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Abstract— Human-robot collaborative disassembly is an
emerging trend in the sustainable recycling process of electronic
and mechanical products. It requires the use of advanced
technologies to assist workers in repetitive physical tasks and
deal with creaky and potentially damaged components. Never-
theless, when disassembling worn-out or damaged components,
unexpected robot behaviors may emerge, so harmless and
symbiotic physical interaction with humans and the environ-
ment becomes paramount. This work addresses this challenge
at the control level by ensuring safe and passive behaviors
in unplanned interactions and contact losses. The proposed
algorithm capitalizes on an energy-aware Cartesian impedance
controller, which features energy scaling and damping injection,
and an augmented energy tank, which limits the power flow
from the controller to the robot. The controller is evaluated
in a real-world flawed unscrewing task with a Franka Emika
Panda and is compared to a standard impedance controller and
a hybrid force-impedance controller. The results demonstrate
the high potential of the algorithm in human-robot collaborative
disassembly tasks.

I. INTRODUCTION

In the last decade, the European Union has started to
promote the implementation of circular economy business
models (CEBMs) across different manufacturing areas [1],
[2]. CEBMs envision the adoption of take-back programs,
efficient disassembly, and requalification processes [3]. To
make such business models financially, environmentally, and
socially viable, companies must recover as many undamaged
components as possible. However, various challenges, for
example, high variability in the condition of post-use parts,
poor information about returned products, high product com-
plexity, increasing quality requirements on recovered mate-
rials and components, and pressure on costs and efficiency,
strongly limit the wide exploitation of effective disassembly
processes [4].

To face the variability and uncertainties of the products’
state [5], human-in-the-loop solutions such as human-robot
collaborative disassembly (HRCD) cells, in which humans
and robots support each other to complete a given non-
destructive disassembly task, started to be conceived [6]
(an example for an HRCD cell can be seen in Figure 1.).
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Fig. 1. Experimental setup: a manipulator, equipped with a cordless drill
unfastens screws on the screw plate placed on the same workbench. The
robot controller can drive the drill through a microcontroller.

Nonetheless, when it comes to physical human-robot inter-
action (pHRI), implementing such HRCD solutions demands
high safety standards. Due to their design, collaborative-
enabled robots can attain control strategies that regulate
the level of compliance [7], enabling them to interact
safely with unstructured environments [8]. These features
are of great importance in HRCD, which presents a high
risk of unpredictable events occurring due to the variability
and uncertainties of the product’s state. In particular, when
separating two sub-assemblies, the breakage of the fasting
component could lead to a contact loss between the robot’s
end-effector and the component, which, in turn, might result
in damaged components, tools and, in the worst case, human
harm.

A common fastening method that does not require destructive
disassembly is screwing. However, since the product has
reached its end of life, the screw condition can significantly
affect the disassembly process [9]. Several control strategies
for HRCD have been proposed in the literature, but only a
few could deal with the realistic flawed conditions mentioned
above. The work done by [10] focuses on the unscrewing of
components on lithium-ion car batteries and the mechanism
for changing the tool bit autonomously. It concluded that
complained control schemes (i.e. impedance controller) are
necessary to enable safe and direct pHRI. The work pre-
sented in [11], [12] focuses on the unfastening of screws with
an external hexagonal-shaped head utilizing a KUKA LBR
iiwa. Unscrewing is achieved with the help of a standard
Cartesian impedance control scheme in combination with
a custom nut-runner, which encloses the hexagonal-shaped
screw head. Another unscrewing strategy for screws with a
hexagonal shaped screw head was proposed in [13], where
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screw location and orientation are detected and the unscrew-
ing makes use of a standard Cartesian impedance controller
and a conventional 2-fingers gripper. In [14], an unscrewing
robotic system for the automatic disassembly of electronic
devices was developed. The work investigated force and
torque profiles used by humans when unscrewing Phillips
and internal hex screws, to design a control strategy and tool
that minimizes slippage. The proposed strategy was deployed
on a position-controlled UR3 equipped with a force/torque
sensor in combination with a purpose-built screwdriver with
passive compliance along the tool z-axis. The drawback of
using a position-controlled robot is that in case of colli-
sion, the robot’s only safety mechanism is the emergency
stop, which can result in a dangerous quasi-static contact
scenario (e.g., clamping). Nevertheless, none of the above
presented approaches considers the robot’s behavior when
an unpredicted faulty situation occurs during the unscrewing
due to either a broken screw or failed engagement during the
unscrewing process. In this context, observing, monitoring,
and limiting the amount of energy and power flow that the
controller is allowed to inject into the manipulator is crucial
to a successful interaction. Additionally, the energy exchange
between the manipulator and its environment would result in
a safer task execution [15], not only by ensuring a passive
behavior, but also by reducing the controller’s action in
potential faults. Different control schemes that could allow
the limitation of the energy and power flow are presented
in [15]-[17]. Therefore, the presented formalism will focus
on an energy-aware control strategy with the aim to tackle the
aforementioned challenges. The formalism is an extension of
an energy-aware Cartesian impedance controller presented
in [17], [18] in combination with a task-based energy tank
and a power flow regulation mechanism proposed by [19].
Moreover, the controller’s performance is evaluated and com-
pared with the controller proposed in the literature through a
set of experiments. These experiments assess the controller’s
ability to handle external disturbances and minimize the
impact force and energy exchange with the environment. To
summarize, the novel contributions of the manuscript are the
following:

