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ABSTRACT

Climate change and the scarcity of natural resources are forcing us as a society
to rethink how we utilize already extracted and manipulated /manufactured
resources with the push towards a more efficient usage of our natural resour-
ces as well as a sustainable business model, the reuse of already manufactured
products that have reached their end-of-life present companies with a multi-
tude of new opportunities and methods to optimize their business.

However, the implementation of such changes also brings challenges with it,
especially when it comes to extracting components from end-of-life products
in such a way that they can be reintroduced in the production stream. This
disassembly process is often impossible for fully automated systems, especi-
ally if it comes to non-destructive disassembly. Hence, research has started to
focus on human-robot-collaborative solutions.

This PhD thesis focuses on enabling a closer interaction between humans and
robots during disassembly tasks. Firstly, a literature review on human-robot
collaborative disassembly and its sub-fields was conducted. It discovered va-
rious gaps within the current research and presented a framework for eva-
luating future contributions within this field. Secondly, based on this inve-
stigation, the thesis proposes an energy-based method that enables physical
human-robot interaction in restricted workspaces through the combination
of a Cartesian impedance controller with an artificial potential field appro-
ach. Thirdly, the energy-aware Cartesian impedance controller utilized in this
method is extended through the introduction of an augmented energy tank
to ensure the passivity of the impedance controller as well as compared to
control approaches currently used in the field of human-robot collaborative
disassembly on a faulty unscrewing task. Lastly, the two previously described
approaches were combined and extended by presenting two approaches for
ensuring the passivity of control action of the workspace restrictions. Addi-
tionally, the two approaches were evaluated on a faulty extraction/separation
task.

In summary, the key method of this thesis took basis in energy-based approa-
ches in order to monitor and manipulate the energy stored in the system and
exchanged with the environment to facilitate the physical human-robot inter-
action during human-robot-collaborative disassembly processes.






RESUME

Klimaforandringerne og knapheden pa naturressourcer tvinger os som sam-
fund til at genteenke, hvordan vi udnytter allerede udvundne og manipulere-
de/fremstillede ressourcer med henblik pa en mere effektiv udnyttelse af vo-
res naturressourcer samt en beeredygtig forretningsmodel. Genbrug af allere-
de fremstillede produkter, der har ndet deres end-of-life, giver virksomheder-
ne et veeld af nye muligheder og metoder til at optimere deres forretning.
Implementeringen af sddanne sendringer bringer dog ogsa udfordringer med
sig, iseer nar det kommer til at udvinde komponenter fra udtjente produkter
pa en sddan méde, at de kan genindferes i produktionsstrommen. Denne de-
monteringsproces er ofte umulig for fuldautomatiske systemer, iseer hvis det
kommer til ikke-destruktiv demontering. Derfor er forskningen begyndt at fo-
kusere pa menneske-robot-samarbejdslesninger.

Denne ph.d.-afthandling fokuserer pa at muliggere en teettere interaktion mel-
lem mennesker og robotter under demonteringsopgaver. Forst blev der gen-
nemfort en litteraturgennemgang om menneske-robot-sam-arbejdet vedreren-
de demontering og dens underomrdder. Den opdagede forskellige huller i den
aktuelle forskning og praesenterede en ramme til evaluering af fremtidige bi-
drag inden for feltet. For det andet, baseret pd denne undersegelse, foreslar
afhandlingen en energibaseret metode, som muligger fysisk menneske-robot-
interaktion i begreensede arbejdsomrader ved at kombinere en kartesisk impe-
danscontroller med en kunstig potentialfelttilgang.For det tredje udvides den
energibevidste kartesiske impedanscontroller, der anvendes i denne metode.
Dette gores ved at introducere en forsteerket energitank for at sikre passivi-
teten af impedanscontrolleren og sammenligne den med kontrolmetoder, der
i gjeblikket anvendes inden for menneske-robot-samarbejdet ved demonte-
ring af en defekt udskruningsopgave. Til sidst blev de to tidligere beskrevne
tilgange kombineret og udvidet ved at praesentere to metoder til at sikre passi-
viteten af kontrolhandlingen i arbejdsomradebegraensninger. Derudover blev
de to tilgange evalueret pa en defekt ekstraktions-/separationsopgave.
Samlet set tog denne afhandling udgangspunkt i energibaserede tilgange for
at overvdge og manipulere den energi, der er lagret i systemet og udvekslet
med omgivelserne for at lette den fysiske menneske-robot-interaktion under
menneske-robot-samarbejdet i adskillelsesprocesserne.
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GENERAL INTRODUCTION




2 Chapter 1. General Introduction

1.1 Motivation

As the world’s population exponentially grows, consumption rates and the
demand for new products also increase dramatically. Climate change and the
scarcity of natural resources create one of the biggest challenges, today’s soci-
ety has to face.

To tackle these challenges, it is no longer enough to only focus on improv-
ing the efficiency of new products; therefore, it is essential to focus on han-
dling the products when they have reached their end-of-life (EOL). Currently,
a great number of EOL products (EOLPs) are continuously being disposed
of, leading to several environmental problems [5]; this can be unnecessary
since new products from the same company often share the same or slightly
modified sub-components with their previous iteration. Hence, responsible
EOL treatment, which would be more resource and climate-friendly, focuses
on extracting sub-assemblies or components to requalify and remanufacture
them such that they can be reused in new products. The assessment done
in [6] by Ardente et al. highlighted that the implementation of such a reman-
ufacturing /requalification process might result in (i) a reduction in the pro-
duction/use of non-environmental friendly chemicals, (ii) decreased energy
consumption, (iii) as well as in a more economically viable process than re-
cycling the products’ raw materials. This assessment was further supported
by the following report from the Ellen MacArthur Foundation [7], where it
was highlighted that manufacturing companies that apply a circular economy
business model (CEBM) could capitalize on benefits such as:

* substantial net material savings,
¢ areduction in exposure to price volatility,
* an increase in economic development,

* an increase in its potential within the areas of innovation and job cre-
ation,

* an increase in resilience towards variation in living systems and the
economy.

Therefore, as mentioned in [Paper A | [1]] policy providers have discussed and
promoted CEBMs in UN- and EU- summits, such as the First Vice-President of
the European Commission Frans Timmermans [8], responsible for sustainable
development, who said: "Circular economy is key to putting our economy
onto a sustainable path and delivering on the global Sustainable Develop-
ment Goals." An abstract illustration of the concept of this circular economic
business model can be seen in Figure 1.1. As previously mentioned, a CEBM
provides several benefits for manufacturers; however, it is of the essence that
the disassembly process is automated to become a financially viable option.
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2. Design

1. New raw materials

3. Production

9. Remanufacturing

and requalification 4. Distribution

10. Recycling

5. Consumption

8. Extraction
of raw-materials

7. Disassembly

Figure 1.1: Abstract visualization representing the life cycle of resources based on the circular
economy business model. Step 1: Introduction of new raw materials into production; Step 2: Sub-
component design and manufacturing; Step 3: Production of the final product; Step4: Distribution
of the product to customers; Step5: Consumption of the product; Step6: Retrieval of the end-of-
life product (EOLP); Step7: Disassembly of the EOLP; Step 8: Extraction of raw materials; Step
9: Remanufacturing and requalification of extracted sub-components; Step 10: Recycling of raw
materials; 11: Disposal of non-recyclable raw materials.[Paper Al [1]]

Therefore, one has to look at various technological solutions that enable man-
ufacturers to implement such CEBM. According to [9], one of these techno-
logical enablers for the automation of the majority of modern manufacturing
processes is the industrial manipulator.

As aforementioned, the general process of disassembling EOLPs in a non-
destructive manner such that their sub-components can be reused in new
products is desirable due to economic factors. However, it is not as trivial
as following their assembly process in reverse order. Even though the main
design characteristics of the process itself, such as task definition and task
planning, between assembly and disassembly processes are related. This is
partially due to how sub-components of a product are joined together (e.g.,
Snap fittings, gluing, riveting). Hence, robotics disassembly systems utilize
various technological enablers, such as image processing, object detection,
and decision-making algorithms, to identify and classify not only the prod-
uct itself but also the product’s sub-components and their individual state.
The information collected from these systems is then used to guide the robotic
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system during the disassembly of the EOLP. An example of such a system
was presented in [10], in which the focus is on the recycling and reuse of cell
phones. The robotic disassembly system utilized in this work consisted of a
robotic arm, a vision system, and a decision-making system. The latter detects
the current state of the cellphone based on the captured images of the vision
system and utilizes this information to handle multiple types of uncertain-
ties associated with the cellphone’s condition. Besides correctly identifying
products, components, and their respective states, another common challenge
within disassembly is associated with the extraction of components from their
fixtures; during this operation, it can occur that the component gets jammed
or wedged and thereby applying unnecessary forces and strain on the compo-
nents. This can lead to the components getting damaged or even braking and,
therefore, being unable to pass the re-qualification process. To address this, re-
searchers [11] have developed methods that utilize active compliance control
schemes for the extraction of components. However, as aforementioned, the
process of disassembling EOLPs in a non-destructive manner such that their
sub-components can be reused in new products is not as trivial as following
their assembly process in its reverse order. This is partially due to how sub-
components of a product are joined together (e.g., Snap fittings, gluing, rivet-
ing). Additionally, the disassembly processes of EOLPs face a variety of chal-
lenges which, according to Elo et al. [12] and Tolio et al. [13], are related but
not limited to: (i) high variability in the conditions of post-use parts; (ii) poor
information about the returned products; (iii) increasing product complexity;
(iv) short life-cycle of products and high product variety; (v) increasing quality
requirements on recovered materials and components, (vi) pressure on costs
and efficiency. Based on these investigations, it can be seen that the main
challenges for a disassembly system are related to the variability and uncer-
tainties of the product state (e.g., the mixture of materials, non-homogeneous
materials, component location, and the variation of the structural rigidity of
its individual components), making it impossible for a fully automated system
to complete the process in an economically viable time or even complete it at
all [Paper Al [1]]. Hence, the conclusion can be drawn that it is still necessary
to keep humans in the loop when it comes to the non-destructive disassembly
of ELOPs.

1.2 Research Questions

The motivation and background described earlier describe the starting point
from which the thesis will outline the research questions for this thesis.

The challenges that robotic systems face during the disassembly and espe-
cially non-destructive disassembly of EOLPs, are numerous and complex. This
complexity can make it time-consuming, if not impossible, for fully auto-
mated state-of-the-art robotic setups. Resulting in the introduction of hu-
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mans into the disassembly process. However, it was first possible to approach
tasks through the collaboration between humans and robots through the com-
mercialization of collaborative-enabled manipulators nearly two decades ago.
Hence, the field of human-robot collaborative disassembly (HRCD) is rela-
tively new. Therefore, it is necessary to first evaluate the current state-of-the-
art of these HRCD solutions based on the current state of the art of its sub-
fields. To identify the technical challenges associated with implementing a
HRCD system. This leads to the first research question tackled in this thesis.

Q1: What are the main technological hurdles HRCD applications face? (Discussed
in chapter 3.)

In general, safety is always a concern when it comes to physical human-robot
interaction (pHRI); this holds especially true when robotic systems are de-
ployed in physically restricted spaces. Therefore, it should always be pos-
sible for human operators to manipulate the execution of the manipulator’s
task within the manipulators” workspace without compromising their safety.
However, in places where the manipulator workspace is physically restricted,
there is also a need for virtual Cartesian workspace restrictions to prevent un-
intended collisions with other machinery or human operators who may not
be aware of the manipulator’s task. Additionally, there are other constraints,
such as singularities, self-collisions, and joint limits, which, if violated, force
the manipulator to halt its motion and require a reinitialization of the system.
This leads to the second research question tackled in this thesis.

Q2: How can the workspaces of kinematically redundant manipulators be restricted
while ensuring safe pHRI? (Discussed in chapter 4.)

Disassembly processes present several challenges for robotic solutions, partic-
ularly those associated with product variability and uncertainties. Hence, a
possible solution to these challenges are HRCD cells, where the human oper-
ator remains in the loop. Due to the increased risk of unpredictable events as-
sociated with product variability and uncertainties occurring while the robot
works in unstructured environments, safety is paramount in such applica-
tions. Consequently, the question arises if energy-aware control strategies are
suitable for disassembly tasks and how they perform compared to current
control strategies utilized in state-of-the-art disassembly applications. This
leads to the third research question tackled in this thesis.

Q3: How does an energy-aware Cartesian Impedance control strategy perform on
disassembly tasks? (Discussed in chapter 5).

In robotic solutions incorporating humans in close approximation (i.e., HRCD
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cells), safety is paramount due to the increased risk of unpredictable events as-
sociated with product variability and uncertainties occurring while the robot
works in unstructured environments. Hence, in order to ensure that unin-
tended collisions with other machinery or human operators during collabora-
tive tasks such as HRCD tasks do not occur, virtual workspace restrictions are
necessary. However, enforcing such virtual workspace restrictions, especially
when excessive forces are acting on the robot, can lead to unstable behavior.
Consequently, it is essential to ensure that the system stays passive in order
to guarantee the stability of the system when subjected to virtual workspace
restrictions. This leads to the forth research question tackled in this thesis.

Q4: How can virtual workspace restrictions be enforced without violating the sys-
tem’s passivity? (Discussed in chapter 6.)
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Q1: What are the main technological hurdles that HRCD
applications face?
e Indepth investigation into the sub-fields of HRCD.
e Framework for future comparsison of the field.
e Highlighting future research directions.

- - ) /

Control

/

Q2: How can the workspaces of kinematically
redundant robots be restricted while
ensuring safe pHRI?

e Adaptation of artificial potential fields in an energy-aware
control approach.
e Enforcing restrictions whilst manipulator is in a compliant

state.
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Q3: How does an energy-aware Cartesian impedance control
strategies perform on disassembly tasks?
e Augmenting the energy-aware control scheme with an
energy flow regulated energy tank.
e Performance comparison between the proposed control
strategy and other control approaches for disassembly
tasks.

NN

Q4: How can virtual workspace restrictions be enforced
without violating the system’s passivity?

e Augmenting the adaptation of artificial potential fields for
workspace restrictions with energy-flow monitoring
methods.

e Performance comparison between the two proposed control
strategy on a disassembly task.
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2.1 Introduction

This chapter aims to provide the reader with a solid understanding of the key
concepts related to human-robot collaboration (HRC) and passivity, which
will be relevant for the rest of the thesis. Section 2.2 introduces the reader
to the various sub-categories of HRC. Additionally, the reader is introduced
to the general concept of passivity in section 2.3.

2.2 Human-robot Collaboration

Human-robot collaboration is currently a necessity when it comes to the im-
plementation of non-destructive disassembly processes. Even though the pre-
cise interpretation of the term HRC is not defined, HRC generally refers to
the working relationship between humans and robots in which they cooper-
ate/collaborate to accomplish a task. From this general definition, it can easily
be seen that the implementation of such collaborative tasks incorporates var-
ious fields. In order to give the reader a brief overview of the various fields
in HRC, this work splits into two main areas: Robot Safety in subsection 2.2.1
and Communication in subsection 2.2.2. In subsection 2.2.1, the reader is first
introduced to the relevant ISO standards currently governing the implemen-
tation of HRC-application safety as well as giving a general overview of the
types of control schemes which enable the various forms of HRC applications.
In subsection 2.2.2, an overview of the various ways humans can communi-
cate with robots is presented.

2.2.1 Robot safety

For the safe implementation of robots, the International Organization for Stan-
dardization (ISO) created various standards that provide guidelines and re-
quirements with the aim of ensuring their safety and effectiveness. Addi-
tionally, the various ISO standards serve the purpose of classifying HRC in
a general way and in a robot safety related context. It thereby enables the
categorization of the various kinds of collaboration and interaction based on
their type (e.g., verbal, non-verbal), severity, as well as control modes. In a
manufacturing-based context, the ISO standards ISO 8373 standard [14], ISO
10218-1/2 standard [15,16], and ISO 15066 standard [17] are the most im-
portant ones. The ISO 8373 standard outlines the vocabulary used in the
area of HRC. It covers the terms concerning the interaction between humans
and robots, control systems, strategies, and other relevant terms related to
the robots. The ISO 10218-1/2 standard provides a general description of
collaborative-enabled robots, workspaces, and operations. Specifically, it fo-
cuses on specifying requirements and limitations for the behavior of robots
when interacting with human operators. It also addresses the safety require-
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ments that robot systems must meet when applied in an HRC context. Build-
ing upon the ISO 10218 standard, the ISO 15066 standard further elaborates
on the requirements and guidelines for HRC. It defines the appropriate pro-
cedure for restricting speed values to ensure that force and pressure values
remain within humans’ defined pain sensitivity threshold during collisions
with robots. Derived from these specifications, the four-level of control modes
Safety-rated Monitored Speed (SMS), Hand-Guidance (HG), Speed and Separation
Monitoring (SSM) and Power and Force limitation (PFL).

Control strategies

Looking at control strategies from the perspective of human-robot collabora-
tion and safety, one can in general differentiate them based on the following
two categories: pre-collision and post-collision control strategies.

Pre-collision control strategies

The primary objective of pre-collision control strategies is to proactively
prevent any detrimental contact between the robot and its surroundings. These
strategies adapt the manipulator’s motion by adapting its trajectory or veloc-
ity based on its distance to autonomous quantities and their behavior with the
help of sensory input from, for example camera, laser sensors. Even though
pre-collision control schemes enable manipulators to avoid collisions, they
can not guarantee that no harmful contact between humans and robots will
occur. As pointed out in [18,19], this is due to the fact that predicting the rel-
ative motions between the robot and human with exteroceptive sensors can
be challenging. Furthermore, solely adjusting the robot’s movement may not
be adequate for the prevention of the occurrence of (harmful) collisions. Con-
sequently, in order to enable collaboration between humans and robots that
occur in close proximity to each other, it is important that contact forces be-
tween humans and robots are limited to a desirable ("safe") level. Thus, it is a
necessity to implement a post-collision control strategy that has the capability
to limit the contact forces between humans and robots to a desirable level.

