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Energy-shaping Controller for Time-invariant Multiple Contacts

Ehtisham ul Hasan! and Angelika Peer?

Abstract— While in the past industrial robots were strictly
separated from humans, today robots serve humans in a
variety of industrial applications that also involve close or even
physical human-robot interaction. Hereby, safety is of utmost
importance and thus, the design of the control system needs
to ensure a stable and safe operation. In this context, safety
has been mainly addressed for single interaction points. In this
article, we present an energy shaping controller that is capable
of ensuring safety even in the case of multiple human contact
points that may occur when co-manipulating an object. The
presented approach is tested and validated in experiments. Re-
sults indicate that for the studied co-manipulation task involving
time-invariant multiple human contacts, a safe interaction can
be achieved.

I. INTRODUCTION

Today, robots collaborate with humans in a range of
industrial applications and some of them may also require
robots to operate in close interaction with humans or to
interact with them directly or via objects. Hereby, contacts
may occur intentionally or unintentionally. In all cases, safety
is of utmost importance to prevent harmful events.

Safety standards for human-robot collaborative operation
can be found in the technical specification ISO/TS 15066
[1]. It defines four different operation modes 1) safety-rated
monitored stop, 2) hand-guiding, 3) speed and separation
monitoring as well as 4) power and force limiting to guar-
antee safe human-robot interaction. The latter mode allows
for contact between human and robot if power and force at
the contact points can be guaranteed to remain below certain
thresholds, e.g. by exploiting special control techniques.

The Port-Hamiltonian (PH) framework has been found
useful for modeling systems and their interactions and it has
been also widely used to develop different types of safety-
related energy shaping controllers [2], [3], [4], [5], [6]. The
framework allows to represent a system in terms of energy
variables and to break it down into independent sub-systems
with the help of the port concept. The individual sub-systems
can then be coupled with each other via power ports to
build more complex systems, whereby the subsystems can
exchange energy with each other.
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In [3], authors for example presented an energy-based
safety controller that shapes the energy and power over
a single contact point with the human and keeps power
and energy below certain thresholds to prevent harmful
behaviours of the robot. In addition to shaping the energy
at the human interaction port, a model for estimating muscle
fatigue has been considered. Similarly, but more recently, the
authors in [7] proposed an energy-shaping controller that
limits the kinetic energy exchanged during collisions and
the potential energy during clamping scenarios. However, for
both works, the authors focused only on a single interaction
point.

In [2], authors considered a human-robot team interaction
in which the human commands the overall behaviour of a
robot consisting of two KUKA LWR cooperative manipula-
tor arms mounted on a mobile base via hand gestures, while
the robot manipulators are controlled to comply with forma-
tion constraints to be able to hold and transport an object.
Authors modelled the overall system as Port-Hamiltonian
system and exploited the related energy function to enhance
safety. The developed controller was tested in simulation
and in experiments for maintaining the desired constrained
system formation while achieving the desired energy-shaping
behaviour. The proposed approach again considers only one
interaction point with the human, whereby in this particular
case even only a virtual and no real physical interaction point
was considered.

Energy and power exchange over single interaction points
have been studied also in [8] and [9], where a human
interacted with a single and multi-DOF robot, respectively.
The authors presented a safety and energy-aware impedance
controller for collaborative robots. The controller allows to
enforce energy and power limitations to ensure safe human-
robot interaction for single human contact points.

The Port-Hamiltonian (PH) formulation facilitates an
energy-based analysis by expressing system dynamics in
terms of energy variables and power ports, providing a
well-suited energy-based representation of physical human-
robot interaction. Unlike conventional modeling techniques,
PH systems natively encode energy storage, dissipation, and
transfer, enabling structured, modular interconnections and
controller designs that respect physical energy limits. This is
particularly beneficial in safety-critical applications, where
compliance and energy and power limits must be guaranteed.
Without the PH formulation, ensuring such behavior in multi-
contact scenarios would be significantly more complex.