e The design of an energy-aware Cartesian impedance
controller that uses a global energy tank with power
limitation.

o An experimental comparison of the proposed energy-
aware Cartesian impedance controller with a hybrid
force-impedance controller [19], and a standard Carte-
sian impedance controller [20], in a faulty unscrewing
task with a stripped screw head.

II. PROBLEM STATEMENT

In this paper, we examine an HRCD task with a redundant
manipulator, focusing on the behavior in case of contact loss
during the unscrewing. Such a scenario can occur due to
a stripped screw head, corrosion, or screw damaged inside
that is not detectable by external inspection (e.g., damaged
threads or broken shaft) or due to a pHRI. The generalized
approach for the unscrewing operation is to generate enough

Fig. 2. Tllustration of two different unscrewing scenarios. Left-hand side:
a successful unscrewing operation. Right-hand side: a possible scenario
for contact loss due to the screw shaft breakage during the unscrewing
operation.

momentum m, on the screw so that the screw rotates around
its longitudinal axis, thus generating a vertical upward force
0,EE .
W,y - In order to ensure the engagement of the screwdriver
bit during the unscrewing process, it is crucial to apply a
0,EE . .
force w onto the screw throughout the entire unscrewing
process. Common approaches to generate such force are
standard Cartesian impedance and hybrid Cartesian force-
impedance controllers. In case of a contact loss during the
unscrewing process due to one of the scenarios mentioned
above, the force applied at the screwdriver might cause the
bit to hit the screwed product, damage the two components
of the screwed product, or harm the operator. A graphical vi-
sualization of a successful and a failed unscrewing operation
is depicted in Figure 2.

III. METHODOLOGY

A. Energy Aware-Impedance Controller

This control scheme presents a method that autonomously
counteracts the possible non-linear behavior of the
impedance model in contact scenarios [20], with the help of
the energy shaping and damping injection techniques, firstly
introduced in [21]. These concepts are utilized to monitor
and limit the total energy of the system, as well as the
power of the robot. In [17], [18], the same control strategy
was successfully implemented on a kinematically redundant
manipulator, whose control torques 7., € R™ are defined
in a quasi-static condition as

T _ T T
T Control = 7T Spring — 7 Damp> (1)

where 7., € R™ and Tp,,, € R" are respectively
generated by Cartesian springs and dampers. For a more
detailed explanation of the notation hereafter, please refer
to [18]. The torques Tg;rmg are generated by the elastic