Post-collision control strategies

In comparison to pre-collision control strategies, post-collision control strate-
gies do not aim to prevent possible contact between humans and robots but
rather as pointed out in [20], limit the contact force and the energy exchange
between these two entities to a safe limit. In other words, post-collision control
strategies refer to control strategies that respond to real-time changes in the
manipulator’s environment. These schemes are designed to enable the ma-
nipulator to adapt to unexpected events or changes in the task it is currently
performing, where the majority of such control schemes for serial manipu-
lators categorized to direct-force control approaches, admittance control schemes
or impedance Control schemes. Where impedance control schemes involve the
measurement of displacement or motion resulting from interactions and gen-
erate a reactive force to counter this displacement, with a Cartesian impedance
control strategy, the manipulator can handle forces introduced by the human-
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robot operator due to its compliant nature. Examples of this type of controller
can be found in [21,22]. Admittance control schemes manipulate the virtual
model dynamics of a system in response to measured forces arising from in-
teractions with a human operator or its environment. Examples of this type
of controller can be found in [23,24]. Direct-force control approaches regulate
the manipulator’s force along a constraint and its motion along unconstrained
paths by measuring the force. A notable subcategory of Direct-force control
approaches is hybrid force impedance control. Examples of this type of con-
troller can be found in [25].

2.2.2 Communication

In order to facilitate a close and immersive interaction between both entities
within the shared workspace, communication is another key element within
human-robot collaboration. During a collaboration over a shared task, hu-
mans indicate their intentions through a variety of verbal and non-verbal
cues either in real or virtual work environments [26]. These ways of com-
munication will, for the remainder of this work, be grouped in the categories;
(i) verbal (e.g., speech recognition and voice control) (ii) non-verbal (e.g., hu-
man pose tracking, intention recognition and gaze detection), (iii) as well as
communication interfaces in virtual, augmented and mixed realities.
Verbal Communication

Verbal human-robot communication refers to the use of spoken language
as a means of exchanging information and coordinating actions between hu-
mans and robots. This enables the human/operator to vocally asks for sup-
port from the robot or give the robot instructions. To facilitate effective verbal
human-robot communication in a variety of settings, including manufactur-
ing, it is essential that the robot is able to extract the necessary information
and react/reply accordingly. In order to extract and communicate informa-
tion from and to human work in recent years has utilized natural language
processing (NLP) technologies [27,28]. However, the effectiveness of verbal
communication is depends on various factors such as the accuracy and reli-
ability of the speech recognition, the quality of the artificial voice as well as
the complexity of the conversation. When it comes to industrial environments
where background noise can make the humans voice inaudible recording in-
terpreting the humans command accuracy and reliability is a major challenge
[29].
Non-verbal Communication

Non-verbal communication channels/interfaces between humans and robots
not only enhance the communication between humans and robots but also re-
place verbal communication [30,31]. One of these channels relies on visual
systems in order to exchange information between humans and robots. Vi-
sual systems provide a convenient and intuitive way for humans and robots to
communicate and interact with each other through gesture and pose recogni-
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tion and eye and gaze tracking. The information exchanged through gestures
and poses can be used to enhance the ergonomics of the human [32] and com-
municate each other’s intentions more robustly [33]. In more recent research,
even the human’s cognitive load could be estimated through the combina-
tion of various visual and other non-verbal clues [34-36]. Another prominent
non-verbal communication channel relies on tactile and haptic feedback. Com-
munication relying on tactile and haptic feedback facilitates the exchange of
information through touch and force. A prominent way of facilitating such
communication through touch are skin-based interfaces such as hard skin or
soft skin interface [37]. An example of a more force-centered approach was
presented in [38], which enables the operator to guide the robot.
Virtual, Augmented, and Mixed-reality Communication

Over the past decade, communication between humans and robots in vir-
tual, augmented, and mixed-reality workspaces has through technological ad-
vancements within the field of computer-generated simulations as well as in
computational power, become more feasible.

They mainly differ in the level of immersion into the virtual environment
these three methods support. Where virtual reality application such as [39,40]
provides the user with a total immersion into a virtual environment, aug-
mented reality applications as presented in [41,42], enhanced the real world
experience with some virtual cues and details, and mixed reality techniques
[43], enables the user to interact with objects both in the real and virtual world.

2.3 General Concept of Passivity

As mentioned earlier in chapter 1, since the introduction of collaborative-
enabled robots, the number of robotic applications deployed in unstructured
environments, where planned and unplanned contacts with the environment
regularly occur, has increased in the past decade. In order to enable such ap-
plications, it is required that the modern robot controller is designed such that
interactions with the robot are safe and the stability of the robotic system can
be guaranteed. In the last few decades, the ability of robots to handle planned
and unplanned interactions has improved immensely. For example, through
variable impedance control, it is possible to instantaneously regulate the inter-
action with the environment. Nevertheless, one of the main challenges of such
controllers consists in ensuring their stability [44]. A prominent energy-based
method to ensure the system’s stability is passivity. The formal definition of
passivity was presented in [45] which states that a system X with a contin-
uously differentiable positive semi-definite Storage function S € R is strictly
output passive w.r.t. its input-output pair (u,v) if

u'v>S$ with u,veR" (2.1)

holds true. Generally, such a robot system can be split into three main sub-
systems, i.e. controller, robot, and environment. A simple bond graph rep-
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resentation of these subsystems is shown in Figure 2.1. The different subsys-

nvironmen -Wext 11 Wext obo TCtrl 1 —TCtrl

Figure 2.1: Simple bond graph representation of a robotic system, consisting of robot controller,
kinematic structure, and environment. The energy flow between the controller and the robot is
described by Tcyiq. The energy flow between the robot and the environment is described by
WextX. A negative sign indicates the flow from the controller to the robot and from the environ-
ment to the robot, respectively. Adopted from [46].

tems are interconnected via power-preserving connections called power-ports,
which describes an interface for exchanging energy between two intercon-
nected subsystems [47]. As described by [47], a power-port can be mathe-
matically defined as:

(f,e) e P:=VxV* (2.2)

where the pair e and f describe the flow and the effort which are respectively
elements of the vector space V and its dual V*. The power-port between the
controller and the robot is referred to as control-port with the power variables
(Tcul, q) and the port between the robot and environment as interaction-port
with the power variables (Wext, X), where q € R" and 'caﬂ € IR" are the joint
velocities and the controlling joint torques respectively. For passive environ-
ments, a robotic system is passive w.r.t. the power port (Wext, X) if the robot
and controller are passive [48], where weyx € se*(3) and x € se(3) are the
externally applied wrench and the twist. As stated in [48] the stored energy
of a controlled robotic system X can be expressed in the form of the storage
function

S = Sctr1 + Srob, (2.3)

where Sgop ctrl € R describe the storage functions of the robotic system (Zgop),
and the control system (Xcyq), respectively. Where the port between the con-
troller and the robot is referred to as control-port with the power variables
(Tcul, q) and the port between the robot and environment as interaction-port
with the power variables (Wext, X). In other words the controlled robot sys-
tem is passive if Spol, + Scirl < WextX holds true and the connection between
SRob,ctr] is power continuous. For a robot system with rotational joints, it can
be proven that it is a passive system by looking at the dynamics of a n-DOF
rigid robot, which can be expressed as:

M(q)g+C(q,9)q+G(q) =7, (2.4)

with q € R" being the generalized joint positions and M(q) € R"*" being the
positive-definite mass matrix. C(q,q)q € R" represents the centrifugal and
Coriolis torques, G(q) € R" the gravitational torques and T € R” the con-
trol torques, respectively. By choosing the definition of C(q, q) as presented
in [49], it can be shown that M(q) — 2C(q, §) has a skew-symmetry property
hence it implies that a robot with only rotational joint, is a passive system as
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its storage function Sgop, = 54 ' M(q)q + U,(q) is physically bounded from
below [21,48,50], with Ug(q) € R being the potential energy due to grav-
ity. Therefore, as stated in [51], to prevent unstable/non-passive behavior, ob-
serving and controlling the energy flow from the controller to the manipulator
through the control port is necessary. In other words, as Srep describes a pas-
sive system by itself, the controlled robot system described by S can only be
passive w.r.t. the energy injected to the system from the environment through
(Wext, X) if it is guaranteed that Scyy is passive w.r.t. (Tcyi, q). Hence, the fol-
lowing statement: Scy < —Tcy1q must hold in order to ensure the passivity
of the overall system.
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HUMAN-ROBOT COLLABORATION IN
INDUSTRIAL ENVIRONMENTS: A
LITERATURE REVIEW ON
NON-DESTRUCTIVE DISASSEMBLY
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3.1 Introduction

As previously mentioned in section 1.1, it must be financially viable to enable
manufacturers to adopt a CEBM. However, due to the product design, which
is currently optimized for past/current assembly processes, and the high vari-
ability in their conditions of EOLPs, highly/fully automated systems struggle
to disassemble them efficiently. Resulting in the need for disassembly cells
where humans and robots support each other. Over the last decade, tech-
nological advancement in then the field of human-robot collaboration (HRC)
and disassembly strategies has enabled the development of a number of vari-
ous HRCD solutions. Therefore, this chapter aims to provide the reader with
an overview of the state of the art of HRCD, which is analyzed based on au-
tonomous robotic disassembly systems as well as the various forms of HRC
currently utilized. To achieve this goal, a comprehensive literature survey was
conducted, which included more than 400 papers related to the field. The con-
tribution presented in this chapter can be summarized as follows:

¢ It provides an analysis of how HRC is currently implemented in robotic
disassembly applications as well as an insight in robotic disassembly
process themselves.

* A framework is proposed to identify and classify future research focused
on HRCD systems.

This chapter comprises the findings of paper [Paper Al [1]], so it is expected
to encounter repeated information, such as context, wording, results, and fig-
ures, derived from that particular source.

3.2 Method

As mentioned previously, many automated disassembly systems utilize de-
structive disassembly operations for the extraction of sub-assemblies and com-
ponents. This leads due to various reasons to a less efficient process.

In contrast, collaborative solutions that involve humans and robots collaborat-
ing together to disassemble EOLPs may be able to minimize or avoid the need
for such destructive disassembly operations. With the aim to identify relevant
literature, the search for relevant literature was carried out on the web-based
databases Google Scholar, Scopus, and Web of Science, using search terms
"human-robot collaboration" AND "disassembly," "robot-assisted disassem-
bly," and "human-robot collaborative disassembly." These terms were selected
based on their relevance to the disassembly process, which incorporates the
role of human operators. The search was limited to the period from January
2009 to September 2020 since the first collaborative-enabled industrial manip-
ulator was first made available in 2008, and new standards that enabled the
implementation of HRC applications in the industry were first introduced in
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2009. Additionally, the search terms related to economic evaluation, feasibility
studies of disassembly lines, profitability scores, and literature discussing pro-
cess optimization of disassembly line designs and tool design were excluded
from the search.

Additionally, these publications are evaluated based on the current state-of-
the-art within the two sub-field HRC and disassembly processes to identify
publications that represent the current state-of-the-art.

3.3 Results

Since both the terms "human-robot collaboration" and "disassembly" as well as
their s are general, the initial search based on the chosen keywords yielded 425
possible relevant publications. After eliminating duplicates across the web-
based databases, the total number of relevant publications was reduced to
383. Further screening based on the exclusion criteria mentioned earlier re-
sulted in a total of 9 publications that were deemed relevant.

A visual illustration of the selection process can be seen in Figure 3.1.

425 Potential articles identified from elec-

tronic database searches
- 382 Google scholar
- 22 Scopus
- 21 Web of Science

(42 Publications excluded due to duplica-
Ltion

C383 Potential relevant articles )
(303 Excluded based on title and abstract
Lscreening

CSO Potential relevant articles )
49 Excluded based on screening of eco-
nomical evaluation/feasibility studies,
profitability scores, process optimization
disassembly line design, and/or tool de-
sign based context

31 Relevant Articles: Full screen-

ing/reading
(22 Exclusion based on missing relevance j

@ Relevant Articles )

Figure 3.1: Illustrating the process of the literature selection related to HRCD.[Paper Al [1]]

The evaluation of the nine identified publications is based on the current state
of the art within the subfields "human-robot collaboration" and "disassembly
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processes”. This evaluation has revealed a general trend towards incorpo-
rating human workers in the disassembly process, although ensuring safety
remains a significant challenge in HRC within industrial environments, par-
ticularly for disassembly tasks. To ensure a safe interaction between humans
and manipulators, the manipulator must be capable of adjusting its behavior
safely based on the exchange of contact forces and energy. However, the ab-
sence of post-collision control schemes in the context of pHRI in HRCD appli-
cations raises concerns, as human workers may accidentally engage in a col-
laborative phase through unintended physical contact with the manipulator.
Utilizing tools with human-aware design and energy-aware control schemes
could potentially reduce the risk of severe hazards posed by the robot or at-
tached tools. Furthermore, there are several areas within the field of HRCD
where the current state-of-the-art can be improved. Ideally, human-robot col-
laboration should not differ from human-human collaboration. However, cur-
rent solutions still fall short of human workers in terms of cognitive abilities,
adaptation, and problem-solving skills. Developing skill acquisition interfaces
that enable a more intuitive definition and teaching of tasks to robots can
facilitate the transfer of human knowledge and cognitive abilities to robots.
However, in the field of disassembly, such skill-acquisition interfaces are scars.
Lastly, it is worth noting that various forms of HRI commonly used in other
domains, such as social-aware and service robotics, are rarely implemented in
HRCD systems. This could be attributed to the demanding challenges posed
by the environmental conditions in industrial settings. However, addressing
these challenges could lead to a more efficient and safer work environment.

3.4 Conclusion

The aim of this chapter was to present the reader with an overview and back-
ground knowledge about the current state-of-the-art in the field of HRCD. In
summary, it can be concluded that due to the aforementioned uncertainties
associated with the complexity and variability of mechatronic and mechani-
cal EOLPs existing automated and HRCD systems can face numerous chal-
lenges. From the presented in-depth analysis, three general areas were iden-
tified where HRCD applications need to improve. These areas are: Incorpora-
tion of safe pHRI, acquisition and learning (implementation) of skills and utilization
of social, visual, and verbal HRI. The main contributions of this work can be
summarized as follows:

* A overview over the current state of the art with a extensive catalog of
background knowledge was given,

e the current state of the art was analyzed based on the state of the art of
the sub categories,

e and a framework was created which can be used for evaluating future
work in the field of HRCD.
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4.1 Introduction

As aforementioned in chapter 3, during recent years, collaborative-enabled
robots (e.g. KUKA LBR iiwa, ABB YuMi and FANUC CRX) are increasingly
utilized in multiple work environments such as industrial and medical set-
tings [52,53]. Therefore, collaborative-enabled robots have become key-enablers
for the implementation of the HRCD cells, as they are no longer restricted to
operating behind a fence as well as in static and well-defined environments.
However, as stated previously in chapter 3, DeSantis et al. [19] states that the
implementations of solutions relying on HRC face a number of challenges,
amongst which are: (i) to guarantee safe physical human-robot interaction
(pHRI), and (ii) the integration of such systems in areas with limited space.
In areas where the physical workspace is limited, such as HRCD cells, pHRIs
are unavoidable and often even desirable. It should, therefore, be possible for
the human operators to affect the execution of the manipulator’s task without
compromising their safety. However, there is also a need for restrictions on the
manipulator’s workspace, as in those areas, an unintended collision could oc-
cur with other machinery or human operators that are not aware of the robot’s
task. Additionally, there are constraints such as singularities, self-collisions,
and joint limits. In case one of these constraints is violated, the manipulator
halts its motion which results and needs to be reinitialized. Therefore, in or-
der to ensure efficient and safe pHRI scenarios, it is essential to avoid running
into stability problems due to singularities and joint limit violations. More-
over, appropriately chosen joint limit avoidance strategies can reduce the risk
of self-collisions in such scenarios. The presented formalism focuses on an
energy-based control strategy in order to tackle the aforementioned challenges
associated with safety and the robot’s workspace by combining the concept
of artificial potential fields introduced in [54] with the energy-aware control
scheme presented in [55,56]. The main contributions of the in [Paper B! [2]]
presented work are:

(i) The introduction of Cartesian workspace restrictions and joint limit avoid-
ance for all links/joints,

(if) and presentation of an energy-based formulation of the control strategy
ensuring safe robot behavior.

This chapter comprises the findings of paper [Paper Bl [2]], so it is expected
to encounter repeated information, such as context, wording, results, and fig-
ures, derived from that particular source.

4.2 Energy-aware Cartesian Impedance controller

In general impedance controller can be described as a mass-spring-damper
system with adjustable parameters [57]. As stated by Hogan [58], an impedance
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controller creates a dynamic relationship between the different state variables.

Consequently, it is possible to describe any interaction with such a system

as an energy exchange between the manipulator and its environment [Pa-

per Bl [2]].

Since an impedance controller can be described by an mass-spring-damper

system; consequently, the general control torques of the impedance controller

Tﬂnp € IR" are constructed from the torques of the Cartesian springs TSTpring €
: T .

R" the damping term 7p,,,, € R" as follows:

T _ T T
Timp = TSpring ~ TDamp (4.1)

Where the joint torques Tspring are generated through the elastic wrench at the

manipulator’s end-effector WEE'EE € se*(3) that describe the motion generat-

ing Cartesian springs. These Cartesian springs are described on the basis of
the infinitesimal body twist displacement Ay € se(3) and the diagonal stiff-
ness matrix elements K, ; € R3%3 that represent the stiffness values for the
translation, rotational springs and K. € IR**3 which describes the decoupling
between the rotational and translation terms.