Summarizing, energy and power limiting concepts are
well known in literature, but are so far mainly applied to
situations with a single interaction point. In this article, we
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Fig. 1. Frame of reference for single human contact point and a virtual
spring connected between the current and desired end-effector configura-
tions.

aim at extending the concept of [9] to multiple human contact
points, by exploiting the Port-Hamiltonian framework and
combining it with the concept of the grasp matrix for devel-
oping an energy-shaping controller. The final control scheme
shapes the energy flow at multiple time-invariant human
contact points during the execution of a co-manipulation task.
This article is organized as follows. Section II introduces
the new control scheme, while Section III evaluates it in real
experiments. Conclusions are drawn in section IV.

II. ENERGY SHAPING CONTROLLER

In the following subsections, we first briefly review the
energy shaping controller for a single interaction point as
presented in literature, while then we report its needed ex-
tensions to account for the case of multiple human interaction
points occurring when commonly handling an object.

A. Energy Shaping Controller for Single Interaction Point

1) Impedance Control: Following [9], an impedance con-
trol scheme is formulated within the Port-Hamiltonian frame-
work allowing to describe the system in terms of stored
energy and power passing over interaction points and to
control both of them with the help of an energy-shaping
controller.

The current and desired homogeneous configurations of
the robot end-effector are considered hereby to be connected
via a multidimensional virtual spring, see Fig. 1, whereby the
current and desired configurations of the robot end-effector
are given by {c} and {d}.

The current and desired configuration of the robot end-
effector can be described with respect to the base frame {0}
of the robot with the help of homogeneous transformations,
H? ¢ R¥™* and HY € R***, respectively. Similarly, the
human contact can be described by the homogeneous trans-
formation HY,, € R**%. The wrench exerted by the virtual
spring of the impedance controller, is considered a function
of the relative configuration HS € R**4, between the current
and desired pose of the robot end-effector (see Fig. 1) and
can be defined as

Hj=(H;)"'-Hy = (074 ”f) : ()

With the help of this relative configuration the wrench
acting on the robot end-effector due to the virtual spring of
the impedance controller is given by [10]:

= ~2as(G,R) — as(G, RIPPGRG) — 2as(Gp3RY),
2

f = —R{as(Gip)) R — as(GiRIpiRY) — 2as(G.Ry),

3)
where, m refers to the torques and f to the forces, both
expressed in robot end-effector frame {c}, hence the wrench
vector can be written as WS = [f m)|”. Hereby, p refers to
the corresponding vector’s skew-symmetric matrix, and the
as() operator refers to the skew-symmetric part of a square
matrix. The matrices G, G, and G. all € R3*3, define
the co-stiffness matrices and are responsible for defining
the initial potential energy of the system and are computed
with the help of the symmetric translational K, € R3*3,
rotational K, € R3*3 and K. € R®**3 coupling stiffnesses
as follows:

1
G, = §tr(Kx)Is — (Ky) with z€{toc}, 4

where I,, € R"*" refers to the identity matrix. By applying
a coordinate transformation, the wrench given in the end-
effector frame can be expressed in the robot base frame {0}
by

W) = —Ad W, )

where W0 € R6%! denotes the wrench exerted by the
impedance controller due to the virtual spring attached
between the current and desired configuration of the robot
end-effector and expressed in the robot base frame {0} and
Ad() represents the Adjoint of a matrix.

Thus, the corresponding robot command torque 7. € R7*!
can be determined with the Jacobian transpose as follows:

.= J" (@)W — Bq, (6)

where J € R5%7 is the robot Jacobian, B € R"*7 refers
to the damping added to each joint of the robot manipulator
in joint space to adjust the robot dynamic behaviour and
G € R™1 is the joint velocity.

2) Safety-aware Variable Impedance Control: To guaran-
tee safety, first the energy stored in the system needs to be
considered, as in adverse situations it may be dissipated over
the human contact point. The Hamiltonian energy function £
is given by the kinetic energy of the robot and the potential
energy stored in the robot.

Thus, the total energy can be expressed as follows:

whereby the kinetic energy of the robot T} (g, q) is given by:

Etot =

1
Ti(g,4) = 54" M(9)4: )



IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2026, Vienna, Austria. Cite as RA-L paper.