-
wrench w];:f’EE € se*(3), which can be expressed as
T
e [Tk K]
K - mE’EET - K;r KT n

where An € se(3) describes the infinitesimal body twist
displacement [16], the diagonal matrices K, € R3*3, K, €
R3%3 hold the stiffness values for the rotational, translation
springs, and K. € R3*3 describes the decoupling between
these two terms. Force fr.""° € R'3® and momentum

m;™ € RY3 can be formulated in terms of energy by
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basing their formulation on the end-effector’s current trans-
formation HY; € SE(3) and its desired goal transformation
HY € SE(3) in the following way:

fEE EE - REEa3 (thEE)REE — as (Gth pEEREE)
— Qas(GCREE)
my ™" = — 2as(G,Rg) — as(GRE P RiE)
- 2a3(Gcf)gERgE),
3)
with pd; € R3, REE € SO(3) describe the translation and

rotation between the end-effector’s current and its desired
configuration. G,.;. € R3*3 are co-stiffnesses of the ro-
tational spring, translational spring and coupling term [17],
[18], [22] and as() represents the asymmetric part of the
matrix. Safety is dealt with two different controller features:
(i) monitoring the total amount of energy stored in the
system with the help of energy scaling and (ii) limiting the
power of the system with the damping injection method, if
necessary. The energy scaling method enforces a limit on the
total energy of the system based on an energy-based safety
metric Eq. The total energy stored in the system can be
expressed as Fioal = Tiotal + Utotat Where Tior € R is the
kinetic co-energy and Uou € R the potential energy due to
spatial springs [22]. In the event of a pHRI that results in
a displacement of the end-effector, such that the statement
Eiwm > Ew becomes true, one computes the following
scaling parameter:

1 if Etolal E total
A=dz @)
‘;‘]‘zml otherwise.

As seen in [17] Uy is proportional to the co-stiffness
G, t,c. Therefore, by scaling G, ;. with A € R in the

following way G, <= AG,+., the wrench generated

v
by the springs wO EET s directly affected. This results in

the motion generatmgr torques from the Cartesian springs
T 0,EE 0,EET — 44T EE EE
TSprmg = HEE

= J(q)wg™ , where wjy

with AdHH € R6%6 being the adjoint coordinate transfor—
mation. However as the energy of the robot is manipulated
directly, it is vital to ensure the passivity of the system. The
enforcement of the passivity will be discussed in Section III-
B. After limiting the total energy of the robot, the robot’s
power must also be overseen, as the power describes the in-
stantaneous energy transferred when the robot makes contact
with its environment. For this purpose, the damping injection
method monitors the power resulting from the manipulator’s
motion Ppoion € R:

T T .
Pmotion == (J(Q)T ?{EE - Binitq) q, (5)

with Biyie € R™*” being the initial positive definite damping
matrix. As soon as the robot starts moving towards a desired
transformation Hg, Piotion 18 monitored. In the event of
Potion €xceeding the chosen power limit Ppoion € R, the
scaling parameter 3 € R is calculated:

1 lf Pmo[ion < ﬁmolion

T, = 6
(Jgéo(q)Tw(l)%EE ) qumotion . ( )
THB ¢ otherwise,
q' Bind

8=

multiplying 8 with the initial damping matrix By, resulting
in the damping term:

6B1mtq (7)

Hence, in the scenario in which Pootion €xceeds Pumotions the
increase of [ has a direct effect on the damping term.

Tdep

B. Energy Tank Integration

The previously described methods ensure the robot’s safety
by manipulating the robot’s energy; however, manipulating
the system’s energy can result in a passivity-violating be-
havior. Therefore, it is necessary to limit the amount of
energy that the controller is allowed to inject into the system.
Furthermore, to this aim, latest research, such as [19],
[23]-[26] also highlights that one has to limit the rate of
energy injected by the controller. The augmented energy
tank described in [19] prevents the energy of the system
from suddenly increasing within a single time step, thereby
ensuring that the system stays stable. As mentioned in [27],
the stored energy in an impedance-controlled robot can be
expressed as a storage function S = S, + S; € R, which
is composed of the storage functions of the controller and
the robot. S; is passive as the robot’s energy is physically
bounded from below [28]. This results in S being passive
if S, is passive with respect to the possible violating ports.
The power flow of the possible violating ports with respect
to the energy storage function S. can be expressed as:

Sc + Pdissipation + Pk = 0, ®)

where Fligsipaion € R is the power flow due to the dissipation,
and P,y = —w?;E % € R describes the power demand
of the task and x € RS denotes the spatial end-effector
velocity. The passivity of the overall system can be achieved
by augmenting the storage function S. with an energy tank
Enk bounded by upper and lower bounds Emk/Etank The
power flow of the new storage function can be expressed as

5.'c + Elank S 07 (9)

where

Erank = Pask- (10)

However, as pointed out in [19], a rapid increase of the
system energy even with a bounding FEi,,x unstable behavior
can occur. Therefore, the authors proposed to limit the
positive power flow in the system through the following

formalism:
-Plask _ {'yk[)task

jPlask

if Rask S 0
otherwise,

(11

where k£ and j ensure that the upper and lower bounds of

Eink are not violated. They are defined in such a way that
the control system neither injects or takes out energy from
the tank if the respective bound is reached.