EEEE |
EEEeT _ | fg _ K K
Wk = LHEE,EET - {KCT K | 27 (42)
K

As presented in [56] it is possible to express the force fi ™" € R*® and
momentum mIE<E’EE € R™3 on the basis of the end-effector’s current trans-
formation H), € SE(3) and the end-effector’s desired goal transformation

HY € SE(3):

1P = — REBas(Gipip )R — as(GREEPELRE) (4.3)
- zﬂS(GcR%E)
and EEEE d EE=d od nd
my = — ZQS(GrREE) - ﬂS(Gth pEEpEEREE) (4.4)
— 2as(GPieRf)-

Where as() returns the anti-symmetric part of a square matrix and ?EEEE is

the skew-symmetric matrix representation of fﬁE’EE. G, . represent the co-
stiffnesses for the translational spring, the rotational spring and the coupling
terms, respectively. The conversion between stiffnesses and co-stiffnesses are
as follows

1
Gr,t,c = Etr(Kr,t,c)IB - Kr,t,c~ (45)

However, before the above presented wﬁE’EE can be mapped into torques in
joint space, it must first be mapped from the end-effector frame to the iner-

tial reference frame with the help of the adjoint coordinate transformation
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Ad;gE e R6*6, W%EET = AdgngEE’EET. Now it is possible to calculate
the joint torques Tspring by mapping the wrench W%EE with the transposed
of the spatial geometric Jacobian Jgg(q) € R®*" into joint space. The dissipa-
tive joint torques Tpamp are set together of the damping matrix in joint space
B € R™"*" and the joint velocities q in the follwoing way:

Thamp = BA- (4.6)

Now after having introduced the general derivation of a Cartesian impedance
controller, the focus can be set on introducing the energy-based safety metrics.
One of such safety metrics is associated with limiting the total energy of the
system Eyy1 € R. This total energy is defined as follows Eiota1 = Tiotal + Utotals
with Tiora € R being the kinetic energy and Uyyia € R being the potential due
to spatial springs [59]. In order to ensure that the total energy stored in the
system does not violate the chosen maximum energy E,R that is allowed
to be stored by the system, a scaling parameter A € R is computed:

1 if Etotal < Etotal
A= Frop—T ) 4.7)
=g2—  otherwise.
total

where is defined as,

1 g

Uretal = ~tr(G/RS) + ( — ;tr(PIGHY) s
o i N .
1 (PRIG,R7BY) ) + tr(GeR]pY)

This formalism shows that the potential energy stored in the spatial springs
Uyotal is proportional to the Co-stiffness G, 1. [51], and therefore it is sufficient
to scale G, 1. by A:

Gr,t,c < )\Gr,t,c- (49)

Next to the energy of the robot, the robot’s power must also be monitored and,
if necessary, limited, as the power describes the instantaneous energy trans-
ferred when the manipulator comes in contact with its environment. There-
fore, the damping injection method is utilized to monitor and limit the power
resulting from the manipulator’s motion Ppyotion € R:

T AT,
Protion = (Jee(@) ' W¥™  — Binied) 4, (4.10)

Whenever the manipulator moves toward a desired transformation Hg, Protion
is monitored, and in case it exceeds a predefined power limit Ppotion € R, the
scaling parameter 8 € R is calculated as:

1 if P, motion <P motion

‘B - (JEE(q)TW%EET)Tq_ﬁthiOn . (411)
4 Brntd otherwise,
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multiplying B with the previously defined initial damping matrix Brnj, the
new damping term can be written as:
Tgamp = BBinit ¢ Binit € R"*". (4.12)
——
B

4.3 Workspace restrictions

As aforementioned, this work presents a modified version of an artificial re-
pulsive potential field with the aim of enforcing workspace constraints. It is
noteworthy that this approach does not interfere with the path planning; but
focuses on the restriction of the manipulator’s Cartesian workspace. Hence,
the focus is limited to repulsive artificial potential fields. In order to keep
the manipulator’s links i within some predefined Cartesian workspace con-
structed by a set of virtual walls C;, a repulsive force wl(g;,i € se*(3) generated

by the artificial repulsive potential field for each restricted link 7 is introduced.

. ii T
ii . Cji
weoo=| e (4.13)

1 A+
Cj,l

Its derivation is based on same concept as presented in [56] and its compo-
nents f’cl € RM3 and m¢ ; € R13 can be expressed in their skew-symmetric
form. It is to note, that only the translational motion of the links that violates
a workspace restriction has to be restricted. Therefore, it is only necessary
to express fZC’/I and m’cljl on the basis of the translational Co-stiffness Qc;i as
follows:

g : _Ci\ . C;
¢, = —as(Qq; 1RCP1 R ") - c,15(Qc;,ip;’ )R’ (4.14)

and
CC C

m¢ ;= —as(Qc,iRe;P; P 'R). (4.15)
Consequently, the co-stiffness Qc;,i are computed with the help of the spring
stiffness Lc,i € R3*3 through ch,i = %tr(Lcjrl-)I3 — L¢,i- The generated
repelling wrench is directly dependent on a repulsive potential field that is
defined as a non-negative smooth surface for any given joint configuration
q and is the transition function between unrestricted and restricted motion

[Paper Bl [2]]. More specifically, it is defined through the following poten-
tial function c,i that is constructed based on the shortest Euclidean distance

di,Cj (q) € R between the Cartesian position of the link p? € R3 and its projec-
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tion onto the virtual wall p?- € R in the following way.
i

v

1 11 ifd: < x;

oc,i=147 (d'»c#q) xf') idicla) < (4.16)
0

otherwise,

where the activation distance at which the potential given by v > 0 for a
virtual wall is applied to the link is denoted as x; € R. As the constraint link
passes the activation distance (di,cj (q) < x;) the link specific potential of the
virtual wall C; ((ch,i) increases towards infinity the closer d iC; (q) comes to the
C;. The potential oc;,i is then used to scale the translational co-stiffnesses ch,z'-

Qc,i = 0¢;,iQc;,i (4.17)

However, as the repelling wrench w’élj,i generated by the constraint C; acting

on the i link is expressed in the body-frame of the respective link. Hence,
it has to be mapped into the inertial reference 0-frame through the links re-
T 00 T AT i T

Hi/ wWe = AdHl- WCj,i . Now,
it is possible to map the link 7 and virtual wall C; specific wrenches to their
equivalent joint torque representation through the following convention

= (L (LI @w, ), (4.18)
]

i

spective adjoint coordinate transformation Ad

where J;(q) describe the spatial geometric Jacobian for the i link. The risk
of the manipulator reaching one of its joint limits increases drastically when
subjected to an external disturbance as it does not follow any pre-planned
trajectory. In order to avoid that the manipulator reaches these joint limits,
the concept of joint limit avoidance is applied. Similarly to the concept of
Cartesian constraints, the concept of joint limit avoidance generates a repelling
torque once a joint comes into a critical area. Thereby forcing the respective
joint to stay within predefined limits. The implemented joint limit avoidance
through artificial potential fields used in this work is described in detail by
Khatib [54].

4.4 Results

The experimental validation of the presented control strategy was conducted
stimulative and on the real robot KUKA LBR iiwa 7 R800 (seen in Figure 4.1).
The validation of the presented control formalism is split into the following
two different experimental use-cases:

(i) Use-case 1: Focuses on the manipulator’s behavior when encountering
Cartesian workspace restrictions (see subsection 4.4.1).
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(ii) Use-case 2: Focuses on the manipulator’s behavior of joint limit avoi-
dance algorithm whilst the manipulator is in a compliant state (see sub-
section 4.4.2).

Figure 4.1: The experimental setup for the "Multiple link restriction" test, where links 4, 6 and 7
forced towards the constraint C3 visualized as a grey plane Visualizing the experimental setup of
the "Multiple link restriction" experiment, in which links 4, 6, and 7 are pushed into the virtual
wall Cz.[Paper B [2]]©2020 IEEE

4.4.1 Use-case 1: Validation of the enforcement
of Cartesian workspace restrictions

Two separate experiments validated the concept of enforcing Cartesian work-
space restrictions. The first experiment was conducted by forcing the manip-
ulator’s end-effector to violate two constraints simultaneously. In the second
experiment, multiple manipulator links were simultaneously forced into a sin-
gle workspace restriction.

Multiple Cartesian workspace restrictions acting
on one link

The test was conducted by moving the manipulator’s end-effector along a pre-
defined trajectory. This movement forced the manipulator to violate the two
virtual walls C; and C; that were respectively positioned along the z-axis and
x-axis of the robot’s inertial reference frame.

The resulting Cartesian motion of the manipulator’s end-effector can be seen
in Figure 4.2a. There it can be observed that as the end-effector crossed the ac-
tivation distance of the respective Cartesian workspace restrictions, its motion
deviated from the desired path for the entire period where it was subjected to
the Cartesian workspace restrictions. Additionally, it can be observed in 4.2b
that the energy scaling method ensures that E;y;;; never exceeds the threshold
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Figure 4.2: In (a), the correlation between the trajectory and end-effector position is depicted for
both the simulation and real-world tests. It is shown how the Cartesian workspace constraints
C; and C; limit the movement of the end-effector along the x-axis and z-axis axes (seen from the
base-frame) while the y-axis remains unrestricted. In (b), the graph illustrates the total energy
Etota1 during the Multi-Cartesian workspace restriction test conducted in the real-world scenario.
It demonstrates how the parameter A, restricting Eyyz,; t0 Epax.[Paper Bl [2]] © 2020 IEEE.

Einax, regardless if the manipulator’s end-effector was subjected to a single or
multiple Cartesian workspace restrictions. The implemented controller dis-
plays an additional benefit, which is evident when the energy threshold E,;;
is exceeded due to an interaction with the robot. In such cases, the stiffness
of the spatial spring is decreased, allowing the robot to be manipulated freely.
After the robot was released, it automatically returned to the desired trajectory
while ensuring adherence to the designated threshold.

One Cartesian workspace restriction acting on
multiple links

This experiment aimed to validate the behavior of the manipulator when mul-
tiple links are simultaneously subjected to a single Cartesian workspace re-
striction. For this experiment, a virtual wall C3 was positioned such that it
was within the reachable workspace of the manipulator’s links 4, 6 and 7.

As shown in Figure 4.3, even when multiple links got manually pushed against
the virtual wall C3 (as indicated by the red zone in Figure 4.3a), none of the
previously mentioned links violated the virtual wall. In the time instance
where each link exceeds their respective activation distance, it can be observed
in Figure 4.3a the corresponding spring scaling factor increases through which
a repulsive force is generated. Note that in order to reach Cz with all the
links, the manipulator’s end-effector had to be forced away from its desired
configuration resulting in the reduction of the stiffness of the spatial spring
through the energy scaling method of the Cartesian impedance controller, and
the robot could be manipulated freely.
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Figure 4.3: In (a), the Cartesian positions along the z-axis (seen from the base frame) are depicted
for links 4, 6, and 7, while (b) illustrates the corresponding repulsive potential. The virtual wall
C3 imposes restrictions solely on the movement of the links along the z-axis of the base frame,
while the x-axis and y-axis remain unrestricted. The red dashed-dotted line in (a) represents the
threshold distance at which the constraint is activated or deactivated.[Paper B | [2]]© 2020 IEEE.

4.4.2 Use-case 2: Validation of joint limit avoid-
ance

The concept of enforcing constraints in joint space was experimentally val-
idated. Firstly, interaction with the manipulator caused the maximal speci-
fied energy to exceed its threshold, bringing the manipulator into a compli-
ant state. Thereafter, multiple joints (i.e., joints 2, 4 and 6) were forced into
their respective joint limit manually. As seen in Figure 4.4 none of these joints
violated their limit, even when all axes were manually pushed into their re-
spective limit simultaneously (highlighted in red). In the event that a joint
passed into one of its respective activation regions by crossing their the up-
per or lower activation limit q;, or gi,j, a joint torque in the opposite direction

was generated. As illustrated in Figure 4.4 the joint torque for link 2,4 and 6
LAy 46 € R increased as the distance to the constraint ﬂi /gi decreased and
vice versa. As seen in the area highlighted in red, none of these joints exhibits
an oscillatory behavior during this phase of the experiment. As shown, the
restricted joints stays within their predefined bounds, throughout the experi-
ment.

4.5 Conclusion

In the pursuance of enabling pHRIs within restricted work environments,
such as HRCD cells, this chapter presented an energy-based control formal-
ism for enforcing workspace restrictions for collaborative-enabled robots.
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Figure 4.4: The visualization showcases the joint positions of joints 2, 4, and 6, along with the
resulting torques from the joint limit avoidance strategy. The red-marked area highlights the time
interval when all joints simultaneously reach their respective limits.[Paper B [2]]© 2020 IEEE.

Additionally, to the limited space available for the manipulator to operate dur-
ing human-robot collaborative application, it is possible that incidental con-
tact between the robot and the human operator can occur. These challenges
impose constraints on the robotic system in terms of the workspace and the
manipulator itself.

To address these challenges, the presented formalism builds on the concept
of artificial potential fields by combining it with an energy-aware Cartesian
impedance control scheme. The energy-aware Cartesian impedance control
scheme ensures that the manipulator is capable of adapting to pHRI within
predefined energy thresholds and the modified artificial potential field ap-
proach ensures that the robot stays within its predefined workspace when
disturbed through a pHRI. As demonstrated by the experimental validation
of the presented control strategy, the control strategy is capable of handling
external disturbances introduced by the human operator and staying within a
predefined Cartesian workspace even when subjected to multiple constraints
simultaneously as well as within its joint limits.

Two benefits that can be observed from the control framework are: the robot
adheres to all Cartesian workspace restrictions while complying with the des-
ignated energy and power thresholds for the interaction. Additionally, as a
result of the energy scaling, there are no oscillations during movement within
the boundaries of the constraints as well as during the transition phase (cf. red
zone in Figure 4.2) between C; and C,.
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4.5.1 Limitations and Future work

During the experimental validation, it was discovered that if the manipula-
tor’s end-effector was displaced such that it reached configuration, which is
a local minimum, the robot got stuck and had to be guided manually out of
this minimum. Therefore, future work could focus on implementing a safe re-
covery motion planner for handling such minima. Furthermore, future work
could extend the current implementation of the Cartesian workspace restric-
tions to more complexly shaped surfaces (i.e., curved). However, the main
limitation of the presented control strategy is the lack of a control mechanism
that ensures the system’s passivity. More specifically, control actions asso-
ciated with the energy scaling functions and the repulsive forces from the
workspace restrictions as they can cause the system to become non-passive,
leading to unstable control actions. Additionally, it must be investigated if
an energy-aware Cartesian impedance control scheme is suitable for HRCD
tasks and how it performs compared to control schemes currently deployed
in HRCD tasks.
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CHAPTER 5

DESIGN OF AN ENERGY-AWARE CARTESIAN
IMPEDANCE CONTROLLER FOR
COLLABORATIVE DISASSEMBLY

This chapter consist of work from the following paper: Hjorth S, Lamon E,
Chrysostomou D, Ajoudani; Design of an Energy-Aware Cartesian Impedance
Controller for Collaborative Disassembly IEEE International Conference on Robotics
and Automation; DOI: 10.1109/ICRA48891.2023.10160993 © 2023 IEEE
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5.1 Introduction

As stated in [Paper A | [1]], to face the challenges associated with the variabil-
ity and uncertainties of the products’ state [12], solutions that keep the human
part of the process such as (HRCD) cells, which can facilitate safe pHRI are
needed. Safety is of great importance in HRCD, as the variability and un-
certainties of the products state increase the risk of unpredictable events oc-
curring associated with it. In the previous chapter 4, a control scheme was
presented, which enables safe pHRI in restricted workspaces. However, the
chapter did not cover the notion of the passivity of the system or the applica-
tion of such a control strategy on a disassembly task. This chapter will focus
on both of these aspects by introducing an energy-aware control strategy in
combination with an augmented energy tank approach for the disassembly
task. To summarize, the main contributions of the in [Paper C| [3]] presented
work are:

(i) Design of an energy-aware Cartesian impedance controller which uti-
lizes a global energy tank with power limitation for the insurance of the
passivity of the system.

(if) An experimental validation of the proposed energy-aware Cartesian
impedance controller for a faulty unscrewing task with a stripped
screw head.

(iif) An experimental comparison with the hybrid force-impedance control-
ler [25], and a standard Cartesian impedance controller [44].

This chapter comprises the findings of paper [Paper C| [3]], so it is expected
to encounter repeated information, such as context, wording, results, and fig-
ures, derived from that particular source.

5.2 Method

A heavily used control solution to ensure the passivity of the system is through
the energy tank and energy routing concept, originally proposed in [60]. Energy
tanks enforce the passivity of the system by bounding the total amount of en-
ergy that can be transferred between the controller and the robot [51]. Hence,
in the event of disturbances or non-passive actions, only a limited amount of
energy can be injected into the system in order to prevent unstable robot be-
haviors. When the tank is drained, the passivity violating control action is cut.
A bond graph representation of this concept can be seen in Figure 5.1.

However, as recent works have highlighted, it is not only necessary to bound
the total tank energy but also to limit the rate of energy exchange between the
controller and the robot [22,25,61-63]. Otherwise, an unstable behavior can
occur even though the energy is bounded [25]. While, previously, the only
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Figure 5.1: A bond-graph representation of the presented control system.

design criterion for energy tanks was the finite amount of energy that a tank
can store [51], such approaches [22,25] focus on modulating the energy flow
from the tank to the robot, e.g., based on the energy needed for a given robotic
task.

According to [25], the energy flow of the bounded energy storage functions
of the system Scyy1 and the possible power demand of the passivity-violating
ports can be expressed as:

Pt + Ppiss + PSpring =0, (5.1)

where the energy flow of the overall controller at (Tcy, q) is denoted as Py €
R and the energy flow associated with the spring and dissipation is denoted as
Pspring € Rand Ppiss € ]RZO,respectively. The Pp;ss can be defined on basis of a
Rayleigh dissipation function such as R(q) = 3q ' Bq where damping matrix
B is positive definite, which contributes to the passivity of the system [64]. As
aforementioned, in order to ensure the passivity of the overall system, one can
augment the storage function S with an energy tank Et which is bounded by
an upper Er € RT and a lower bound E € R=’. The new storage function’s
energy flow can then be expressed as the following;:

Peg + Er <0, (5.2)

where .
Er = _P'Spring' (5.3)

However, as aforementioned in case a rapid increase of the system energy oc-
curs, the system can reach an unstable state even when Et is bounded. There-
fore, the authors in [25] propose the following formalism:
. kEr if Er <0
Ep=g BT BT (5.4)
jET  otherwise,
which restricts the positive energy flow in the system, where k and j ensure

that the upper and lower bounds of Et are not violated. The variables k and j
are defined so that in case Et reaches its upper or lower bound, the controller
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can respectively neither inject or take out energy from the tank.

k_{o if Er <OAEr < Ep

1 otherwise
. B (5.5)
i {o if Er > 0AEp > Er

1 otherwise

In addition to enforcing the respective bounds of the energy tank, the rate at
which the controller is able to extract energy from Et and inject into the system
is limited by «.

Er iy :
7:{5 ifEr < E; <0 56)
1  otherwise,
is expressed as a ratio between a pre-defined maximal allowed energy flow
Er € R out of the tank nd the originally calculated power demand of the task
Er. In order to integrate the above described energy tank dynamic into the
energy-aware Cartesian impedance controller that was presented previously
in Chapter 4, the energy scaling variable A (4.7) has to be reformulated as

1 if Etotal < Etotal Nk 7é 0
A={A(t—=1) ifk=0AE; <0 (5.7)
% otherwise.
total

This ensures that if the energy tank reaches its lower limit (k = 0), the scaling
factor A is hindered from increasing any further, which would occur after an
interaction that violated the safety metric Eyy,. The stiffness Gy are kept
constant, reducing the controllers” performance.