Similarly, the potential energy stored in the virtual spring
of the impedance controller can be calculated as follows:
Vo(R; pg) = Vi(Rg, pg) + Vo(Rg) + Ve(Rg, pg),  9)

where Vi(RS,p5) , Vo(R5) and V.(RS, p5) are the trans-
lational, orientational and coupling element of the potential
energy and are computed following [10]:

Vi(Rg,p3) =
Vo(RG) =
Vo(RG,py) =

1 ~C ~C 1 ~C C ~C
- ZtT(PthPd) - Ztr(dethprd),

—tr(G,RY),
tr(G.RIpY). (10)
Then, following [11], [12] the amount of potential energy
Vo (RS, pg) that the virtual spring can supply to the system
can be regulated to remain below desired thresholds to
assure safety. This is possible since the components of the
potential energy in (10) are proportional to the co-stiffness
matrices G, G, and G, [9]. Choosing an initial set of co-
stiffness matrices and scaling these co-stiffness matrices with
a scaling parameter A such that G, = \G, (for x = ¢, 0, ¢)
with:
if Etot < Emaa:a
otherwise,

1
A = {E'mam_Tk(qvq) (11)

Vi (R3P3)

allows the total energy in the system to be limited to a
maximum energy F,,,.. Hereby the index {u} refers to the
unscaled co-stiffness matrices and related potential energy.
Once the scaling parameter A is adjusted, the energy stored
in the system is given by:

Etot = Tk(qvq) + AV, u( g’pg) (12)

Next, to limit the rate of the transfer of energy (power)
to the human collaborator, the power that can be transferred
to the human needs to be limited. In this regard, given the
applied wrench at the human contact W}*¢ € R®*!, and the
wrench applied by the impedance controller W, the power
supposed to be dissipated via the human contact point defined
as Pp. can be computed by:

Phe = —(JT (@)W — Bg)"q. (13)

The power dissipation via the contact point is regulated
by adjusting the damping parameter 8 [11], [12]. The power
dissipation at the human contact point can be limited to a
maximum P,,,, by choosing 5 as follows:

T T
6 - PmazJFEj‘;B(Z)W”) 9 lf Phc < Pmaafa (14)
1 otherwise,
with
B =8B, (15)

where B is the new joint damping matrix calculated with
the help of the scaling parameter 5 and the unscaled joint
damping matrix B,,.

3) Passivity through Energy Tanks: Finally, passivity and
with this stability of the control scheme is guaranteed by
the introduction of energy tanks [9]. They are needed since
the safety-related scaling of the impedance parameters can
result in loss of passivity of the system. In total, n energy
tanks are defined, corresponding to the number of degrees
of freedom of the controllable joints. Each energy tank is
modeled as a spring H(s), = 3ks* with constant stiffness
(k = 1) connected to the robot through a transmission. This
transmission is responsible for allowing the power to flow
from the controller to the robot and is regulated by the ratio
u that is computed using

“Ten
J— Sn
Un = “Ten s
2 n
v

where v = 1/2¢ and € is the minimum amount of energy in
the tank before the robot and the controller are decoupled and
Te, 1s the torque computed by the control scheme for each
degree of freedom. Once the transmission ratio is adjusted in
accordance to the energy levels in the energy tanks H,,(s),
the final control torque to be sent to joint n is given by

if Hy(sn) > €,

16
otherwise, (16)

a7

Tn = —Up * Sp-

As a result power can only flow from the controller to the
robot if there is still energy left in the tank, which guarantees
passivity.

B. Energy Shaping Controller for Multiple Interaction Points

As main contribution of this work we present an energy-
shaping controller that besides controlling the total energy
in the system, allows to control the energy flows (power)
over not only one, but multiple human interaction points.
The controller ensures safety by limiting power and energy
such that they remain below admissible limits as defined in
the safety standard ISO/TS 15066 for collaborative robots.

We consider all physical contacts to be rigid and time-
invariant. Without restriction of generality, we consider the
human to touch the object at two contact points, referred to
as left human contact (lhc) and right human contact (rhc)
and the robot to grasp the object at a single interaction point
(c), see Fig. 2. In the following paragraphs, we highlight the
changes to be applied to the aforementioned algorithm for
a single interaction point, when aiming for shaping energy
over multiple interaction points.