_ 0 if Ptask S 0A Etank S Etank
1 otherwise

, _ (12)
if Ptask Z 0N Etank Z Etank

. 0
I= {1 otherwise
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Additionally, the rate at which the controller can inject
energy into the system is limited by:

B[ank
— ¢ Pax
v = t
1

Where v is defined as a ratio between the maximal allowed
power flow P, .. and the originally calculated power flow
Ppask from the controller to the system. Integrating the above-
described energy tank dynamic for the previously presented
energy-aware Cartesian impedance controller, the energy
scaling variable can be reformulated as

if Pagk < Pyggye < 0

13
otherwise. 13)

1 if Etolal < Etotal A k 7& 0
A=At —=1) if k=0APu <0 (14)
Eoa=T  therwise.

total

In case the energy tank is empty (k = 0), ) is hindered from
increasing again after an interaction occurs, thereby keeping
the G, ;. constant, which results in a standard Cartesian
impedance controller with constant gains. This will reduce
the controller’s performance; however, it does not hinder
A from being further scaled down in order to ensure the
safety metric Flowl is not violated. Additionally, to ensure
that A\ does not increase when the energy tank is drained,
it is important to ensure that A\ does not rise too fast and
result in an unstable behavior of the manipulator. Therefore,
as previously mentioned, it is necessary to limit the energy
that can be drained from the tank (P,y). Hence, applying
the constraint v, the power flow from the tank to the system
results in the following TSTpring:

T 4T 0,EET
7-Spring_/y':l (q)WK

(15)

After limiting the amount of energy that can be injected
into the system through the energy scaling variable A, the
damping injection terms must be modified as follows:

-
T 3 .
Protion = ('Y <J<q)TW2<7EE ) - Binit‘l) q (16)

1 if P, motion < Fmotion

T
-

4" Biniq

q*ﬁmonon

otherwise.

(17)
As 7y restricts the power flow to the system, it also has a direct
effect on Potion resulting in the following control law:

T .
oot = 1 (@WE™ — BBind1. (18)

IV. EXPERIMENTAL RESULTS

The energy-aware Cartesian impedance controller was tested
in a proof-of-concept unscrewing experiment with a stripped
screw by comparing its performance with state-of-art ap-
proaches, i.e., a standard Cartesian impedance controller [20]
and a Cartesian hybrid force-impedance controller with
power limitation [19]. The setup consists of a Franka Emika
Panada manipulator equipped with a cordless drill, a screw

TABLE I
CONTROL PARAMETERS USED DURING THE DIFFERENT EXPERIMENTS.

Cartesian Impedance controller

Translational spring stiffness K 900 - I3
Rotational spring stiffness K, 40 - I3
Coupling spring stiffness K. 0-1I3
Hybrid Force-Impedance controller
Translational spring stiffness K 100 - Is
Rotational spring stiffness K, 10- I3
Coupling spring stiffness K. 0-1I3
Desired force W esired, = —fengage.z
Energy-Aware Impedance controller
Translational spring stiffness K 900 - I3
Rotational spring stiffness K, 40 - I3
Coupling spring stiffness K. 0-1I3
Max. allowed energy Frotal 0.7J
Max. allowed power Prnotion 0.5W
Initial damping B 5-1I7
Energy Tank & Others
Engagement force fengage.z 15N
Max. allowed power to be extracted Pk —0.175W
Max. Energy level in the tank E[ank 5]
Min. Energy level in the tank E ok 0.5]
Initial Energy level in the tank Fank 3]

