

q̇

]

+

[
On 0

In J†J†
σ
∂σn

∂c

] [
∆u

c̈

]

+

[
On

In

](

J†

[

J†
σ

(
∂2σn

∂c2
ċ2(t)+kσ,d ˙̃σ +kσ,pσ̃

)

− J̇ q̇

])

= f q(t, q, q̇, c, ċ) + gq(t, q, q̇)

[
∆u

c̈

]

where the expressions of fq and gq are straightforward. By

setting c̈ = uc, it holds
[
ċ
c̈

]

=

[
0 1
0 0

][
c
ċ

]

+

[
0n,1 0
0n,1 1

][
∆u

uc

]

=fc(c, ċ)+gc(c, ċ)

[
∆u

uc

]

(27)



where, again, f c and gc can be easily computed. Therefore,

the overall system dynamics is






q̇

q̈

ċ
c̈






=

[
fq(t, q, q̇, c, ċ)

f c(c, ċ)

]

+

[
gq(t, q, q̇)
gc(c, ċ)

] [
∆u

uc

]

(28)

that, by defining ξ = [qT q̇T c ċ]T , can be rewritten as

ξ̇ = f (ξ) + g(ξ)

[
∆u

uc

]

(29)

which is in the same form as in (11). At this point, the

following constraint optimization problem is defined

min
∆u,uc

δ1
2
(∆u − un)

T (∆u− un) +
δ2
2
(uc − uc,n)

2 (30)

s.t. F̄ ≥ F̄min (31)

0 ≤ ċ ≤ 1 (32)

qi,m ≤ qi ≤ qi,M , ∀i (33)

q̇i,m ≤ q̇i ≤ q̇i,M , ∀i (34)

q̈i,m ≤ q̈i ≤ q̈i,M , ∀i (35)

∆u ∈ N (J(q)) (36)

with δ1, δ2 positive scalar weights. Each constraint is detailed

in the following: i) eq. (31) handles human-multi-robot safety

according to Problem 1; ii) eq. (32) defines the bounds

for the scaling parameter ċ. Indeed, according to the task

trajectory parametrization in Sec. III-B, the parameter c plays

the role of time variable t and is properly scaled to guarantee

human safety. Therefore, ċ ≥ 0 means that time parameter

c never decreases, meaning that the task trajectory cannot

be traveled backwards. Similarly, ċ ≤ 1 means that the

same trajectory cannot be traveled at a speed greater than

the nominal one; iii) eqs. (33)-(35) take into account robots

kinematic and dynamic limits in (5); iv) eq. (36) allows to

exploit the possible redundancy of the system. Indeed, by

constraining ∆u to belong to the null-space of Jacobian

J(q), the cooperative task would not be affected by this

input that could be exploited to achieve additional local or

global tasks encoded by un. Each of the constraints can be

handled in the framework of Exponential CBF in Section IV.

Concerning the objective function (30), it aims at finding

inputs ∆u, uc closest to un and uc,n, respectively, while

meeting the constraints above. The input uc,n is chosen as

uc,n = kc,d (1− ċ(t)) (37)

with kc,d∈ IR a positive gain; in view of (27), having uc equal

to uc,n implies c̈ = kc,d (1− ċ(t)) which has as asymptotic

value ċ = 1, i.e., nominal speed of the cooperative task.

VI. SIMULATION RESULTS

The approach presented above has been corroborated via

simulations on the setup shown in Figure 1. A video can

be found at the following link2. The setup comprises 3
cooperative robots (N = 3) composed of a Comau Smart

Six (6-DOFs) robot mounted on a mobile base (2-DOFs).

For each robot, it holds p = 6, ni = 8 (i = 1, 2, 3) and the

2http://webuser.unicas.it/lai/robotica/video/HMRIMED2021.mp4

following kinematic and dynamic bounds are considered:

qi,m=
[
−30,−30,−2.97,−3,−1.57,−3.7,−2.27,−44

]T
,

qi,M =
[
30, 30, 2.97, 1.13,1.4, 3.7, 2.27, 50

]T
(first

two components are m, others are rad);

q̇i,m =
[
2, 2, 2.4, 2.8, 3, 7.85, 6.5, 9.5

]T
, q̇i,M =−q̇i,m

(first two components are m/s, others are rad/s);

τ i,M =
[
500,500,877, 1460,558,46, 58, 46

]T
, τ i,m =

−τ i,M (first two components are m/s2, others are rad/s2).