Thus, instead of a single human contact wrench, we now
have multiple ones: a wrench W} acting on the left human
contact point and W'/¢ acting on the right human contact

rhc
point, both expressed in the robot base frame by:

Wihe = —Adge Wi, (18)
Wihe = —Adpo WE. (19)

In addition, the total energy of the system, cf. (7), needs
to account for the kinetic and potential energy stored in the
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(b)

(a) Co-manipulation task with multiple human contacts, (b) Frame

Fig. 2.
of reference for multiple human contact points and the robot contact point
and a virtual spring connected between the current and desired end-effector
configurations.

jointly manipulated object. Thus, the total energy can be
expressed as follows:

Etot - Tk‘ ((L q) + Tk,obj (pgijwgbj) + Vp( 27 P;)
+V ,obj (pgbj)a (20)
whereby the kinetic energy of the object T on; (B> Wop;)
is given by:

1 . 1
5 Mobj (pobj) Pgbj+§ (wgbj)TIObngij
(21

Tk: ,obj (pOb]’ gbg)

with myp; the mass of the object, I,,; the inertia tensor,
pobj the translational and wob] the rotational velocity of the
center of mass of the handled object. The potential energy
of the object is determined by:

Vip.obj (DY) = Mobig” Py (22)

with pgbj the position of the center of mass of the handled
object with respect to the base of the robot.

Consequently, the scaling parameter A in (11) needs to be
replaced with:
if Etot S Ewta:ln

0
w3:)=Vp,obj (POy5)

1
A=1q Emaz—Tk(a,d)—T, (
e —Tg(a,4 k,ob ») .
obj Zobj, otherwise,

Vo (Rd Pd)
(23)

and the adjusted energy in the system (12) with:

Eior = Ty(q,q) + T, 0b; (pgij wgbj) + Vp,obj (pgbj)
+AVp, (R, Pg)- (24)

Since we finally have more than one human contact point,
the transfer rate of energy (power), cf. (13) needs to be
limited via all of the multiple time-invariant human contact

points. The power equation can be formulated as follows:
Pobj = Pc + ]Dlhc + Prhm (25)

with P. = 71§ referring to the power injected into the
system by the robot controller. Rearranging (25), the power
transfer at the left and right human contacts can be computed
by:

Ppe =
7"hC - WObJ

ngx — (J"(qW? - B¢)"q

C

- (T (@W, -

thcX, (26)
Bqg)"q—- Wy X, 27)

where X = (DY, Ob]] and W stand for the applied
wrench at the left human contact, W9, . for the applied
wrench at the right human contact, Wc0 for the wrench
applied by the impedance controller, and W(?bj for the
resultant wrench at the center of mass of the held object.
Similar to (14), the power at the left Pj,. and right P,p.
human contact points can finally be limited to a maximum
P,,q. by choosing 3 as follows:

Pmaz—W0,; X+ T (@wW)Ta+wl) X 4 p IS
TBu 1 the < Pmaz,
B = Pmn,m—w}}bjx+<JT<q>WS>Tq+w{;wx i p P (28)
T Buq i Prpe < Praa,
1 otherwise.

Please note that this way we limit the dissipated power at
the multiple human contact points and not the injected power
by the robot.

Finally, the resultant wrench Wj,. € R%*" required in
(26)-(28) and applied at the center of mass of the held
object can be obtained with the help of the grasp matrix
and the wrenches applied at the different grasping points. In
this regard, we assume that (i) the robot and the human are
interacting indirectly via a rigid object of known geometry
(ii) the human is grasping the object at multiple known time-
invariant contact points, and (iii) given the center of mass
of the held object, the position vectors from the center of
mass of the object to the left human contact point pOb
and the right human contact point prhc can be determined.
Similarly, the position vector from the center of mass of the
held object to the robot contact point p"bj can be computed.
Next, the skew symmetric matrices p;,”, p:fl})fc and p°% are
derived from the respective position vectors [13], [14] and
the following grasp matrices are formulated:

I; 03 I; 0
go j,lhe = |:~o j :| ) go j,rhe = |:~o j 3 (29)
e B I e = b T

I3 03} (30)

gObj»C = |:152bj I

where Gobjihe and Gobjrhe both € REX6 represent the
grasp matrices for the left and right human contacts, both
expressed with respect to the center of mass of the held
object. Finally, the grasp matrix that defines the relative
position of the robot contact with respect to the center of
mass of the held object is given by Gopj, € R6*C. Thus,
the resultant wrench W, ; applied at the center of mass of
the handled object is given by:

T Lh
—Adpgo, (Gobs,eWe + GobjineWine
h
+gobj,rthT C)

w§

obj —

€2y

It is important to note that the impact of singular configu-
rations on the robot’s movement are well handled in our pro-
posed formulation. The energy-shaping controller computes
control torques using the Jacobian transpose (6) rather than
its inverse. This design choice avoids the numerical instabil-
ities typically associated with matrix inversion near singular
configurations, where the Jacobian becomes ill-conditioned.
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Notably, at kinematic singularities, joint torques mapped
through the Jacobian transpose result in zero, inherently
limiting actuation. To be able to dissipate eventual excessive
energy in the system, in the vicinity of singularities, joint-
space damping remains active, continuously dissipating en-
ergy, while the energy tank mechanism limits the total energy
that can be injected into the system. Stability and safety are
thus ensured through a combination of joint-space damping,
energy modulation via the energy-scaling mechanism (23),
and strict passivity enforcement using energy tanks (16, 17).

III. EXPERIMENTAL EVALUATION
A. Experimental setup

The energy-shaping controller for multiple time-invariant
human contacts has been validated in experiments performed
with a 7-DOF Franka Emika robot. An object of mass 0.4 kg
was co-manipulated by a human and a Franka Emika robot.
The human grasped the object at one side via multiple con-
tact points, whereby the robot grasped it with its end-effector
at the other side (see Fig. 2(b)). The robot was commanded to
follow a pre-defined Cartesian trajectory, while considering
two experimental conditions, namely manipulation of the
object with (i) human acting as passive follower, and (ii)
human acting as an active collaborator.

The different phases of the experiment are reported in
Table I for a better understanding of the performed co-
manipulation task.

The proposed controller was initially developed in Matlab
Simulink, but was then moved to libfranka C++ due to
encountered limitations of the Franka Matlab interface in
integrating third-party sensor signals.

The human wrenches applied at each of the multi-
ple human contact points were determined with the help
of force/torque sensors. For this purpose, two six-axis
force/torque sensors from ATI Automation (Nano25 and
Mini27 Titanium) were attached to the object to be co-
manipulated and data was acquired using a National Instru-
ments Data Acquisition Card NI PCle-6363 and Simulink
Desktop Real-Time on a Windows PC. The sensor data
acquired was then passed via the User Datagram Protocol
(UDP) from the Windows machine to the Linux Workstation
running the energy-shaping controller in libfranka C++. A
diagram of the setup is depicted in Fig. 3.

The maximum allowable energy to be stored in the system
was set to Eq; = 0.6 J, whereby the maximum injected
power at robot side to P4, = 1.5 W and the maximum

TABLE I
PHASES OF THE CO-MANIPULATION TASK

0<t<5s [ 5<t<I0s | t>10s
Passive follower
o . Object Human acting as
Robot prepares for grasping grasped passive follower
Active human collaborator
. Object Human acting as
Robot prepares for grasping grasped active collaborator

Linux PC

Windows
PC

JEnY
‘\ + >
Force/Torque
Sensors data

acquisition using NI
DAQ

Energy-shaping

controller in C++

Fig. 3.

System overview

allowable power to be dissipated via the multiple human
contact points to P,,4,; = -1.5 W. They depend on the appli-
cation and the critical body parts that may be affected and
can be chosen according to ISO/TS 15066 (for illustration
purposes rather low values have been chosen here). The gains
of the controller were chosen to be K; = 2000 - I3 N/m,
Ky = 320 - Is Nm/rad, K. = 03 N/rad and B,, = 10 - I
Ns/m. The maximum stiffness parameters were chosen such
that a good tracking performance could be obtained when no
thresholds were hit, while the damping was chosen to allow
for the activation of significant damping to dissipate energy
with the help of the controller in case needed. These latter
parameters were tuned manually.