head fixture (screw plate), and an M5x25 Phillips head
screw, as seen in Figure 1. The cordless drill is equipped with
a microcontroller that communicates with the robot controller
via ROS interface. The experiment can be divided into two
different phases: 1) unscrewing, and 2) interaction with a
human. For our use-case, it is assumed that the position of
the screw is known a priori, similarly to the work of [11]
who discusses an exploration method for successful tool
insertion. The unscrewing phase starts with the tool-center-
point (TCP) being already inserted in the screw head and
begins to increase the force along the TCPs z-axis until it
reaches the engagement force fongage,. For the standard and
the presented energy-aware Cartesian impedance controller,
fengage,z is achieved by moving the desired transformation Hg
along the z-axis in the negative direction, thereby preventing
the screw bit from slipping. As soon as fengage, is reached,
the drill starts, and simultaneously, the desired TCP pose is
translated along the z-axis mentioned above in a positive
direction to maintain wggfif approximately constant. With
the hybrid force-impedance controller, such mechanism is
ensured by the force loop of the z-axis. To systematically
generate contact loss, we use a simulated broken shaft, i.e.,
a screw 10 mm shorter than expected by the robot motion
planner. In this way, the controller still exerts some force
while the shaft comes out from the plate. For this reason, due
to W?éEE, the screw slips, hence losing the contact between
the screw and the drill bit and the robot end-effector moves
in z direction towards its current HY and eventually hits the
table. To further evaluate the suitability of the controller in
human-populated environments, after the unscrewing phase,
the robot’s end-effector was disturbed by a human in the
interaction phase. Snapshots of the experiment are available
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Fig. 3. Visualizes the observable quantities of the Cartesian impedance

controller. The difference between current ng and desired position pg as
well as the workbench position pgb and the linear z-component of the
external force applied on the TCP wh P

ext,z"

in Figure 5. The control parameters chosen for each control
scheme are shown in Table I. The force value 15 N was
chosen based on an initial investigation which has shown
that a screw tightened with 3 Nm needs approximately 15-
20 N of force applied to avoid slippage. The maximum
energy threshold F was selected according to ISO/TS
15066:2016 [29] that specified a range of 0.52 - 2.5 J, the
value for Ppoion and the threshold for the power limit on
the energy tank P, were picked according to earlier results
in [17], [18] and in [24], respectively.

A. Standard Cartesian Impedance Controller

As mentioned above, to generate the force required to per-

form the unscrewing process, pY . was moved incrementally

below the screw head until w(I)éEZE reaches the desired force

(Table I). This change along the z-axis results in an increase
in the external force applied, as seen in the time period
7—12.5 s in Figure 3. The time period between 12.5 — 28 s
marks the unscrewing phase, where the incremental change
along the z-axis is changed in a direction such that ngf
is kept within the acceptable working range. Focusing on
the external force, one can see how force decreases due to
the missing counter force by the screw, which drives the
robot to hit the workbench with an impact force of 15 N
before the equilibrium pose of the controller reaches the
surface (highlighted with a green area). In the interaction
phase, which starts immediately afterwards, the robot’s end
effector is displaced by pHRI at 32 s where the spatial spring
generated a force of 37 N to counteract the disturbance. Once
the end effector has reached its maximal displacement of
0.34 m, it is released, and the robot moves back towards its
desired configuration and hits the workbench a second time
with 18 N.

B. Hybrid Force-Impedance Controller

In the case of the hybrid controller, the force that is necessary
to enable the the screw to be unscrewed is generated by the
force control part. Therefore, it is not necessary to manipulate
the desired pose HO, as seen in Figure 4. After 5 s, the
desired force of 20 N is reached and the unscrewing phase

0 0
0.4 PEEx Pdx| ‘ ‘ ‘ ‘ 1
— o ; ; ; ;
PEEgy Pay

0 0 ....0
PEE Pq,. Py

o Etank ---- Etank )T ‘‘‘‘‘‘‘‘ -

2 A —
— Pk — /F)t‘dik Btank ‘\

0.5 |- B

Fig. 4. Visualizes the observable quantities of the hybrid force impedance
controller. The difference between current ng and desired position pg as
well as the workbench position pevb, the linear z-component of the external

force applied on the TCP wg;ff
flow Piagk-

and the energy tank Fi,nx and its power
begins, which lasts until 21 s. After the contact loss, the
robot gets accelerated by the force controller in order to
maintain the desired force. Even though the restrictions on
the implemented energy tank already reduce the rate by
which the controller can inject energy into the system (see
Figure 4), the resulting force is still significant (approx.
26 N). In the interaction phase, which begins immediately
afterwards, the robot end-effector is displaced by pHRI at
24.5 s. During the displacement of the robot, one can see
how the force response tries to adapt to the applied force.
When the end effector is released, the tank’s power limit
takes effect, thereby reducing the force response; however,
even though the robot makes contact with the work surface
with a significant impact force (approx. 34 N).