However, the capability of A to be scaled down further in order to comply
with the safety metric Eqya) < Eqoral is not restricted. As aforementioned, it is
necessary to ensure that the energy flow from the controller to the manipulator
is restricted; therefore, it is necessary to ensure that A does not rise too fast.
Hence, by applying the previously introduced ratio y (5.6) and rewrite TsTpring
as

T
Tgpring = 7JEET(q)W%EE ’ (5.8)

the energy flowing from the tank to the system is restricted. In addition to
having an effect on the energy scaling variable A, v influences the damping
injection term introduced in (4.11) and has, therefore, to be rewritten as:

.
T . .
Protion = ('r (JEEWq)wOK'EE ) —~ Bimtq) q (5.9)
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1 if P, motion < Pmotion

.
p= <7(JEET(q)W%EET)> 4= Prmotion (5.10)

otherwise.

q'Binitq
The introduction of the energy flow limiting mechanism results in the follow-
ing control law:

T .
Tip = 1JEE (WY = BBinitd. (5.11)

5.3 Experimental Validation

As previously stated, the sample application for the experimental assessment
is a disassembly task, more precisely, an unscrewing action. As mentioned
in chapter 3, screws are a commonly used fastening method and do not re-
quire destructive disassembly. However, as highlighted in [65], when prod-
ucts have reached their respective EOL, the screw condition might have a con-
siderable impact on the disassembly process. The worst-case situation during
an unfastening operation is a structural component or screw breaking during
the process. This might result in a loss of contact between the manipulator and
the EOLDP, resulting in damaged components and tools or potentially injuring
the human operator. The aforementioned comparison of the presented control
formalism and the performance of state-of-the-art techniques is thus carried
out on an unscrewing task with a stripped screw on the setup depicted in
Figure 5.2. To emphasize the strengths and shortcomings of the three control
techniques, the experiment was divided into two phases:

(i) unscrewing phase, and

(if) interaction with a human phase.

The task begins with the tool already being in contact with the screw, as it is
assumed that the position of the screw is known a priori. The manipulator
starts to exert a force onto the screw.

The unscrewing phase starts by increasing the force along the z-axis of the
TCP until an engagement force of 20 N is reached such that slippage of the
screw-bit during the unscrewing is prevented. To systematically and reliably
generate the contact loss during the unscrewing, a broken shaft of the screw is
simulated by using a screw that is 10 mm shorter than expected by the motion
planner. Thus, the controller will still exert approximately 20 N onto the screw
whilst the screw shaft is coming out from its fixture. Thereby leading to a
contact loss between the screw and the drill bit. This results in the robot’s
end-effector moving along the z-direction and towards the table due to the
motion generation wrench. As aforementioned, the controller’s capability to
operate in human-populated environments was evaluated as well. This was
accomplished by disturbing the robot with a pHRI following the unscrewing
phase when the end-effector came to rest on the workbench.
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5.3.1 Results

As stated previously, experimental validation comprises of comparison be-
tween the presented control formalism and state-of-art approaches, namely
a standard Cartesian impedance controller [44] and a Cartesian hybrid force-
impedance controller with power limitation [25]. The remainder of this section
is structured in the following way:

(i) Experiment 1: Focuses on the response of the standard Cartesian impe-
dance controller.

(if) Experiment 2: Focuses on the response of the Cartesian hybrid force-
impedance controller.

(iif) Experiment 3: Focuses on the repsonse of the presented control energy-
aware Cartesian impedance controller

In addition, a video showing the experimental results can found through the
following link https:/ /www.youtube-nocookie.com/embed /SgYFHMIEIOk.

PHILLIPS
HEAD

ROBOTIC ARM

SCREW Q
M5x25
BODY

CORDLESS
DRILL >
\ \r

Figure 5.2: Illustrates the experimental setup consiting out of a manipulator that is equipped with
a cordless drill used to loosen screws on a screw plate.[Paper C | [3]JOIEEE 2023

Experiment 1: Standard Cartesian Impedance
Controller

The force required to perform the unscrewing process is generated by moving
pg , incrementally below the screw-head until the z-componet of the force ex-

erted by the controller W%EZE reaches the desired force as seen in Figure 5.3.


https://www.youtube-nocookie.com/embed/SgYFHMlEl0k
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Figure 5.3: Visualizes the observable variables of the Cartesian impedance controller. It shows the
discrepancy between the current position pYy; and the desired position p} of the TCP, as well as

the position of the workbench p?, as well as the linear z-component of the external force exerted
on the TCP (w2EE).[Paper C || [3]]© 2023 IEEE.

ext,z

Followed by the unscrewing phase, here, the incremental change along the
z-axis is in the opposite direction of before such that wgg(F;E stays within an ac-
ceptable working range. When focusing on the externally applied force, one
can observe how the force suddenly decreases as the tool bit losses contact
with the screw, which leads to the manipulator being driven into the work-
bench and hitting it with an impact force of 15 N (highlighted with a green
area). During the interaction phase, which starts after the robot has come to
rest on the workbench, the manipulator’s end-effector is displaced by pHRL
Due to Hook’s law, the spatial spring generates a force of 37 N that acts in
the opposite direction. After reaching its maximum displacement, the end-
effector is released, prompting the robot to return to its desired configuration

and make contact again with the workbench for a second time with a force of
18N

Experiment 2: Hybrid Force-Impedance Con-
troller

The hybrid controller generates the necessary force which enables the un-
screwing of the screw by the force control part. Hence, it is not necessary to
manipulate the desired pose Hj. As seen in Figure 5.4, like the standard Carte-
sian impedance controller, as soon the desired force of 20 N is reached, the un-
screwing phase is initiated. After the contact loss due to the failed unscrewing
process has occurred, the force controller tries to maintain the desired force,
thereby accelerating the manipulator’s end-effector. This phenomenon still
occurs, despite the power limit imposed on the implemented energy tank,
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Figure 5.4: Illustrates the observable quanties of the hybrid force impedance controller, including
the discrepancy between the current position pY; and the desired position pg, the position of

the workbench p? , the linear z-component of the external force applied to the TCP (WE;EE), the
energy tank Et, and its power flow Pr.[Paper C| [3]]© 2023 IEEE

which restricts the rate at which the controller can inject energy into the sys-
tem. (see Figure 5.4). This results in a still significant force at an impact of
approximately 26 N. During the interaction phase, which starts at 24.5 s, the
manipulator’s end-effector is again displaced by a pHRI. During the displace-
ment of the robot, it can be seen how the force-control loop tries to adapt to
this behavior. As soon as the end effector is released, the power limiting in the
tank takes effect, thereby reducing the response of the force-loop; however,
the impact force of the robots when making contact with the work surface is
still significant with a force of approximately 34 N.

Experiment 3: Energy-Aware Impedance Con-
troller

The unscrewing task presented here followed the identical procedure to that
of the standard Cartesian impedance controller in Experiment 1 ( subsubsec-
tion 5.3.1), where the desired pose was incrementally translated along the lon-
gitudinal axis of the screw. After approximately 10 seconds (Figure 5.5), the
desired force was achieved, and the unscrewing phase started, during which
the equilibrium pose was translated upward. At ~ 26 s, the contact loss oc-
curs, and the end effector moves toward its equilibrium pose, which resulted
in a collision with the workbench at 29 s, without a significant impact force
(~ 1.2 N). A similar behavior was observed during the interaction phase,
where the end-effector contacts the workbench after the disturbance ends,
which resulted in a negligible impact force (approximately 2.6 N). This be-
havior can be attributed to the energy scaling of the spring and the regulation
of the energy flow of the energy tank E7 based on the power limit Er. When
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Figure 5.5: Shows the observable variables of the energy-aware impedance controller, which in-

clude the difference between the current position p2; and the desired position pg, the position
0,EE
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the energy tank Er along with its energy flow Er, and the energy scaling of the total energy
Etotal-[Paper C | [3]] © 2023 IEEE

of the workbench palb, the linear z-component of the external force applied to the TCP (w,

the parameter A decreases, the spring stiffness also decreases, reducing the
energy stored in the system and storing it in Er. However, when A increases
again, energy is injected back into the system. If this injection of energy is not
controlled, it can lead to unstable and non-passive behavior. Therefore, the
rate at which energy can be injected must be monitored and limited. Compar-
ing the response of A and v, it can be observed that whenever A increases, 7y
decreases. Equation (5.8) shows that y directly affects the rate at which energy
can be injected into the system, regulating how quickly A can increase at each
time step. Additionally, the energy tank ensures that A can only increase if
there is sufficient energy in the tank (Et > Er). If the energy tank is depleted,
A remains constant.

5.4 Conclusion

The work in this chapter presented an energy-based control approach with
an augmented energy tank to ensure system passivity during a disassembly
task. This approach has not been used in such a task before. The formal-
ism’s ability to handle contact loss and pHRI is evaluated in an unscrewing
task and compared to a standard Cartesian impedance controller and a hybrid
force-impedance controller. The force-impedance controller outperforms the
other controllers in maintaining a constant force on the screw, but generates
the highest impact force in the event of contact loss. The Cartesian impedance
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controller generates a significant impact force due to task requirements, while
the presented energy-aware formalism introduces a scaling mechanism and a
energy flow regulated energy tank to ensure passivity and allow the manipu-
lator to react compliantly. During pHRI, a larger displacement can be achieved
with reduced impact force compared to the Cartesian impedance controller. In
the event of contact loss, the impact force is reduced by up to 91% and 95%
for the Cartesian impedance and hybrid force-impedance controllers, respec-
tively.

5.4.1 Limitations & Future work

A well known problem when it comes to the design of energy tanks for en-
suring the passivity of a system is the question on what should the size of the
tank be as well as what should the initial energy level be. These questions are
not covered in this work. Additionally, a future research direction could in-
vestigate other design criteria such as the maximal allowed energy flow from
the tank, to make the maximal allowed energy flow formulation depended on
the remaining energy in the tank. Finally, another research direction could fo-
cus on investigating the implementation of similar concepts for ensuring the
passivity of the system when encountering virtual workspace restriction for
the method presented in [Paper B! [2]].
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ENABLING PASSIVITY FOR CARTESIAN
WORKSPACE RESTRICTIONS

This chapter consist of work from the following paper: Hjorth S, Lachner J,
Ajoundani A, Chrysostomou D; Enabling passivity for Cartesian workspace
restrictions (2023) Preprint
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6.1 Introduction

As previously mentioned, the previous chapter 4 presented a control scheme
which enables safe pHRI in restricted workspaces. However, the passivity
of the system or the application of such a control strategy on a disassembly
task was not considered as part of the proposed solution. Hence, in the previ-
ous chapter 5, an augmented global energy tank was introduced to ensure the
passivity of the energy-aware Cartesian impedance controller. Additionally,
the adapted control scheme was compared to two other control approaches on
a faulty unscrewing task, which are currently used in state of the art unscrew-
ing applications. However, the proposed controller still did not ensured the
passivity of the control action of the virtual workspace restrictions. This chap-
ter, will present a state-of-the-art methodology, which will ensure the passiv-
ity of the system when subjected to virtual workspace restrictions (as defined
in chapter 4) by proposing two different approaches in combination with an
energy-aware control strategy presented in chapter 5.

To summarize the main contributions of the presented work are:

(i) Design of two approaches to ensure the the passivity of the system when
an energy-aware Cartesian impedance controller is subjected to Carte-
sian workspace restrictions.

(if) An experimental validation of the two proposed approaches on a proof
of concept faulty extraction task.

This chapter comprises the findings of paper [Paper DI [4]], so it is expected
to encounter repeated information, such as context, wording, results, and fig-
ures, derived from that particular source.

6.2 Methods

As previously mentioned, this work utilizes an energy-aware Cartesian impe-
dance controller (presented in chapter 5), and as discussed in section 2.3, it
is possible to express the energy stored in an impedance-controlled robot the
storage function S = Scy + Sgrop; Where it was shown that S is only passive if
Scyy is passive.
Consequently, as seen in the bond graph representation in Figure 6.1, Pcyyq
is constructed out of energy flow of the ports of the impedance controller
(Timp, q) and the virtual walls (7¢, q), which are denoted as Pimp € R and
Pc € R, respectively.

Pyt = Pimp + Pc (6.1)
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Figure 6.1: The bond graph representation of the presented controller, with the impedance con-
troller highlighted in blue and the workspace restrictions in purple. Adopted from [Paper D | [4]]

This equation can be expanded further by expanding Py into its sub-compo-
nents Pspring and Ppjss.

Pcy1 + Ppiss + PSpring + Pc =0. (6.2)
o~ N N~
TDan’\pq Tspl’ingq ch
—_——
Timpq

As previously discussed, the control action of the energy-aware impedance
controller is passive. Hence, possible non-passive behavior originates from
the injected energy by the control action of the virtual walls at (t¢,q). In
the event of an external disturbance affecting the robot’s link(s) i, which re-
sults in it moving towards the virtual Cartesian workspace restriction C; and
its activation distance x;. At the moment where the link enters the activation
distance (di,c]-(q) < xj), the virtual Cartesian workspace restriction starts to

introduce the repelling wrench w%ji’i (4.13) on the respective link.

This repelling wrench increases exponentially due to the in Equation 4.16 de-
fined potential as the link gets closer to the workspace restriction, slowing the
motion of the link down and thereby virtually dissipating the kinetic energy
of the link.

In the time instance where the link’s motion towards the virtual workspace
restriction stops, no energy flows between the workspace restriction and the
robot’s link as the link’s velocity is zero. However, in the event that the robot’s
link is accelerated in the opposite direction of the virtual wall through wg’;’ ”

energy is injected into the system. Consequently, it can be seen that the sys-
tem becomes non-passive in the event Pc + Pspring becomes greater than the
dissipated power Ppjgs, potentially resulting in the instability of the system.
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6.2.1 Approaches

Due to the nature of the above presented response related to the restricting
control action of the virtual walls, two approaches to preserve the overall pas-
sivity of the system are presented and investigated:

(i) Approach 1: This approach utilizes splits the overall energy budget for
the virtual walls and the impedance controller across two separate aug-
mented energy tanks.

(ii) Approach 2: This approach observes the resulting overall energy flow of
the controller as well as of the virtual walls and decouples if necessary
non-passive control actions from the constraint individually.

Approach 1: Separate Energy Tank

This approach adopted the design philosophy of adding an additional energy
tank Ec for bounding the energy associated with the virtual workspace next
to the energy tank Et for the implemented impedance controller introduced
in chapter 5. Besides enabling the separation between the demand on the over-
all allocated energy budget of the impedance controller and the workspace
constraints across these two energy tanks, it is possible to regulate their indi-
vidual flow of energy without restricting each other.
This becomes particularly crucial when links without influence on the pri-
mary task are subjected to a workspace constraint. As such a scenario could
result, in the case of a single energy tank, either in the depletion of the tank,
through which the main task gets unnecessarily penalized due to lack of en-
ergy in ET or ET gets constantly refilled through a link that is in contact with
the workspace constraint which would result in the primary task always hav-
ing energy available.
The concept described above enables us to split the energy flow Py, of the
storage function of the controller S¢y,; as defined in (6.1) across the two tanks,
Er and Ec, which have their individual energy flows Ec and Et and are
bounded by their respective upper and lower bounds, Er/E7 and Ec/Ec.
Based on the previous definition of Ppjss in (6.1), it can be seen that any in-
crease in energy of Scy,; is a result of the negative flow direction of the power
PSpring and PC-

- (PSpring + PC) > PCtrl (63)

Where the energy flow resulting from the virtual walls (P¢), defined as the
sum of the individual energy flow for the by C; restricted link

Pc = ZZPCJ,J-. (6.4)
] 1

Hence, through the incorporation of the aforementioned virtual energy tanks
Et and Eg, it is possible to bound the energy that can be injected into S by



6.2. Methods 47

Scu1. Consequently, the inclusion of Et and E¢ modifies the energy flow of
the system, resulting in the following way:

Pcy + Er+Ec <0 (6.5)
where E7 and Ec as seen in Figure 6.1 are defined as
ET = _pSpring and EC = —Pc. (6.6)

The in chapter 5 presented energy-aware control strategy has been demon-
strated to be passive due to its augmented energy tank Er. Subsequently,
the remainder of this section will focus on the tank dynamics associated with
virtual walls presented in chapter 4. The design of Ec adheres to the same phi-
losophy as presented in both [Paper C | [3]] and [25]. Firstly, one has to ensure
that the energy tank remains within its upper and lower limits, denoted as Ec
and Ec. This was achieved by the utilization of the binary variable i € R for
enforcing Ec and I € R to hinder any violation of E¢ in the following way:

h_{o if Ec > 0AEc > Ec

1 otherwise
(6.7)

= 0 ifECSO/\Ecgﬁc
|1 otherwise
Identically to the impedance controller (described in chapter 5) the energy
flow Ec at Ec is restricted in the negative direction to a set constraint E- which
is enforced through the scaling factor « € IR whilst E.- is not violated (I = 1),

Ec
1 otherwise.

Ec e <E-<OAl=
a:{ ifEc <Ec<O0Al=1 ©8)

Based on the augmentation through the binary variables k and [ as well as the
scaling factor a, the energy flow at Ec (Ec) can be reformulated as
. e ifEc <
EC _ Dd.EC if EC 7.0 (69)
hEc  otherwise.

In order to transfer this limitation on the energy flow Ec that depletes Ec,
the scaling factor « as well as the binary variable ! have to be included in
the calculation of 7¢ in order to ensure that not only a limited amount of
energy can be injected through (7¢, q) at each timestep but also that no energy
flows when E¢ is empty (Ec < Ec). Consequently, the resulting torques ¢ as
defined in (4.18) are reformulated to:

T
Tl = ‘J‘ZZZJiT(q)W%;,i (6.10)
i
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Approach 2: Flow Monitoring

As aforementioned, to guarantee the passivity of the control actions associated
with the enforcement of the virtual walls, this method utilizes a single energy
tank, in contrast to Approach 1. Instead, this approach employs a strategy
that combines an energy flow regulation technique and a power-based decou-
pling mechanism to handle non-passive behavior induced by virtual walls.
The method presented in Approach 1 allowed for the regulation of the rate
of energy of the control actions from the virtual walls, which, as mentioned
above, is also a feature in this approach. However, as depicted in Figure 6.1,
the regulation of energy flow for virtual walls is now occurring at the port
(tc,q) instead of at Ec.

As mentioned earlier in this section, in addition to restricting the energy in-
jected by control actions of the virtual walls in the non-passive direction (Pc >
0), the individual energy flow of P can be decoupled on the basis of the over-
all energy flow at the power port (Tcyl, q) (Poy)- This is necessary due to
the absence of the in Approach 1 proposed augmented energy tank Ec in the
control architecture; it is no longer possible to utilize the previously virtually
dissipated energy stored in the energy tank.