B. Experimental results

The proposed energy-shaping controller was found to
successfully limit the energy stored in the system and the
power that can be exchanged with the human via the multiple
human contacts. Various Cartesian trajectories were tested
to validate the proposed energy shaping controller. Here we
present and discuss the results obtained for the following
Cartesian trajectory:

z 0.5071
p = |y(t)| = [0.3sin(6t)
HO - z(t) 0.29 (32)
0.707  —0.707 0.0
R) = |-0.707 —0.707 0.0
0.0 0.0 —1.0

with 6 = 7 (1 — cos(¥)t).

C. Perfect passive follower

In case of the perfect passive follower, the human tries
to perfectly follow the robot movements by exerting as little
forces as possible during the co-manipulation task.

The power transferred over the left and right human con-
tacts as well as the levels of the energy tanks were analyzed
over the complete execution of the co-manipulation task. The
total energy stored in the system, the power passing over
each of the multiple human contacts as well as the control
parameters A and [ were studied. The energy and power,
as observed in experiments did not reach the thresholds and
consequently the scaling parameters A and /5 were found to
remain at one throughout the whole execution of the co-
manipulation task, see the accompanying video for details.
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D. Active human collaborator

Next, we analyzed the controller behavior for the case of
an active human collaborator who co-manipulates a grasped
object together with the robot via multiple, time-invariant
contact points. Three cases were considered for a better
illustration of the controller capabilities: (I) a wrench is
applied only via the left human contact, (II) a wrench is
applied only via the right human contact, (III) a wrench is
applied via two time-invariant human contacts. For each of
the three cases, the active human collaboration phase started
at 10 seconds.

For case (I) and case (II), the controller exhibited dy-
namic adaptation of the control parameters A and [ to
regulate energy and power, respectively, in accordance with
predefined safety thresholds. The observed behavior aligns
with findings reported in state-of-the-art studies involving
single interaction points [15], [16]. As these results do not
constitute the primary focus of this work, detailed outcomes
are omitted, but the cases are included in the accompanying
video.

The experimental results related to case (III), in which
wrenches were applied via multiple time-invariant human
contacts are depicted in Fig. 4. As can be seen the robot
end-effector position deviates from the desired path as long
as the human wrench is actively applied. At around 12 s
the thresholds for power allowed to dissipate (power to be
dissipated by human defined as negative) are reached at the
left and right human contact points and thus, the control
parameter [ is adjusted. This increases the tracking error,
which again increases the energy stored in the virtual stiff-
ness of the impedance controller as reflected in increasing
levels of the energy tanks related to joints responsible for
tracking the reference motion. Similar behavior has also been
observed in state-of-the-art literature with a single interaction
point [15], [16]. This increase in the energy levels increases
also the total energy stored in the system. Thus, the energy
threshold gets activated shortly after, which again results in
the adaptation of the control parameter A\. Once the external
human wrenches are removed (human starts again to follow
the robot movements), the tracking error reduces and with
this the energy stored in the system. At the end of the task,
both human and robot contribute to decelerating the object
to bring it to rest. Doing so, the power dissipated through
left and right human contacts reach again the maximum
admissible power limit to be dissipated (observed at around
24 s). Again the power is limited by adjusting the control
parameter (3, after which the object comes to rest and the
control parameters return to their default values.

To better compare our results with the state-of-the-art
literature, further experiments for case (III) were conducted:

1) Limiting injected versus dissipated power: In this sec-
tion, we compare the state-of-the-art approach that limits the
injected power at the robot side (Fig. 5) with our proposed
approach that limits the dissipated power at the multiple
time-invariant human contact points (Fig. 4). For this pur-
pose, the human co-manipulated a jointly held asymmetrical

1 | Active Human Collaboration *
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Fig. 4. Experimental results for limiting power dissipation via multiple
(left and right) time-invariant human contacts during the co-manipulation
of an asymmetrical object

object in collaboration with the robot while a wrench was
applied via multiple (left and right) time-invariant human
contacts.