C. Energy-Aware Controller

The unscrewing task here follows the same procedure as
the standard Cartesian impedance controller, where the equi-
librium’s pose has to be incrementally moved along the
screw’s longitudinal axis. The desired force is reached after
10 s (Figure 6), and the equilibrium pose is again translated
in an upward direction during the unscrewing phase. At
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Fig. 5.
at https://www.youtube-nocookie.com/embed/SgYFHMIEIOk. From left to right: (i) unscrewing, (ii) contact loss, (iii) impact with table, (iv) pHRI, (v) end

of the pHRI, (vi) second impact with table.

the point of contact loss (26 s), the end effector starts to
move towards its equilibrium pose thereby making contact
with the workbench at 29 s without a significant impact
force (approx. 1.2 N). A similar behavior can be observed
during the interaction phase, where the end effector hits the
workbench after the end of the disturbance without resulting
in a significant impact force (approx. 2.6 N). This can be
attributed to the effect of the spring energy scaling and
the power flow regulation based on the power limit in the
energy tank. When A decreases, the stiffness of the spring
also decreases and thereby reduces the energy in the system;
however, when )\ increases again, energy is injected back into
the system; if this injection is not kept in check, it can result
in unstable and non-passive behavior. Therefore, the rate at
which energy can be injected must be monitored and limited.
When comparing the response of A and 7, one can see that
at every instant when A increases, v decreases. As in (15),
~ directly affects the rate at which energy can be injected
into the system, that is, it regulates how fast A can increase
at each time step. Additionally, the energy tank also ensures
that A can only be increased if there is energy in the tank
(Bank > Eyn)- If the energy tank is depleted, A remains
constant.

V. DISCUSSION & CONCLUSIONS

This work presents an energy-based control formalism in
combination with an augmented energy tank to ensure the
passivity of the system. To the best of the authors knowledge,
such a formalism has not been applied to a disassembly
task before. The capabilities of the formalism to handle
contact loss and pHRI are evaluated on an unscrewing task.
Additionally, its performance was compared to a standard
Cartesian impedance controller as well as a hybrid force-
impedance controller. When it comes to applying and track-
ing a constant force onto the screw, the force-impedance
control outperforms the standard Cartesian impedance con-
troller and the energy-aware controller; however, in case
of a contact loss, it generates the highest impact force
among the compared controllers. On the other hand, the
Cartesian impedance controller is intrinsically passive, but,
due to the task requirements in terms of force and, thus,
stiff behavior, a significant impact force is generated, which
is not in compliance with pHRI. The presented formal-
ism introduces an energy-aware scaling mechanism to the
Cartesian impedance controller, as well as a power flow
regulated energy tank, which ensures the passivity of the
system. Therefore, enabling the manipulator to react in a
compliant manner in the scenario of contact loss or pHRI,
the manipulator stays within its predefined energy thresholds.

Snapshots of the experiment with the energy-aware impedance controller. A video of the experiments is available in the multimedia extension and
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Fig. 6. Visualizes the observable quantities of the energy-aware impedance
controller. The difference between current ng and desired position pg, as
well as the workbench position pgb, the linear z-component of the external

force applied on the TCP wggff, the energy tank Fi,nx and its power flow

Pk as well as the energy Scafing of the total energy FEiot-

Notably, during the pHRI, a larger displacement could be
achieved whilst reducing the impact force between the tool
and the robot (up to 92%), given the same initial end-
effector impedance values as the classic Cartesian impedance
controller. Moreover, when facing comparable disturbances,
such as in the contact loss scenario, the impact force is
reduced by up to 91% and 95% for the Cartesian Impedance
and the hybrid force impedance controller respectively. One
drawback of the presented control formalism is the parame-
terization of the power flow limit, i.e. the size of the energy
tank must be designed manually. In the direction, in [23] the
power flow formulation depends on the remaining energy in
the tank.
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