Therefore, it is necessary to observe and restrict the energy flow P¢ in a posi-
tive direction as well as decouple individual energy flows of P that contribute
to the flow in this direction. This is achieved by first calculating the initial en-
ergy flow from the virtual walls Pc (6.4). In order to limit the flow Pc > 0 on
basis of a upper limit P¢ the energy flow restriction variable x € R is intro-

duced: B
Pc P
=T if Pc > Pc >0 6.11)
1 otherwise,

which as already shown in Approach 1 influence the resulting torques 7. (4.18)
in the following way:

i T
e =r LT (@we, 6.12)
t]

Consequently, the resulting energy flow can be expressed as P{ = « LiXiPc, €
R. However, as mentioned previously, due to the lack of an energy tank, the
energy that can be injected into the system, even though it is restricted through
%, can still possibly result in the violation of the system’s passivity. Therefore,
it is necessary to observe the energy flow Py, at the power port (Tcy, q) ,
which is defined as

Pe = (TI—;‘lp + T—Cr,;()q (6.13)

Using Pcyq, one can assess whether the system becomes non-passive (Pcy) >
0) through the scaled control action of the virtual walls (tcy). If Poyp > 0
holds true, the individual energy flows of P (i.e.,PC].J.) are examined to iden-

tify their contributions to the system’s non-passivity (Pc,, > 0) and energy
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flows are then decoupled using the binary variable ¢; ;:

el e e
Consequently, the energy flow at the port (Tcy, ) can be rewritten to:
Peut + Prinp + %)) ¢5iPc;; =0, (6.15)
L
pt

C

In order to transfer this limitation on the energy flow at (t¢,q) that con-
tributes to the non-passivity of the system, the scaling factor « as well as the in-
dividual decoupling variables ¢;; have to be included in the calculation of 7¢
in order to ensure that no passivity violating energy can be injected through
(tc, q) Consequently, the equation for T (4.18) has to be is reformulated to:

i T
e =x Yol (@we, (6.16)
i

6.3 Experimental Validation

As previously stated, the sample application for the experimental validation
of the presented approaches is a disassembly task, i.e., a proof-of-concept com-
ponent extraction/separation task. The concept of the experimental setup is
to simulate an accidental contact loss during a separation process of two com-
ponents while a human operator is in close proximity to the robot. This sce-
nario aims to showcase the possibility of enabling close collaboration during
HRCD tasks. In order to showcase the strength and shortcomings of the two
presented approaches, the experiment was divided into two different phases:

(i) accidental phase , and
(if) pHRI phase.

The task begins with the gripper already being in contact with the fixture that
should be extracted. Hence, the accidental phase, highlighted in the plots in
green, starts with increasing the force along TCP z-axis, pulling on the fixture
until it reaches a value of 62 N is reached. In order to get a reliable and re-
peatable simulation of the failure of the part through an instantaneous contact
loss during the extraction, the gripper is opened, through an external trigger,
simulating a failure of the part. This results in the robot’s end-effector being
accelerated in an upwards direction until 6'-link encounters the virtual wall
C;, which is set to avoid collisions with the human co-worker in case of a fail-
ure.
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Figure 6.2: Experimental setup for component extraction: a robot gripper extracts a component,
simulated by a 3D-printed fixture, while being subject to virtual walls C; and C,.

As aforementioned, the use case is in a HRC setting. Hence, during the pHRI
phase, highlighted in the plots in red, links 6 and 4 of the robot were manu-
ally pushed with excessive force into the virtual walls C; and C», respectively,
to be able to validate that the robot does not become unstable through the
additional energy that is injected to the system through the virtual walls.

6.3.1 Results

As stated previously, experimental validation comprises of comparison be-
tween a separated energy tank (Approach 1) and a purely energy flow obser-
vation based (Approach 2) approach. The remainder of this section is struc-
tured in the following way:

(i) Experiment A: Focuses on the response of the separate tank approach
presented in Approach 1.

(if) Experiment B: Focuses on the response of the flow monitoring approach
presented in Approach 2.

Additionally, a video showcasing the experimental results can found through
the following link https:/ /youtu.be/wzOtvGffonY.

Experiment A: Separate Energy Tank Approach

The accidental phase started by translating robot’s desired pose H} along the
TCPs z-axis until w2:E reached foun, = 62 N (Figure 6.3, 4 — 12 s). After

ext,z
which the gripper got triggered to release the fixture, resulting in abrupt ac-
celeration of the end effector towards Hg due to the release of the potential
energy Uspring. This caused the end-effector to pass HY, which resulted in

link 6 passing into the activation area of C; (indicated by dg c, crossing the
dashed line). This resulted in being applied w?:’166, which virtually dissipated


https://youtu.be/wzOtvGffonY
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the link’s kinetic energy through which the level in Ec increased due to a pos-
itive energy flow Ec (Figure 6.3 magnified in purple) at the port of the energy
tank Ec. As link 6 got pushed out by wg’f’/é it can be seen that the energy flow
Ec changes direction (E¢ < 0). '

However, as seen in the purple magnification window, Ec did not exceed the
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Figure 6.3: Visualizes the observable quantities of Approach 1. The two energy tanks Et, and Ec;
the difference between the unrestricted and through « and restricted energy flow Ec due to the
repelling wrenches wOC’léZ and w%f .. of virtual walls C; and C, along their repelling direction as

0,EE

well as the external wrench acting along the TCP’s z-axis Wiy .

limit E- and the injected energy was close to equal as the virtual dissipated
one. Hence, the energy injected due to w(():’f,6 during the accidental phase did
not violate the passivity of the system.

The pHRI-phase started by the robot’s 6%-link being manually pushed into

the virtual wall C; (16.2 — 18 s and 23 — 26.2 s). The identical procedure was
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applied to link 4 with respect to C (~ 20 — 22 s).

The observed behavior is similar to the accidental phase one, with the amount
of energy stored in Ec being increased until link 4 or 6 reached its equilib-
rium point within the activation distance based on their respective externally
applied wrenches and decreased as the links exited the virtual wall. When
either of the two links approached a virtual wall and was held within the acti-
vation distance virtual wall with a significant force, Ec changed direction high
frequent manner, this behavior occurred due to high forces acting on the links
and the fluctuation of the force applied by the human operator in the direction

of the virtual wall (max. wgfm = —40 N, max.wgft/x = 60 N). This behavior,
as explained in section 6.2 could, if the energy flow is left unchecked, result in
instability of the system even though E¢ is bounded.

However, as seen in the magnification in blue, the initial energy flow of EC got
limited to E. through a, resulting in that a fraction of the virtually dissipated
energy stored Ec got injected back into the system.

Consequently, the level in Ec rose at a high rate then it was drained, show-
casing that the system stays passive. Additionally, it can be observed that de-
spite forcefully pushing the link into the virtual walls, the links did not violate

their respective distances from the walls.

Experiment B: Flow Monitoring Approach

Identically to the experiment conducted in Experiment A is highlighted in
green, and started by translating Hg until force wgﬁﬁ = fpunz at 14.5 s (see
Figure 6.4). At this point, the gripper released the fixture, resulting in a sim-
ilar behavior as during Experiment A. Where the repelling wrench WO’6C1, 6
was applied to link 6, leading to a negative energy flow Pc at the power port
(tc, q) and during the exiting of the activation distance (dotted line), the en-
ergy was produced (Pc > 0). However, as seen in the purple magnified view
in Figure 6.4 the energy injected by control action of C; did, similar to the ex-
periment described in Experiment A, not result in Pc reaching the set limit on
the overall energy flow at port (t¢, q) (Pc).

Hence, no scaling of Pc through x occurred. As explained earlier during the
pHRI phase (highlighted in red), link 6 and link 4 were manually pushed into
their respective virtual walls C; and Cy, with link 6 between in contact with
Cy at15.7 —17.2 sand 22 — 24.5 s and link 4 with C, at ~ 19 — 21 s).

As already observed in Experiment A, when the links were pushed into the
virtual walls, the kinetic energy of the link was virtually dissipated through

the wrenches w%f, 4/ w%i 4 Which resulted in a negative energy flow at the port
(tc,q) (Pc < 0). Once w%f’6 / w((]j'j’4 reached their respective equilibrium point
based on the externally applied wrenches onto the links, the energy flow Pc
changed direction with high frequency due to fluctuations in the externally

applied wrench by the operator. Resulting in a behavior similar to that de-
scribed in Experiment A.
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As already stated earlier, these fluctuations in the energy flow could lead, if
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Figure 6.4: Visualizes the observable quantities of Approach 2. The energy tank Er, the energy

flow Pcyy, the difference between the unrestricted and through x and ¢, 1/ ¢4 restricted energy

flow Pc due to the repelling wrenches W%f 6. and woc’j 4, of virtual walls C; and C, along their

0,EE

repelling direction as well as the external wrench acting on the TCP’s along its z-axis Wey -

left unaddressed, to a non-passive behavior as well as to the potential instabil-
ity of the system. In order to ensure that the system stays passive, the energy
flow Pc is restricted through the scaling factor x (equation (6.11)) and the in-
dividual decoupling terms ¢ 1 and ¢4 (equation (6.14)).

Then looking at Pg when link 6 is subjected to C; (blue magnified view in Fig-
ure 6.4), one can observe how P! changed value between the predefined limit
on the energy flow at (t¢,q), Pc and 0. This behavior is directly related to
the decoupling term introduced in (6.14), with ¢61 decoupling Pc,, from the
energy flow at the power port (T, q) on the basis that the through « limited
energy flow is in a positive direction (xPc > 0). This resulted in Pcyg < 0 held
true, and therefore the overall system was kept passive.
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6.4 Conclusion

The work presented in this chapter proposed and compared two approaches
(Approach 1 and Approach 2) to ensure the passivity of a kinematically redun-
dant robot when subjected to Cartesian workspace restrictions. The proposed
control extended the energy-aware Cartesian Impedance control strategy pre-
sented in [Paper C| [3]] with an energy-based approach for enforcing virtual
walls presented in [Paper B | [2]]. Both approaches were evaluated on a faulty
disassembly, and demonstrating their effectiveness in maintaining passivity,
when the links of the robot are subjected to a virtual wall due to a sudden
loss in contact between the robots end-effector and the fixture, as well as even
when subjected to virtual walls under significant forces through a pHRI. In
Approach 1, a separate augmented energy tank dedicated to the control ac-
tion of the virtual wall was utilized to separate the two energy demands of
the system from each other. Approach 2 focuses on observing and limiting
the overall energy flow of the control action coming from the workspace re-
strictions and decouples individual energy flow resulting from the different
virtual walls based on the controller’s overall energy flow. The experimental
validation of both approaches showed that they were able to ensure the pas-
sivity of the system while securing that the robots did not violate any of the
virtual even subjected to them through an externally applied force.

6.4.1 Limitations & Future Work

The general limitation of the presented control architecture, regardless of the
presented passivity-based approaches one chooses, is that it does not include
any prioritization between the task or the virtual wall nor prioritize between
the active restrictions themselves. Additionally, both of the presented ap-
proaches have some limitations which were not covered in this work. In Ap-
proach 1, it is a necessity to select suitable upper and lower bounds of the
energy tank; however, this is non-trivial due to the randomness involved in
the potential interactions between the robot and a virtual wall in terms of their
amount, severity, and timing.

Regardless of the chosen approach to ensure passivity, the overall design of
the control structure has a drawback: it does not prioritize either the task or
the virtual wall nor does it prioritize the restrictions imposed by the virtual
walls themselves. One could argue that in situations where an event could
potentially result in harm or damage, the control action becomes secondary
to enforcing the task. Therefore, in future research, it would be worthwhile
to explore how to incorporate such conflicts between tasks and compare con-
trollers that saturate the robots’ nullspace.

In the case of approach 2, the main limitation lies in the increasing complex-
ity that is encountered while observing and decoupling the individual energy
flows associated with the links and virtual walls, as with an increasing num-



6.4. Conclusion 55

ber of virtual walls and restricted links associated with these walls. Hence,
future research could focus on implementing a prioritization between the re-
strictions.
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CHAPTER 7

GENERAL CONCLUSION

This thesis provides an investigation into the current state of the art in non-
destructive HRCD applications as well as the utilization of an energy-aware
control approach for kinematically redundant robots for such tasks. Further-
more, a reformulated artificial potential field approach was proposed to en-
able the robot to stay within predefined workspaces during physical human-
robot interaction.

The key contributions presented in this thesis can be summarized the as fol-
lows:

* Anin-depth analysis of the current state-of-the-art in the field of human-
robot collaborative disassembly on bases on the current state-of-the-art
in HRC and disassembly as well as a framework to evaluate future con-
tributions.

* An energy-based approach to enforce workspace restrictions for kine-
matically redundant and torque controller manipulators.

* An extension for an energy-aware Cartesian impedance controller with
an augmented energy tank as well as an experimental comparison with
control schemes currently applied in human-robot collaborative disas-
sembly unscrewing task.

* An extension of an energy-based approach to enforce virtual Cartesian
workspace restrictions through to different passivity based methods with
an experimental comparison between the two presented approaches on
a proof-of-concept human-robot collaborative disassembly task.

The in chapter 1 presented research questions where answered in the follow-
ing way:

Q1: What are the main technological hurdles HRCD applications face?

In the work discussed in chapter 3, it was found that the main focus within
the field still lies on how to tackle the disassembly processes on the robotic
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side and that technological enablers for HRI, such as visual and verbal inter-
face are generally rare and only to a limited extend implemented. This holds
especially true for pHRISs, as there is a notable absence of post-collision control
schemes that are able to limit the energy exchange between the robot and its
environment, which is essential for a safe, closer, and more engaging HRC.

Q2: How can the workspaces of kinematically redundant manipulators be restricted
while ensuring safe pHRI?

In the work discussed in chapter 4, an energy-based approach was also been
presented to enforce the virtual work space for kinematically redundant ma-
nipulators during pHRI. This approach enables the human to interact physi-
cally with the manipulator whilst ensuring that the manipulator stays within
its virtually restricted workspace. The method combined an energy-aware
Cartesian Impedance control scheme that ensures that the manipulator is ca-
pable of adapting to pHRIs based on energy thresholds specified on the ISO
standards with a modified artificial potential field approach.

Q3: How does an energy-aware Cartesian Impedance control strategy perform on Dis-
assembly tasks?

The work discussed in chapter 5 investigated the utilization of an energy-
aware Cartesian impedance controller for a disassembly task, more specifi-
cally, a faulty unscrewing task. In this work, an energy-aware Cartesian impe-
dance controller approach was adapted with an augment energy tank to en-
sure the passivity of the system and compared to currently utilized control
schemes in the field of HRCD. It was shown that the presented formalism
outperformed the other control schemes when it came to handling contact
loss and pHRI during and after the completion of the unscrewing task.

Q4:How can virtual workspace restrictions be enforced without violating the system’s
passivity?

The work discussed in chapter 6 extended on the previously proposed works
that were described in chapter 4 and chapter 5 by investigating the effect the
enforcing control action of the workspace restrictions has on the passivity of
the system. Based on this investigation, two different approaches were pro-
posed that focused on observing and limiting the energy flow of the workspace
restriction and compared to each other on a faulty extraction/separation task.
It was shown that both the presented approaches were able to keep the sys-
tem passive and the restricted links within their predefined workspaces when
subjected to significant force.
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This work postulates that in order to successfully integrate an HRCD cell, the
collaboration between the robots and the human must allow not just for ver-
bal or visual HRI but also enable pHRIs during the disassembly process of
EOLP. However, as pointed out chapter 3, there is currently a lack of the inte-
gration of control strategies that can facilitate pHRI or handle sudden contact
loss between the robot and the workpiece. Hence, this work proposed and
show-cased control approaches in chapter 5 and chapter 6 that are capable of
handling such scenarios by observing and limiting the flow of energy as well
as the energy stored in the system. However, this work did not investigate
how such control strategies could be utilized efficiently in a human-robot col-
laborative disassembly setting. Therefore, future work can investigate how
the different control parameters specifically to such energy-aware approaches
could be adapted during the task to maximize the efficiency and safety of the
system. Additionally, the presented work did not cover the notion of solving
task conflicts between the different control actions of the control strategy.
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ARTICLE INFO ABSTRACT
Keywords: Nowadays, numerous companies and industries introduce recycling processes in their production, aiming to
Human-robot collaboration increase the sustainable use of the planet’s natural resources. Nevertheless, these processes remain inefficient

Circular economy

Human-robot collaborative disassembly
Sustainable manufacturing

Industrial manipulators

due to the high degree of complexity and variation in the products. In order to remedy this, industry
stakeholders adopt the circular economy business model and introduce take-back programmes and reman-
ufacturing processes for their End of Life products in their own supply chains. Take-back programmes enable
the re-sourcing of sub-assemblies and components of previously manufactured products while remanufacturing
processes encourage non-destructive disassembly. Due to the uncertain conditions of the re-sourced products,
fully automated cells cannot cope with the d ding di: bl Therefore, there is a need to
establish hybrid disassembly robot cells where humans and robots work closely together in a process known
as human-robot collaborative disassembly (HRCD). This paper examines the landscape of HRCD and reviews
the progress in the field during the period 2009-2020. The analysis investigates principles and elements of
human-robot collaboration in industrial environments such as safety standards and collaborative operation
modes, HRI communication interfaces, and the design characteristics of a disassembly process. Additionally,
the various technical challenges of HRCD are explored, and a review of existing systems supporting HRCD is
presented. This review aims to support the robotics community in the future development of HRCD systems,
discuss identified literature gaps, and suggest future research directions in this area.

1. Introduction stage and as a result extend the life of sub-assemblies and single
components.

The rapid progression in technology over the last decades has Fig. 1 illustrates the central concept behind circular economy, where
changed the world’s consumptive behaviour significantly. However, the aim is to extend the life of sub-assemblies and single components of
with the current business model, this trend is not environmentally and products, by reuse-/remanufacturing parts and components of products,
economically sustainable [1]. A significant number of manufacturers which have reached their End-Of-Life (EOL) stage.
have initiated a paradigm shift by applying various recycling processes Traditional manufacturing practices that require, e.g. shredding and

in the production lines. For example, they attempt to reduce the num-
ber of raw materials that have to be extracted from Earth, by sending
the excess amount directly back to their vendors; an action that has
already shown environmental and economical benefits [2].