The following observations were drawn from the experi-
mental results: Limiting the dissipated power at the human
contact points was found to be a less conservative setting
as the total dissipated power could be split among multiple
human contact points and thus, a larger injected power could
be admissible than when applying the threshold at the robot
injection point. This can be observed in Fig. 4 between 12 s
and 13 s, where the power at the robot side P, exceeds the
safety threshold of 1.5 W.

2) Cross-Contact Power Transfer in Multi-Contact In-
teraction: In addition to the aforementioned experimental
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Fig. 5. Experimental results for limiting injected power at the robot contact
point, with wrenches applied through multiple (left and right) time-invariant
human contacts during the co-manipulation of an asymmetrical object

analysis, the possibility of injecting power not only via the
robot contact point, but also via one of the multiple human
contact points as well as its effect on the to-be-dissipated
power at the other human contact points was studied. This
investigation is significant, as prior research typically focused
on a single interaction point between humans and robot.
However, with an increased number of contact points, as
considered in the present work, power injected via one
human contact point can also result in an excessive power to
be dissipated at the other human contact point, highlighting
a critical aspect of multi-contact interaction.

For this purpose, the human was asked to hold an asym-

metrical object (see Fig. 2(c)) at multiple contact points
and was instructed to interact actively with the robot when
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Fig. 6. Experimental results in case of safety limits applied to the left
human contact only during co-manipulation of an asymmetrical object

performing the co-manipulation task, while only the left
human contact was subjected to safety limits, see Fig. 6.

It can be observed that at around 11 s, as soon as the
power threshold for the human contacts is hit, the human
operator takes control of the co-manipulation task, and power
is injected by the human operator. At around 17 s, the power
to be dissipated via the right human contact exceeds the
safety thresholds due to the power injected at the left human
contact. After 17 s, the robot tries to return to the desired
trajectory using the available power in the system. However,
at around 24 s the safe power to be dissipated via the right
human contact is exceeded due to the attempt to decelerate
the object.

These experiments highlight that the power to be dissi-
pated at one human contact could also originate from power
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injections via one of the other human contact points or
changes in the potential and kinetic energy of the handled
object. Therefore, limiting the dissipated power at multiple
human contact points compared to limiting the injected
power by the robot (as is the case in state-of-the-art im-
plementations) is considered a safer strategy.

IV. CONCLUSIONS

An energy-shaping controller has been proposed to en-
hance safety in co-manipulation tasks with multiple, time-
invariant human contact points. The controller effectively
limits the energy stored in the system and manages energy
flows (power) at these contact points by utilizing recharging
and depleting energy tanks.

The proposed framework enhances safety by limiting
dissipated power at multiple human—contact points, offering
a less conservative safety strategy than conventional methods
that restrict injected power at the robot side (see Section III-
D.1 and Section III-D.2). In addition, controller versatility
and adaptability has been validated through co-manipulation
of symmetric and asymmetric objects of different masses
emphasizing the applicability of the framework in human-
robot collaboration and reinforcing its relevance for safety-
critical applications beyond the specific validation presented.

The approach currently employs power thresholds de-
rived from available safety norms, which, while suitable
for developing and evaluating safety controllers [17], [18],
[19], are based on experimental injury analyses [20], [21]
related to impact situations. More research is needed to
establish appropriate thresholds for continuous interaction
scenarios involving multiple contact points. Besides, context-
aware safety control could be explored by integrating real-
time data to dynamically adjust energy limits based on the
environment and task. Advanced models that incorporate
human biomechanics could also improve energy dissipation
management during interactions.

Moreover, the assumption of time-invariant contacts in this
study is overly idealistic; future work should investigate time-
varying contacts to enhance the realism of co-manipulation
tasks.

The current work further assumes knowledge of con-
tact locations and forces. While human contact locations
can be measured using state-of-the-art vision techniques,
force/torque sensors could be replaced by wearable sensors
embedded in gloves, capable of measuring exerted human
forces, as demonstrated in [22] and [23].

Finally, the potential impact of human muscle fatigue
should also be considered, and the resulting controller should
be evaluated in tasks that involve varying levels of exertion.
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