Robots perform cooperative load transportation tasks be-

tween two picking stations (PS1 and PS2 in Figure 1)

and a depositing one (DS), while a human operator first

reaches base station BS1 and, then, moves from BS1 to

BS2. To achieve the robotic task, σ(x) in (6) is expressed

PS1

PS2

BS1

BS2

DS

a) b) c)

Fig. 1. Snapshots of the key phases of the simulation: Figure (a) reports the
initial configuration of the work-cell; Figures (b) and (c) show the first and
the second cooperative transport motions, respectively. Picking (PSi, i =
1, 2) and depositing (DS) stations are highlighted as well as the two base
stations of the human operator (BSi, i = 1, 2).

by specifying both position and orientation of the centroid

of the end effector poses and their relative configuration as

in [13]. The absolute variables σ1 ∈ IRp are obtained as

σ1 =
1

N

∑N
i=1 xi = Jσ1

x (38)

with Jσ1
= 1

N
1
T
N ⊗ Ip ∈ IRp×Np; instead, the relative

variables, denoted by σ2 ∈ IR(N−1)p, are expressed as

σ2 = [(xN − xN−1)
T . . . (x2 − x1)

T ]T = Jσ2
x (39)

from which the expression of Jσ2
∈ IR(N−1)p×Np can be

derived. By stacking together absolute and relative variables

in (38) and (39), respectively, the task function in (6) is

σ = Jσx with Jσ = [JT
σ1

JT
σ2
]T∈ IRm×m and m = Np. As

foreseen by the approach and formally stated in Problem 1,

a nominal desired trajectory σn(t) is planned for σ.

Functions α1, α2,m in (14) are chosen as in (15) with

mh = 0.1m/s, fmin = 0.1, while kσ,d and kσ,p in (10)

are set to 20 and 100, respectively, and kc,d = 4 in (37);

moreover, no = 15 is considered in (18) to take into account

significant human points like head, neck, torso, shoulders,

arms [16]. Finally, F̄min(t) in Problem 1 is chosen constant

and equal to 33, while δ1 = δ2 = 1 are set in (30).

In Figure 2, the value of F̄ (t) is reported. The blue

line represents the safety field, while the green one is in

correspondence of F̄min. The figure shows that the field is

saturated to the minimum value in two different phases, that

are when the human operator is reaching BS1 (Figure 1(b),

between t ≈ 12 s and t ≈ 17 s) and robots are cooperatively

moving from PS1 to DS, and when the human is crossing the

workspace while robots are moving from PS2 to DS (Figure

1(c), between t ≈ 50 s and t ≈ 53 s).

Figure 3 shows the scaling parameters c(t), ċ(t), c̈(t) (in

blue) compared to the nominal values t, ṫ = 1, ẗ = 0



time[s]
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Fig. 2. Safety field evolution. The blue line represents F̄ (t) while the
green one corresponds to F̄min = 33.

(in green), respectively. A slowing down of the trajectory

(ċ(t) < 1) occurs in correspondence of the field saturation

phases mentioned above in order to guarantee human safety.

Other scaling phases are due to the requirement of meeting

accelerations bounds as shown in the following. Note that,

by virtue of (37), the condition ċ = 1 is restored after

the scaling phases, i.e., the nominal trajectory is restored.

Finally, Figure 4 shows how the CBF-based approach can
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Fig. 3. Scaling parameters. The blue lines represent scaling parameters
while the green ones correspond to nominal values.

handle multiple constraints. In detail, the figure reports the

time plots of the first two components of q̈i (i = 1, 2, 3),

denoted by q̈i,j with j = 1, 2, (the only ones subject to

saturation in this case study) and the corresponding bounds

(in green). Figure shows how bounds are rigorously met. The

other components are not shown for the sake of brevity.

VII. CONCLUSIONS

In this paper, we proposed a trajectory scaling approach

for guaranteeing human safety in multi-robot settings. We

first defined a safety field to assess the human level of

safety with respect to the entire team of robots. Then, we

set up an optimization problem based on CBF formulation

to guarantee a minimum level of human safety as well as to

ensure that kinematics and dynamics constraints of the robots

are fulfilled. As future work, we aim to perform experiments

on a real setup and to include human prediction techniques

to increase the system proactivity.
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