However, this remains insufficient; therefore, policy providers have
discussed and promoted the so-called circular economy business models
(CEBMs) in UN- and EU-summits [1,3,4] and significant industrial
stakeholders, such as Bosch [5], Grundfos [6] and Apple Inc. [7] have
already started to adopt this model. Fig. 1 illustrates the central concept
behind circular economy, which is to reuse/remanufacture parts and
components of products, that have reached their End-Of-Life (EOL)

reproduction of raw materials, can be less environmentally friendly
compared to the remanufacturing/requalification reproduction process
for the following reasons: (i) contains non-environmentally friendly
chemicals, (ii) is energy consuming, (iii) the new component still has
to be produced, (iv) the requalification of used parts is economically
more viable than their recycling [8]. In addition, a report from Ellen
MacArthur Foundation [9] outlines the fact that the CEBM brings the
following benefits for manufacturing companies:

(i) Substantial net material savings
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1. New raw materials

10. Recycling

@( 11. Discarding

8. Extraction
of raw-materials

9. Remanufacturing
and requalification
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2. Design

3. Production

4. Distribution

5. Consumption

6. Take back

7. Disassembly

Fig. 1. Abstract visualization of the resource life cycle according to the circular economy business model. 01: New raw materials enter the production; 02: Design & manufacturing
of sub-components; 03: Production of final product; 04: Distribution of the product to customers; 05: Consumption of the product; 06: Take back of the EOL product (EOLP); 07:
Disassembly of the EOLP; 08: Extraction of raw materials; 09: Remanufacturing and requalification of extracted sub-components; 10: Recycling of raw materials; 11: Discarding

non-recyclable raw materials.

(ii) Reduced exposure to price volatility

(iii) Increased economic development

(iv) Increased innovation and job creation potential

(v) Increased resilience in living systems and the economy

These findings are further backed by Li et al. [10], where in a case
study for the analysis of a disassembly process where robots are used for
the recovery of strategically important materials from electric vehicles,
concluded that an average 95% of the materials and their associated
recovery values could be extracted. It also states that it is crucial to
take the design for disassembly (DfD) of products into account as a pre-
treatment process for future EOL vehicles as it has a direct and positive
influence on the efficiency of disassembly processes. Consequently, this
leads to a reduction in material lost during the recycling process. Ac-
cording to Graedel et al. [11], this can be traced back to the increased
complexity of multi-material products. Therefore, companies that adopt
this business model still face major challenges in the following three
fields:

Logistics/ Take-back programme: Take-back programmes serve the
purpose of souring EOL products from customers and end-
consumers to extract reusable sub-assemblies and components.
Establishing and maintaining a take-back programme profitable
remains a major challenge for most companies.

Di bly Process: The di bly process itself focuses on the
extraction of sub-assemblies and individual components of EOLPs
in such a way that they can be re-used/-manufactured. Non-
destructive disassembly of final products remains a process highly
dependable on the original design and assembly of the product.
Requalification Process: The requalification process is another es-
sential area for the realization of the circular economy. Here, the
disassembled sub-assembly or components are tested to evaluate
if they are suited to be introduced back into the manufacturing
process and integrated into a new product. The design of such
evaluation process to identify all potential defects and predict the

Table 1

T i for de-, system. [12].

Challenges

« High variability in the conditions of post-use parts
+ Poor information about return products

« Increasing product complexity

« Short life-cycle of products and high product variety

« Increasing quality requirements on recovered materials and component
« Pressure on costs and efficiency

future life span of said sub-assembly/component remains a major
challenge.

The main challenges between these three areas lay in the technological
challenges, as stated in [12]: “The role of advanced de- and remanufac-
turing technologies and systems is fundamental to achieve the required
quality and efficiency of the regeneration process”. Additionally, some
major challenges that were pointed out are presented in Table 1. As
recently pointed out in [13], the economic viability of the take-back
programme is affected by its high proportion of manual labour. There
was concluded that the cycle time for the disassembly of a product
takes three minutes, compared to a cycle time of 20 s for a conventional
recycling setup (i.e., shredding).

In order to make CEBM viable for any manufacturer, it is necessary
to automate the disassembly process. One of the main technologi-
cal enablers that facilitate the automation of the vast majority of
manufacturing processes and consequently disassembly is industrial
manipulators [14].

However, as stated previously and also concluded in an analy-
sis of the structural design of LCD TVs for automatic disassembly
by Elo et al. [15], the major challenge for a disassembly system is
the variability and uncertainties concerning the state of the product,
e.g., in-homogeneous materials, the mixture of materials, component
location and the variation of the structural rigidity of the components.
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This variability and uncertainty can make it impossible for a fully
automated system to complete the process in an economically viable
time or even complete it at all.

Therefore, it is 'y to keep the h the-loop and create
a hybrid automated disassembly cell in which humans and robots
support each other to complete a given disassembly task. Such im-
plementation introduces a new set of challenges to the disassembly
process with regards to the collaboration between humans and robots,
i.e., task sharing/allocation/programming and safety in human-robot
interaction/collaboration.

This paper aims to clarify these challenges and provide the reader
with an overview of the progress during the past decade in the field of
human-robot collaborative disassembly (HRCD). The contributions of
the paper are:

(1) An analysis of the way that human-robot collaboration (HRC)
is currently interpreted and implemented within the field of
robotic disassembly in industrial settings.

(ii) An insight on the main components of a robotic disassembly
process.

(iii) A framework for identification and classification of research pa-
pers focused on human-robot collaborative disassembly systems

The paper continues with a description of the methodology to identify
and select relevant papers in Section 2. In Sections 3 and 4, the neces-
sary background knowledge for the analysis of the current state of the
art in the field of HRCD is provided. Section 3 presents the definition of
HRC, an overview of standards and methods ensuring robot safety, and
a summary of communication methods that enable HRC in industrial
settings. Section 4 explores the various areas composing disassembly
processes i.e., Task Definition, Task Planning and Task Implementation.
Section 5, highlights the literature which explicitly covers the topic of
HRCD. Lastly, Sections 6 and 7, evaluate the most relevant papers and
conclude with a summary of the gained knowledge, several discussion
and reflection points and a list of identified research gaps in the
research area.

2. Search methodology

In order to solve the challenges associated with the disassembly
of EOLPs (see Table 1), multiple robotic technologies and concepts
have been developed since the 1990s. Although numerous surveys and
reviews on HRC in industrial settings have been proposed, to the best of
the authors’ knowledge, only one extensive literature review exists on
the topic of robotic solutions for disassembly tasks and was conducted
by Poschmann et al. [16].

That particular work highlights that the current research trend
within this field moves towards completely autonomous robotic dis-
assembly cells and the improvement of HRC process implementations.
The importance of HRC in disassembly is also solidified by acknowl-
edging its investment value for companies in terms of complexity and
adaptability compared to fully automated solutions. However, [16]
mainly focuses on robotic disassembly in a contextual sense. It does not
provide an analysis of the research outside of the field of disassembly
that might be beneficial for this field.

On the contrary, the objective of this review is to provide an
overview and an analysis of autonomous robotic disassembly systems
as well as robotic solutions used for industrial disassembly tasks while
incorporating various forms of HRC. For this aim, a broad literature
survey was executed, and the contents of more than 400 papers in
related areas were researched and reviewed. A summary of the chosen
search criteria can be found in Table 2. Furthermore, a visualization
of the selection process of related literature is illustrated in Fig. 2.
Initially, an extensive search on web-based databases (i.e., Google
Scholar, Scopus, WebofScience) for the related works in the area of HRC
within disassembly for the period from 2009 to 2020 was conducted.
Several search terms related to the application context were used, such

Robotics and Computer-Integrated Manufacturing 73 (2022) 102208
as: “Human-Robot Collaboration” AND “Disassembly”, “robot assisted
disassembly”, and “Human-Robot Collaborative Disassembly”. The se-
lection of these terms was based on the argumentation that they must
include a relation to the process (i.e. disassembly), a robotic mechanism
as well as indicate a supportive/role by either one or multiple of the
autonomous quantities (i.e. human operators and robots) involved in
the process.

At the same time, search terms relevant to the general area of
industrial disassembly but were not suitable for the scope of this review
had to be excluded. For example, since HRC encapsulates any form
of HRI in industrial processes, the authors decided to exclude HRI
as a search term in this review. Moreover, papers with a contextual
background of economic evaluation/feasibility studies of a disassem-
bly line and profitability scores are excluded. Most companies focus
on the economic feasibility and profitability of the disassembly line
itself rather than the choice of a robot or a specific enabler of the
technology. Therefore, most of these studies focused on cycle time
and regained/preserved value of the components rather than on the
technology enabling the disassembly of a product.

Besides, literature discussing the process optimization of disassem-
bly line designs is excluded from the paper selection. The authors
believe that such studies do not add significant value to analysing how
and what technology/approach is currently used to realize a human—
robot collaborative disassembly system. Lastly, literature presenting the
design of tools is excluded because the general practice of designing
a tool that can be safety-certified for an HRC application is identical
regardless of the task.

The period for this search was selected to cover from January 2009
until September 2020. The beginning of this period was chosen because
the first collaborative enabled industrial manipulator was made avail-
able for purchase in 2008 [17]. Furthermore, new standards were put
in place in 2009, allowing the incorporation to of HRC on shop-floors.

Taking all these parameters into consideration, the initial search re-
sulted in 425 possible relevant publications, while after eliminating the
duplicates, they resulted in 383 publications. A later screening of the
papers based on title and abstract information and the search/review
criteria of Table 2, resulted in 9 publications that are relevant in the
field of human-robot collaboration in disassembly.

Robot Collab.

3. Principles of Hi ation

The topic of HRC has been discussed before the first collaborative
enabled industrial manipulator (i.e., KUKA LWR 4) was made available
in 2008 [17]. However, there is an ongoing debate about the definition
and interpretation of the non-normative terms HRC and human-robot
interaction within academia and industry. This debate was summarized
by Vicentini, where an overview was presented over the different
interpretations across the community and also highlighted the risks and
consequences of enforcing the labels in the real-world by using the term
“collaboration” for branding purposes [18].

Some of the different viewpoints in this debate were explored
in [19,20], where definitions and various levels/subcategories of HRI
and HRC were presented. According to Hentout et al. [19], HRI can be
categorized into the following categories: (i) human-robot coexistence,
(ii) human-robot cooperation, (iii) human-robot collaboration, where
human-robot collaboration can be split into physical collaborations and
contact-less collaborations.

At the same time, other viewpoints regarding which category em-
bodies the most immersive/direct interaction between humans and
robots exist within the research community. On the one hand, Had-
dadin et al. [21] supported the categorization based on physical prox-
imity between a human and a robot. This interpretation classifies
cooperative robot interactions as being in closer proximity than col-
laborative robot interactions. As a result, human-robot cooperation
(HRCoop) occurs when a robot and a human are at the closest possible
distance and human-robot coexistence (HRCox) when they are farthest
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Table 2

Overview of the various review criteria applied during the search process for relevant literature.

Search Criteria Description

Search terms “Hi Robot C ion” AND “Di: , “robot assisted di: ", “H Robot C ive Di: ”

Time period
Publication type

January 2009-September 2020

peer-reviewed academic conference paper, journal articles and books

Exclusion criteria Description

Language
Contextual

non-English
economical evaluation/feasibility studies,

scores, process line design, tool design

425 Potential articles
identified from elec-
tronic database searches

- 382 Google
scholar

- 22 Scopus

- 21 Web of Science

42 Publications ex-
——> cluded due to dupli-
cation

383 Potential relevant
articles

303 Excluded based
> on title and abstract
screening

80 Potential relevant

articles

49 Excluded based on
screening of economical
evaluation/feasibility
studies, profitability

scores, process opti-
mization disassembly
line design, and/or tool
design based context

31 Relevant Articles:

Full screening/reading

22 Exclusion based on
missing relevance

9 Relevant Articles

Fig. 2. Visualization of the literature selection process for identified literature related
to h - N

apart. On the other hand, Kolbeinsson et al. [22] mentioned that HRC
is based on how humans and robots share their workspace and tasks.
Therefore, they interpret HRC as more immersive as human-robot
cooperation (see Fig. 3).

In the meantime, most industry stakeholders have a different inter-
pretation of HRC where they assume that any robot that can operate
without a fence is collaborative. Different elements of HRC in indus-
trial environments are examined by Villani et al. [23] who have re-
viewed the topic and identified the main challenges as: (i) safety issues,
(ii) HRI communication interfaces, (iii) HRI process design methods.

In our paper we tackle the element of safety by covering the safety
standards and collaborative operation modes; the HRI communication
interfaces by covering programming approaches, input modes, and reality
enhancement, and lastly we cover the design characteristics of a disas-
sembly process by discussing task definition, task lanning and

g . o

3.1. Robot Safety

The current trends in the industry according to [24] go towards
robotic setups, which are fenceless and intrinsically safe by considering
the static force and speed of the robot as well as the human’s reflex
actions. An extensive survey that summarizes the field of HRC and HRI
was conducted by Vicentini in [25]. The research found that physical
interactions between robots and humans can, in general, be categorized
into desired and undesired contacts. In this context, undesired contact is
being classified as collisions. Haddadin et al. have made an extensive
investigation into the different forms/kinds of collisions and their
corresponding critical contact force values in [26,27]. There Haddadin
et al. differentiated between the following forms of impacts: (i) uncon-
strained impacts, (ii) clamping in the robot structure, (iii) constrained
impacts (iii) partially constrained impacts, (iv) resulting in secondary
impacts. This investigation was expanded in [28] to cover different
severity levels for various types of injuries depending on the collision
types. Based on these investigations, Haddadin et al. progressed with
analysing extensively model-based algorithms designed for real-time
collision detection, isolation, and identification of pHRIs [29] and Golz
et al. classified contact types to intended and unintended ones to
highlight the importance of detecting and interpreting contacts for safe
PHRI [30].

3.1.1. ISO standards

In an attempt to classify HRC in a general and robot safety context,
several ISO standards were put in place and are regularly updated.
The introduction of these standards aims to categorize the different
forms of collaboration and interaction based on their kind (e.g. verbal,
non-verbal), severity, and control modes.

IS0 8373

The ISO 8373 standard [31] specifies the vocabulary used within the
area of HRC, in the context of robots, the interaction between humans
and robot (HRI), and other relevant terms related to robots and control
system/strategies.
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Robot

Fig. 3. A visualization of the various levels of interaction, according to Kolbeinsson et al. [22]. The outer left of the graph represents the absence of interaction between human
and robot. The most right part of the graph represents a level of interaction between human and robot which classifies as collaborative.

IS0 10218

The ISO 10218-1/2 standard, in general, describes the concepts of
collaborative enabled robots, workspaces and operations. ISO 10218
is comprised the following two parts: (i) ISO 10218-1 [32] concerns
the specification of the requirement and limitations of the robot’s be-
haviour when interacting with an operator in collaborative operation.
(ii) ISO 10218-2 [33] defines the requirements for the robot systems
concerning the safety when applied in an HRC setting.

150 15066

ISO 15066 [34] attempts to further specify HRC by supplement-
ing the requirements and guidelines established in ISO 10218. More
precisely, this standard defines the appropriate procedure for the lim-
itation of speed values, which keeps force and pressure values within
the defined pain sensitivity threshold for humans in collision scenarios
with robots. It defines twelve specific areas for testing on the human
body as well as the maximum permissible pressure and force values,
specific formulas to obtain the maximal permissible energy transfer for
each body of the defined areas on the human body, and lastly the speed
limit values for transient contact between a human body and a part of a
robot system. Derived from these specifications, the following four-level
(see Fig. 4) of control modes are defined:

Safety-rated Monitored Speed (SMS) enables humans and manip-
ulators to have a shared workspace, but they cannot work in
this workspace at the same time. As soon as the human operator
enters the shared workspace, the robot stops immediately until
the operator leaves the shard workspace again.

Hand-Guidance (HG), methods are designed for the manual guid-
ance of robot systems. Control methods falling into this category
have no defined upper limit in terms of speed with regards to the
robot or forces acting on the human body but the generation of
the motion input. It requires but not limited to that the risks of: (i)
unintentional commands given by the human and (ii) mismatched
commanded and executed motion

Speed and Separation Monitoring (SSM) control schemes enable
human operators to share the same workspace with the manip-
ulator while being in motion. However, the robot motion is like
SMS proximate on the distance between the operator and the
robot. The difference is that the SSM can adapt the velocity of
the manipulator based on the proximity-based zones between
human and manipulator. This ensures that the protective distance
at which the robot has to stop can be made smaller compared to
SMS.
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Fig. 4. Visualization of the four different control levels. [23].

Power and force limitation (PFL) reduces the effects of unintended
contact between human and robot. This can be achieved by
implementing control schemes which control the motion of the
robot in such a way that the forces and momentum upon impact
with the operator are within the set limits to avoid injury.

3.2. Enablers of Human-Robot Collaboration

Previously in this work, the debate regarding the definition of the
HRC was discussed, followed by an overview of the various safety stan-
dards related to robots. However, regardless of the chosen definition
of HRC and which of the safety standards must be followed to enable
a safe implementation, they all require the same thing; the so-called
Enablers, which are control strategies and human-robot communication
techniques equally necessary so the human worker can interact safely
as well as intuitively with the robot.

3.2.1. Control

One of the main concerns in the implementation of industrial HRC is
the classification of physical contact, an area in which De Santis et al.
examined thoroughly and analysed the different aspects and require-
ments for safe pHRI [35]. One conclusion of that work is that control
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methods cannot compensate for a poor mechanical design on their own;
however, they remain an essential aspect when it comes to perfor-
mance, reduction of the sensitivity to uncertainties, and improvement
of reliability.

Control schemes, in general, can be divided into the following two
types:

(i) Pre-collision
(ii) Post-collision

3.2.2. Pre-collision strategies

Pre-collision control strategies focus on preventing harmful con-
tact between the robot and its environment with so-called collision
avoidance. These strategies use sensory input (e.g., camera, laser sen-
sors) to adjust the velocity or the motion of the manipulator based
on the distance to autonomous quantities and their behaviour in the
manipulator’s work environment.

Along with these ideas, Safeea et al. used various sensors (i.e., cam-
eras, lasers, IMUs) to capture the human operator’s position and motion
to adapt the manipulator’s pre-defined/planned path based on a frame-
work incorporating artificial potential fields [36]. In parallel, Chen
et al. explored a collision-free motion path planner for a 6-DoF serial
manipulator [37]. The presented method tracks dynamic obstacles
in the manipulator’s workspace by utilizing depth images captured
by multiple KinectV2 cameras. Based on the estimated position and
velocity of the obstacle, an artificial potential field is adapted, such that
the manipulator’s nullspace can avoid the obstacle while preserving the
original end-effector’s trajectory.

For the generation of a collision-free path in an HRC setting, Landi
et al. proposed an optimization-based method that utilizes safety bar-
riers positioned around the robot links [38]. It also minimizes the
differential between the nominal input and commanded acceleration
such that the manipulator can adapt its motion accordingly to obstacles
detected by depth visual sensors. Another method for addressing the
challenge of avoiding joint limits and Cartesian obstacles was presented
by Scheurer et al. in [39]. This approach used a closed-loop-inverse-
kinematic control approach on velocity level and was evaluated on a
12-DoF mobile manipulator.

Liu et al. presented a dynamic modified SSM method to enable
HRC while maintaining a certain productivity level [40]. The setup
consists of a vision-based detection system based on which the risk
assessment and response strategy for industrial HRC can be dynamically
adapted. Another effective online collision avoidance was proposed
by Mohammad et al. where they utilize an augmented environment
containing a three-dimensional virtual model of the manipulator and
real images of human operators captured by depth cameras [41].
The manipulator adapts its behaviour based on four strategies, either
alerting the operator, halting the manipulator in its motion, moving it
into a safe position, or modifying its trajectory.

Even though the examples for pre-collision control schemes men-
tioned above enable the robot to avoid collisions, they cannot guarantee
that it will not come to harmful contact between human and robot.
As pointed out by Haddadin et al. this happened because the relative
motions between robot and human can be hard to predict as the
use of exteroceptive sensors monitoring the workspace and adapting
the robot’s movement may not be sufficient for the prevention of
collisions [42]. This observation is also highlighted by De Santis et al.
who mention that to ensure a safe robot motion, pure motion control
is inadequate, as it might generate undesirable contact forces in case
of collisions [35]. Thus, it is necessary to implement a post-collision
control strategy capable of limiting the contact forces between humans
and robots to a desirable level.
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3.2.3. Post-collision strategies

Contrary to pre-collision control strategies, post-collision control
strategies do not prevent possible contact between humans and robots
but instead limit the contact force and the energy exchange between the
two entities to a safe limited [43]. Such post-collision control strategies
are also known as “interaction control strategies”, where the two most
prominent sub-categories are direct and indirect control strategies. The
former includes so-called hybrid control strategies, whereas the latter
includes Admittance and Impedance control schemes.

Direct-force control approaches control the manipulator’s force
along the constrain as well as the motion along with the directions
of the unconstrained path by measuring the force.[44]. As aforemen-
tioned, a prominent subcategory of Direct-force control approaches is
the so-called hybrid force/motion control.

Yip and Camarillo [45] propose a hybrid position/force control
approach capable of manipulating the manipulator’s end-effector po-
sition and force in the presence of unknown body constraints. This
method enables manipulators with complex joint mechanics to navigate
when subject to unknown environmental constraint. Leite et al. [46]
presents a hybrid control scheme that combines adaptive visual servo-
ing and direct force control enabling non-redundant robotic manipu-
lators to perform interaction tasks on smooth surfaces. The presented
method enables the manipulator to exert a predefined contact force
with its end-effector with a smooth surface for visually tracking the
desired path. Another adaptive position and force control approach
for a robotic manipulator in interaction with a flexible environment
is presented by Gierlak and Szuster in [47]. It utilizes a manipulator—
environment system model that takes various parameters such as mo-
tion resistance and environment elasticity into account, intending to
define the position and force control task.

Compared to direct-force control, indirect force control schemes
achieve force control via motion control, instead of closing the force
feedback loop resulting in nonlinear and coupled impedance or admit-
tance [44].

Admittance control schemes manipulate the virtual model dynamics
of a system by creating an adequate response to the measured forces
caused by interactions with a human operator. Keemink et al. provided
a comprehensive overview and analysis of admittance control applied
in pHRIs in terms of framework, the influence of feed-forward con-
trol, force signal filtering, post-sensor inertia compensation, internal
robot flexibility, the effect of virtual damping on the systems stability,
passivity and other performance-critical criteria [48].

An approach for this kind of control strategy was put forward by
Dimeas et al. where a variable admittance control approach for human-
robot cooperation tasks is presented [49]. It combines a Fuzzy Inference
System designed to adjust the damping of the manipulator’s admittance
based on force introduced by the human operator and its measured
velocity. A Fuzzy Model Reference Learning Controller adjusted the
Fuzzy Inference Systems response based on the minimum jerk trajectory
model.

Additionally, Ranatunga et al. proposed an adaptive admittance
controller capable of adapting to human intent and variations of the
manipulator’s dynamics [50]. The control strategies consist of an outer
and inner control loop with the outer-loop using an adaptive inverse
control technique and the inner-loop linearizing the robot dynamics via
a neuro-adaptive controller. This control strategy enables an efficient
online adaptation of the manipulator’s admittance model for different
operators and a smooth human-robot interaction due to the reduction
of jerks.

For improving the performance of HRC tasks, Bea et al. com-
bined a variable admittance control strategy with virtual stiffness guid-
ance [51]. The approach prevents unnecessary adjustments of the
damping parameters based on the classification of the operator’s inten-
tions and additionally aiding the operator via virtual spring supporting
the task, which the operator can adjust.
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Impedance Control schemes measure the displacement/motion
caused by the interaction and create a reactive force to compensate
for this displacement. In an experimental study on human-robot co-
manipulation for kinematically redundant manipulators conducted by
Ficuciello et al. it was investigated that the manipulator’s perfor-
mance during pHRIs, can be enhanced by the combination of Cartesian
impedance modulation and redundancy resolution [52]. A Cartesian
impedance control strategy enables the manipulator to handle the
forces introduced by the human-robot operator due to its compliant
nature. The study established that variable impedance strategies with
a suitable modulation strategy outperform non-variable impedance
control strategies when it comes to the perceived comfort by human
operators during manual interaction like guidance.

Additionally, Ficuciello et al. presented another Impedance control
paradigm, focused on the control of redundant robot manipulators
in the task space [53]. Its null-space impedance control approach
allows for the safe reaction of the manipulator during intentional
and unintentional/accidental physical interaction with its environment.
Laffrance et al. proposed an energy-based control strategy for enabling
manipulators to work closely with humans by bounding their behaviour
in the first instance of an impact between the two entities [54]. This is
achieved by limiting the energy stored into the system to a set maxi-
mum value of the position-based controller, which adapts the position
trajectory reference in correlation with the set maximum energy value.
Raiola et al. investigated the impedance control scheme, which enables
safe human-robot interaction through energy and power limitation.
In addition to the limited energy and power of the manipulator, the
system’s passivity is also ensured due to the implemented energy
tanks [55]. Vanderborght et al. provided an extensive insight on the
topic of Variable Impedance Actuators (VIA) by giving a structured
overview [56]. This work classifies the VIA based on how the variable
stiffness and damping were implemented. Ott et al. presented a hybrid
reactive control strategy capable of continuously switching and inter-
polating between Impedance and Admittance Control [57]. Thereby
merging robustness properties of Impedance Control and the accuracy
in free motion associated with Admittance Control.

Regardless if a control strategy is designed to avoid collisions or
minimize contact forces, they both face the challenge of possible restric-
tions in their workspace due to the location/placement of the manip-
ulator in an environment with limited space (e.g., existing production
lines and residential houses). However, manipulators controlled by an
interaction control strategy are more exposed to this problem. This
is due to the compliance introduced to the system by the control
scheme; thereby, enabling the robotics system to adapt to unplanned
interactions with its environment by deviating from its original planned
trajectory.

3.2.4. Workspace restrictions

Therefore, workspace restrictions are necessary when implementing
such control strategies, and to enforce these restrictions/constraints,
various methods have been developed to restrict the manipulator’s
workspaces. To begin with, Kimmel et al. presented a method that
enforces Cartesian constraint with an invariance control scheme ap-
proach in combination with a discrete-time Euler solver to reduce os-
cillations when encountering the constraints [58]. Similarly, Rauscher
et al. imposed Cartesian workspace-restrictions for a redundant robot
successfully by combining an impedance control strategy with control-
barrier-functions and quadratic programming [59].

The work conducted by Dimeas et al. presented a method hinder-
ing the operator from forcing the manipulator into a configuration,
which reduces its performance capabilities [60]. The methods consist
of virtual constraints and a Cartesian admittance control scheme, which
adapts based on the kinematic manipulability index.

Han et al. focused on an operational-space-control (OSC) framework
capable of handling the encounter of joint limits and singularities [61].
The energy-aware control scheme from Raiola et al. [55], previously
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Fig. 5. Visualization of the
manipulator is in a compliant state [62].

of virtual workspa while the

discussed in this work, was extended by Hjorth et al. [62] by im-
plementing the concept of artificial potential fields, first introduced
in [63], for the enforcement of workspace restriction for collaborative
enabled robots while being in a compliant state (see Fig. 5).

A method proposed by Flacco et al. saturates the manipulator’s
Nullspace by combining the Stack-of-Tasks approach with quadratic
programming [64]. This approach can be adapted to restrict the manip-
ulator’s workspace as it is designed to keep the manipulator within a set
of hard constraints for its positions, velocities and accelerations within
its configuration space. Mufoz Osorio et al. extended this method
and transformed the algorithm to a torque-based approach [65],by
combining the Operation Space Control formulation with the stack-of-
task technique. The creation of high priority tasks in the task stack
enables the restriction of the manipulator’s motion within the Cartesian
and configuration space, respectively.

3.2.5. Human-Robot Communication

There are several ways for an operator to interact with a robot on
the production floor. As mentioned before, sharing the same workspace
is a fundamental element in HRC. Humans tend to communicate their
intentions during the collaboration over a shared task via a variety
of verbal and non-verbal cues either in real or virtual work environ-
ments [66].

In this work, these ways of communication are grouped in two
broad categories, i.e., verbal where voice control and speech recognition
are the key elements and non-verbal where methods including gesture
recognition, human pose and skeleton tracking, gaze detection, and
intention recognition are considered. A short overview of how these
enablers of human-robot communication in industrial HRC are applied
in augmented, virtual and mixed realities is also presented. The main
focus remains within industrial applications; however, approaches used
in social robotics and present great potential to be introduced in
manufacturing are also briefly discussed.

Verbal communication. Voice control and speech recognition are pri-
marily used in manufacturing applications as interfaces for robot con-
trol [67]. Maksymova et al. presented a wide range of different models
for the voice control of an industrial robot such as logical, semantic
networks, frame model and Petri Nets in the context of an assembly
task [68]. Bingol and Aydogmus investigated the performance of a
natural speech recognition system based on deep neural networks for
the classification of different commands during the interactive control
of a KUKA KR Agilus robot arm in multiple industrial tasks [69].



S. Hjorth and D. Chrysostomou

Fig. 6. Example of a pointing gesture identification validation setup from [75].

Gonzalez-Docasal et al. progressed a step further to integrate a semantic
interpreter who, with the support of a knowledge manager, extracted
semantic information from transcribed spoken content and enabled an
industrial robot to understand the intention of the operator and execute
a collaborative task accordingly [70].

However, most of the applications solely based on speech recogni-
tion may face performance issues due to background noise that usually
exists in industrial environments [71]. Thus, speech recognition is
often combined with other modalities such as gesture recognition [72],
eye gaze detection [73] and haptic control [74] to enhance HRC and
improve the accuracy of human action recognition. More specifically,
Maurtua et al. examined a semantic approach for multimodal inter-
action between human workers and industrial robots to enhance the
dependability and naturalness of the collaboration between them in
real industrial settings [75]. The approach is based on the recognition
of verbal commands and gestures which communicate requests for
processing and execution of a disassembly task (involving screwing and
unscrewing operations) and deburring of wax pieces (see Fig. 6).

Additionally, Markis et al. presented a multimodal framework for in-
teraction with dual-arm robots. It is based on a hierarchical model that
handles various inputs from gestures, voice commands, and intuitive
graphical user interfaces to decompose the working tasks into different
abstraction levels [76]. Neto et al. incorporated wearable sensors and
inertial measurement units (IMUs) to capture the human upper body
gestures, which afterwards act as inputs to an artificial neural network
(ANN) for gesture classification. This multimodal approach in combi-
nation with a parameterized task manager based on speech and visual
feedback enables the human operator to complete collaborative robot
tasks such as handover and delivery of parts [77].

Hongyi et al. introduced a deep learning framework for multi-
modal control of an industrial robot where voice, hand motion and
body posture recognition are combined based on Convolutional Neural
Networks (CNNs) and a multilayer perceptron model (MLP) to dynam-
ically affect the programming of the robot [78,79]. Gustavsson et al.
presented a pilot study where speech recognition and haptic control
are combined to control a UR3 robot. Naturally, inexperienced users
discovered the challenges of operating a voice-controlled interface in
a noisy environment. However, the robot’s haptic control altered the
overall impression of the participants who evaluated the concept as
intuitive to use [80]. Mohammed and Wang explored the behaviour
of the human brain using electroencephalography (EEG) to develop
a brainwave-driven robotic application to assist the HRC during the
assembly of a car engine manifold [81]. The major advantages of such
a framework are its easy integration with voice, gestures and haptic
commands and the ability to free up the mental and physical capacity
of the operators to allow them to control the robot while performing a
shared task.

Non-verbal communication. Human-robot interaction systems based on
visual cues can often compliment the ones based on verbal commu-
nication and even replace them in cases where the communication
is unreliable [82,83]. Visual systems based on recognizing gestures
have been a cornerstone of a repertoire of HRI techniques used in
many manufacturing scenarios. Berman and Stern explored the wide
range of the sensors used in gesture recognition systems. They divided
their taxonomy into three significant components, i.e., sensor stimuli,
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Fig. 7. Two of the manipulation gestures used in [101].

the context of use, and sensor platform [84]. There are a plethora of
methods in the literature that use a mixture of these components for
gesture-based control of robots in HRC scenarios.

To begin with, a crucial point in the vast majority of gesture
recognition methods is the detection of the pose or skeleton outline of
the operator [72]. There are numerous sensors used to produce robust
detection and tracking of the pose of the operator mostly based on RGB-
D cameras such as the Kinect v2 [85,86] and Intel Realsense [87,88]
while other sensors such as Leap motion can be used for specialized
tracking of the hand and fingers for robot control [89,90]. Similarly,
accurate pose detections can be achieved by using IMU sensors [91],
thermal cameras [92] and various wearable sensors [93], however,
their restrictive mobility, low resolution and time-consuming setup
render them less popular.

During the past decade, machine learning methods have been
widely used in recognizing human actions and classifying them to re-
spective commands for robot control in industrial HRC. Traditional ma-
chine learning methods such as Gaussian Mixture Models (GMM) [94],
Hidden Markov Models (HMM) [95] and Support Vector Machines
(SVM) [96] have been used for the detection of humans with high
accuracy ranging from 80 to 90%. To achieve more accurate results,
researchers have used Deep Learning techniques where 3D-CNNs per-
form close to 96% accuracy [97-99] and a combination of a novel 3D
descriptor for detection of joints and MLP for classification can achieve
close to 98% accuracy [100].

In parallel, there is intriguing research that examines the effect
of gesture-based communication when the robots themselves produce
the gestures. Sheikholeslami et al. explored the efficiency of gestures
performed by various robot hand configurations in cooperative indus-
trial tasks [101]. They concluded that the robot could communicate its
intentions robustly and led to a higher acceptance rate from the oper-
ators. Gleeson et al. produced a lexicon of communicative terms and
robot gestures to characterize the steps of commonly used industrial
tasks such as part acquisition and fastening of screws [102]. The lexicon
used in a representative HRC industrial task, i.e. vehicle door assembly,
where it proved adequate for an intuitive and efficient human-robot
communication (see Fig. 7).

Other than gesture and pose recognition methods, several meth-
ods have also been proposed in the literature to track the gaze and
attention of the operators to improve the communication with robots
in industrial HRC. Eye gaze tracking has been studied extensively as
a human-computer interaction interface where multiple intrusive and
non-intrusive techniques have been identified [103]. Palinko et al. used
gaze tracking as means of human-robot communication and proved
that eye tracking is superior to head tracking techniques in HRC with
an iCub robot as the robot was able to exploit richer information from
tracking the eye gaze of the operators than tracking the position of
their head [104]. Similarly, in industrial settings, eye gaze tracking
techniques have been used to improve robustness during robot manip-
ulation tasks [105], to assess the comfort levels of the operators during
an HRC task [106], and as an aspect of a shared attention interaction
model that affected the timing of human-robot handover tasks [107]
positively.
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In addition to gaze tracking, researchers have used tactile and
haptic feedback to ensure robust communication with industrial robots.
Casalino et al. introduced tactile feedback directly at the fingers of
the operators to track their operational awareness. A Bayesian recur-
sive classifier was utilized to estimate the human intention, while a
wearable vibrotactile ring provided feedback about the different stages
of HRC [108]. Salvietti et al. explored a bilateral haptic interface
where a soft gripper was used in combination with a wearable, remote
ring interface to improve the effectiveness of the collaboration [109].
Bergner et al. used an innovative interface based on distributed cells
acting as a large scale skin around robot manipulators which computes
the joint torque in the contact points to enable more intuitive human—
robot communication based solely on touch [110]. Similarly, Tang et al.
developed a novel signalling system based on robot light skin that
improved the reaction time of the users significantly and reduced the
mental workload of the operators resulting in fewer errors during the
execution of simple industrial tasks [111].

'Human-Robot C in virtual, d and mixed realities.
Furthermore, due to the technological advancements in computer-
generated simulations and the increase of available computational
power, human-robot communication in virtual, augmented, and mixed
reality workspaces has become more feasible. The main differences in
this virtuality continuum originate from the level of immersion into the
virtual environment the methods support. In virtual reality, there is a
total immersion in a virtual environment. In contrast, in augmented
reality applications, the real world is enhanced with some virtual
details, and in a mixed reality environment, the real and virtual world
intertwines, enabling manipulation with physical and virtual objects.

In general, Augmented and Virtual reality (AR/VR) techniques have
been used extensively in manufacturing settings [112,113] for worker
training [114] and support [115], digital twin implementations [116],
and optimization of industrial processes such as polishing [117], as-
sembly [118-120], laser welding [121,122] and prefabrication of raw
materials [123].

More specifically, AR techniques have been utilized in connection
with HRC to understand robot intentions in shared workspaces, where
Andersen et al. projected related task information on physical objects,
e.g., car doors, inside the collaborative environment, to assist human
co-workers [124]. Similarly, Liu and Lihui developed an AR-based
instruction system that empowers the human worker to access assembly
instructions of industrial components from the AR device [125] while
Papanastasiou et al. used AR glasses in combination with feedback from
smart watches to monitor industrial assembly processes and ensure a
seamless human-robot collaboration [126].

Koppenborg et al. recreated robot’s motions in VR to study the
impact of the robot’s speed and predictability of its trajectory in HRC
cases. As expected, as the robot moved faster, it was more challenging
to predict its desired position, resulting in feelings of uncertainty,
more mental workload from the operators and a decreased sense of
safety [127]. Moving a step further, Matsas et al. implemented proac-
tive and adaptive techniques in highly interactive and immersive VR
environments based on multiple cognitive aids to enhance the feeling
of safety from the operators [128].

In cases where manipulating real objects in restricted environments
is required, mixed reality (MR) interfaces offer sufficient solutions.
Chen et al. developed an MR interface based on a stereo vision in
combination with virtual fixtures to create a novel stereo vision-guided
teleoperation control method for manipulating mobile manipulators
and teaching them new tasks [129] (see Fig. 8). At the same time, MR
interfaces offer flexible solutions for progr ing robot p
Ostanin et al. showcased that programming of a UR10e and a KUKA
iiwa for geometrical path planning and trajectory generation is possible
with an interface based on Hololens glasses [130]. Munoz et al. used
MR methods in the area of quality control to automatically detect
defects on a car body with a high success rate [131].
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Fig. 8. Visualization of the of the work presented in [129].

4. Characteristics of a disassembly process

The disassembly process of an industrial component is not as trivial
as just its reversed assembly process. This is partly due to the fact that
the links joining sub-components of a product together are designed
to make the assembly process more straightforward (e.g. Snap fittings,
glueing, riveting). However, connecting sub-components in this way
makes it hard and, most times impossible, to disassemble a product in
a non-destructive way.

As mentioned earlier, de/remanufacturing systems face several tech-
nological challenges (see Table 1), most of which are related to the
states of a product, as they can differ significantly between the ob-
served, the actual and the original state. The added uncertainty makes
the disassembly process a non-trivial operation, especially when consid-
ering that components or sub-assemblies are not allowed to be damaged
to qualify for requalification. This section will cover the following three
subtopics of a (disassembly) process: Task Definition, Task Planning,
Automated Disassembly applications. As aforementioned, the focus of
this paper is on the topic of disassembly; however, some parts of
the process is either directly or closely related to assembly operation.
Therefore, some of the presented publications in this section have their
origin within assembly applications.

4.1. Task Definition

In general, a task is comprised of a set of skills as stated by [137].
For example, a typical pick and place operation consists of multiple
sub-tasks such as a pick, move and place task, which all have different
characteristics and parameters. The human analogy of these three
elementary tasks is so-called skills. In other words, skills are a way
of defining/quantifying various low-level operation/tasks to enable the
operator to formulate tasks based on human terms. However, this
definition is quite broad, as skills can be related to several areas,
such as Socio-Cognitive Skills [138], Communication Skills [139] and
more task-specific skills. The latter will be the focus in the remainder
of this work, more specifically on the various frameworks for the
definition of executable robotic skills such as screwing and pick and
place operations.

CoSTAR [140,141] is a cross-platform architecture for describing
industrial robot task plans. As most skill-based programming
approaches for industrial manipulators, it provides the capabil-
ity of performing various tasks and enables non-expert users to
programme the manipulators. Rather than relying on an extensive
task library, CoSTAR relies on the end-user to specify a task based
on a limited set of geometric states (i.e. InFrontOf, LeftOf). In ad-
dition to a Behaviour Tree-based graphical user interface, the user
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Fig. 9. Various Little helper setup utilizing SBS in the projects like TAPAS [132], CARLOS [133],ACAT [134], CARMEN [135], and [136].

can programme the robot through kinaesthetic teaching methods
and predefined analogies to achieve high-level task specifications.
Skill-Based-System (SBS) is a framework, which was first presented
by Schou et al. [142] in 2013. It provides a human-robot interface
for the utilization of skills in industrial settings. The central point
of SBS is the user interface designed accordingly to facilitate the
intuitive configuration of complex tasks from non-expert users.
SBS contains an extended library of skills and execution engines
for managing the execution of parameterized skills and ensuring
the sequential description of a task for proper execution. Since
its development it has been used in multiple national and in-
ternational research projects such as TAPAS [132], ACAT [134],
CARMEN [135], CARLOS [133] (see Fig. 9) as well as in use-cases
in advanced production lines [143] and shipyards [144].

Motion Primitives is a task definition which was utilized by Sten-
mark et al. in [145] as a user interface that assists the kinaes-
thetic teaching mode of a collaborative enabled industrial robot.
This allows the capturing of semantic information while working
with the robot. The programming can be done via the following
two modalities: graphical point-and-click and natural language.
Another utilization of motion primitives is presented by Canal
et al. [146], which combined a high-level task-planner and the
low-level motion primitives for enabling an adaptive HRI. The
low-level actions are taught to the system beforehand via demon-
stration and can be adapted to variations in the current situation
by tracking relevant entities.

Additional Skill-based methods are presented by:

(i) Saukkoriipi et al. [147] presented a tool for programming
robot skills offline. The utilized skills are conceptually
similar to SBS, specified by configuration parameters, and
offer integrated tool support. The Skills are executable
sequences specified as UML action diagrams enabling them
to be executed as robot programmes on various robotic
platforms and PLC platforms. However, compared to SBS,
the specification of the parameters is done offline, and it
heavily relies on the use of CAD models in a simulation
environment to define a task successfully.

(ii) Wallhoff et al. [137] introduced a system that combines
high-level skills to reach a predefined goal in a hybrid
assembly station. This system consists of a human opera-
tor, industrial manipulator, and a multi-sensory perception
system overseeing the shared workspace between humans
and robots. The skills in this work consist of various basic
blocks with actions, e.g., opening/closing the gripper, mov-
ing to position, and picking up operation. The controller
then breaks these skills down into “atomic operations”
such that the manipulator is capable of executing the
associated motions.

(iii) Huckaby et al. [148] proposed a method utilizing model-
based system engineering in combination with Systems
Modelling Language (SysML), which is a modelling lan-
guage for the creation of simplified and reusable soft-
ware modules for the programming of the robotic system.

Parametrization

Specification (offline)

| Teaching (online) |
Parameters

State
(initial)

Operation State

(goal)

Execution

Precondition
check
Postcondition
check

Continuous evaluation

Fig. 10. A representation of the skill model including both operation and manual
parameterization [149].

The skill primitives utilized in this work are basic atomic
action/operations each robot can be associated with a
specific motion.

Skill acquisition methods focus on the specification of the above-
mentioned skill definition. Most of these methods rely on Graph-
ical User Interfaces (GUI) or a simple programming interface for
this step, requiring a certain level of expert knowledge. Therefore,
different methods have been proposed to acquire and teach these
skills in a more intuitive way.

(i) Schou et al. extended the SBS to incorporate Programming
by demonstration (PbD) in [149]. This extension enables
novice operators to use a more hands-on and practical way
of programming industrial tasks on the fly. A visualization
of the adaption to the original skill Framework can be seen
in Fig. 10.

(ii) The work of Vongbunyong et al. in [150] presented a plat-
form for capturing disassembly skills/operations done by a
skilled operator such that an intelligent agent can acquire
these skills. The system utilizes an RGB-D camera as a
capturing device and marker equipped tools. The markers
on the tool serve the purpose of identifying and tracking
the tool’s position, orientation, and operation sequence of
the disassembly process.

(iii) Another method for teaching skills was proposed by Abu-
Dakka et al. in [151]. There a framework was developed to
enable the teaching of variable impedance skills, such that
the manipulator is capable of performing force-based tasks
by adapting its variable stiffness. The framework computes
the stiffness estimate based on human demonstrations and
a probabilistic model of the skill enabling the manipulator
to execute force-based tasks.
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4.2. Task sequence planning

Task sequence planning is used to identify a sequence of sub-tasks
to successfully solve an overall task (i.e., assembly, disassembly). In
the case of assembly, the objective is to have a complete product
constructed of multiple sub-assemblies/components. In order to get to
that stage, the final product has to be assembled in a specific order.
This is where the planning of the sequence of different steps come into
place, which in most cases can be straight forward as products are
designed for assembly. For the disassembly of products, this process
is not as straight forward since most products are not designed for
disassembly. Additionally, the state of the used products can vary based
on, e.g., their work environment, workload and maintenance cycle. The
planning of task sequences can, in general, can be divided into the
following two steps:

(i) Disassembly/assembly task modelling (Sequence generation)
(ii) Task Sequence Optimization

During the disassembly/assembly task modelling phase, a sequence is
generated based on the product’s layout and state. This sequence can
then be optimized based on various criteria and constraints, e.g., time,
number tool-changes, and cost. The review by Zhou et al. [152] anal-
ysed the different characteristics of the main disassembly sequence
planning methods in disassembly mode, disassembly modelling and
planning process and highlights future trends and current gaps in the
existing research.

It proposes that the generation of models for planning of disassem-
bly sequences, is based on Petri net-based, Model type-based, Graph-based
and Matrix-based methods with the last two being the most prominent
ones in literature. Examples of research works using Graph-based and
Matrix-based methods for disassembly sequence planning are listed in
Table 3. The general conclusion drawn in this survey was that most of
the research has focused on: (i) complete and sequential disassembly
planning, (ii) offline planning approaches, and (iii) purely economic
factors rather than investigating environmental factors. Additionally,
they suggest that future research should focus on dynamic systems
capable of handling uncertainties, exploring the dynamic economic and
environmental factors affecting the disassembly of EOL products as
well as the possibility of combining Disassembly Sequence Planning with
integrated obstacle avoidance and path planning for robots.

This observation also aligns with a recent publication by Xu et al.
which proposed a Disassembly sequence planner for human-robot col-
laboration based on a discrete Bees algorithm [159]. The approach
firstly generates a feasible disassembly sequence based on a disassembly
model. Secondly, the resulting disassembly tasks are classified based
on their difficulty, followed by developing a disassembly sequence for
HRC. Lastly, the generated sequence is evaluated and optimized to
minimize the disassembly time, cost and difficulty.

A similar approach Liu et al. investigated using a so-called en-
hanced discrete bee algorithm algorithm to minimize the disassembly
time in order to minimize the disassembly time [160]. However, the
authors have found that the calculation of specific parameters can
be time-consuming, especially for products with a high number of
components.

In addition to finding the most time-efficient disassembly sequence
on purely the order operation, Li et al. proposed a method that takes the
strain during the human workforce associated with continuous manual
labour. This method aims is to minimize the total disassembly time for
HRCD [161].

Besides the planning algorithms for disassembly tasks, there have
been various approaches within assembly planning, which show
promising results and possible application within disassembly. One of
these applications is a two-armed robotic autonomous assembly system
for aluminium profiles designed by Rodriguez et al. [162], which
could apply to disassembly as well. The system based on deducting
semantic assembly constraints before matching critical features on the
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Fig. 11. An abstract representation of the robotic cell utilized by Vongbunyong
et al. [167].

semantic level with the help of graph matching. Later, it is followed by
applying pattern recognition and classification based on transferring
the knowledge of constraints for the different sub-assemblies into
the overall assembly of the part through the utilization of machine
learning.

Moreover, Rodriguez et al. presented a method to iteratively refine
feasibility checks for sequence planning in robotic assembly, which was
experimentally validated for the assembly of aluminium profiles and
could be further investigated for its use in disassembly [163].

4.3. Existing automated disassembly cells

During the last decade, numerous (semi-) automated robotic dis-
assembly systems have been presented in the research community.
Vongbunyong et al. investigated extensively the utilization of a cog-
nitive robotics-based system for the (semi-)destructive disassembly,
which is capable of reasoning, execution monitoring, learning and
revision. It was also shown that the vision-based disassembly system
(see Fig. 11) was capable of adjusting to any product model without
prior information [155,164-167].

A system for the disassembly process of electric motors where they
utilize an image processing algorithm for the autonomous detection
and classification of screws was investigated by Bdiwi et al. [168].
The applied algorithm detects the screws based on their characteristics
concerning their greyscale, depth and Hue, Saturation and Value (HSV)
colour space values and does not need a database of templates for
matching.

Schneider et al. explored using an algorithm to compute complex
nonlinear disassembly paths for two objects that collide in their initial
state and the disassembly path. This is done by incorporating the infor-
mation about the flexible and rigid parts together with connected com-
ponents of intersection volumes to a motion planner [169]. Whereas,
Chen et al. [170] proposed an ontology and case-based reasoning (CBR)
method which enables the computer to understand complex structures
of various mechanical products and fully automates the disassembly
decision-making process of products.

An extensive study on robotic disassembly for the recycling and
reuse of cellphones was conducted by Figueiredo in [171]. The study
shows an in-depth analysis of the different components within three
phones from other manufacturers and what forces and tools are needed
to extract the various parts. The developed system consists of a robotic
manipulator, vision system, decision-making system and focuses on
the prying operation. The developed decision-making system utilizes
captured images of the vision system to detect the current state of the
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Table 3

Examples for Graph and Matrix-based Disassembly sequence planning methods based on [152].
Authors Summary

Graph-based

Behdad et al. [153]

Alshibli et al. [154]

Vongbunyong et al. [155]

Presented an Immersive Computing Technology method to optimize disassembly sequences of a product by considering
the cost involved in the process and estimation of possible damage during the process in a virtual disassembly
with Dynamic i

Presented a Tabu search algorithm for Disassembly Sequencing to minimize the travelled distance by the industrial
a number of di: method changes and eliminating unnecessary operations.

Proposed a cognitive robotic agent capable of learning by reasoning throughout the disassembly process.

Matrix-based

Jin et al. [156]

Wang et al. [157]

Xia et al. [158]

Developed an approach for generating a disassembly solution space for LCD televisions. This approach generates an
interference matrices based on a CAD model, which is used to represent the spatial relationship between components
in a Cartesian workspace.

Designed a method to break apart interlocking into sub This was
achieved by generating feasible disassembly sequences by definitions and derivations of a contact and relation matrix.

Presented a simplified teaching-learning-based optimization algorithm for the planning of disassembly sequences of

Waste Electrical and Electronic Equipment (WEEE).

cellphone and thereby enables the system to handle multiple types of
uncertainties associated with the cellphone’s state.

The challenges associated with the autonomous generation and exe-
cution of disassembly actions is tackled by Chen et al. [172], where the
robotic system used in this work is equipped with three different tools
(i.e., screwdriver, hole-saw and angle-grinder) and utilizes a method
based on a geometrical estimation to asses and selects a corresponding
disassembly action. The proposed method is tested and validated on
various models of LCDs.

The extraction of cylindrical components from their fixtures can
often result in the jamming or wedging of the component; thereby,
applying unnecessary forces and strain on the extracted component,
which can reduce the chance of passing the re-qualification process.
In order to minimize and mitigate the occurrence of such scenarios,
Zang et al. [173] used a theoretical derived method utilizing active
compliance and key parameters such as the location of the compliance
centre, initial compliance, degree of compliance. Also, Zang et al.
concluded on the effect of the presented method based on experimental
validation. Another proof-of-concept presented by Bulh et al. [136]
integrated two UR5 robotic manipulators in a dual-arm disassembly cell
to showcase the potential of disassembly of mockup mobile phones in
a smart production facility.

Liu et al. investigated a framework for the use of a service plat-
form for robotic di: bly pl cturing [174]. This
investigation aimed to find the optimal solutions for both robotic
disassembly sequence and line configuration. Finally, they verified their
analysis of the service platform with a case study on an idler shaft.

inr

5. HRC in the field of disassembly

HRC in Disassembly (HRCD) is a timely topic that has become
the focus of industry stakeholders and researchers during the last
decade. Due to its complexity, it requires several advancements both
in HRC technologies and standardization policies in terms of take-
back requirements, product interfaces and possible serviceability to
become profitable and environmentally viable. As mentioned earlier,
the collaboration between humans and robots for the disassembly of
EOLPs has many advantages compared to fully automatic systems.
In this section, the results of the literature survey on human-robot
collaborative solutions for disassembly are presented.

Liu et al. introduced a systematic development framework towards
human-robot collaborative disassembly based on perception, cognition,
decision, execution and evolution [175]. The implementation for en-
abling HRCD is presented, where technologies such as cyber-physical
production systems (CPPS) and artificial intelligence (AI) are combined.
The framework’s feasibility regarding perception, decision making, and

control was explored and verified with a case study. The case study
consists of a non-collaborative ABB manipulator while a discrete bees
algorithm was used to optimize disassembly sequence planner by as-
sessing the condition of various objects with quality indicators based on
the stage of the disassembly process. Finally, a motion-driven control
method utilized in combination with a safety assurance strategy.

The same research team worked on a deep learning system enabling
a fluent and natural interaction between a human operator and an
industrial manipulator for an industrial human-robot cooperative dis-
assembly scenario [176]. The system utilized a CNN-LSTM network
to predict the motion of the human operator purely on the inputs
of a vision system without the need for wearable devices or tags.
The approach was validated in a case study for the disassembly of
personal computers, which tested the system capable of identifying and
predicting the motions of the human operators based on the tools, parts
or scenarios.

Huang et al. investigated the integration of HRC in disassembly
processes for a case study of press-fitted components [177]. In the
study, the press-fitted component originates from an automotive water
pump. The setup consists of a manual operated press and three jigs
for the fixation and handling of the components during the disassem-
bly process and KUKA LBR iiwa 14 R800 equipped with a Robotiq
2-FINGER 140 gripper.

The separate steps of the disassembly process are as follows: Firstly,
the operator actuates the press to separate the first sub-assembly of the
pump, with the robot waiting with its gripper underneath the press to
support the extraction process. In the other process, the robot places
the extracted sub-assembly in the press and waits again underneath
the press for the sub-components to be pressed out by the manual
operated press (Fig. 12). The overall process time of this procedure is
approximately five minutes and can be adapted to pumps that require
the same basic operations for their disassembly.

The majority of industrial products contain a large number of
screws that hold them together. Therefore, an essential aspect of a
disassembly system is its ability to unscrew. In that context, Chen
et al. proposed a hybrid disassembly station equipped with a compliant
robot with a bit-changing mechanism for unscrewing battery screws
from electric vehicles [178]. The control strategy uses a skill-based
formulation based on a finite state machine approach meaning that
the different states of the manipulator are described by a sequence
of primitive motions, which a human operator can teach. This state
machine allows the authors to programme the engagement and re-
moval of a threaded fastener and an autonomous bit exchange. The
authors also highlight that implementing an Impedance control scheme
enables the manipulator to handle direct physical interaction between
a robot and human, thereby allowing seamless integration of such a



S. Hjorth and D. Chrysostomou

| Gripper

Collection
boxes

Fig. 12. The setup of the robotic cell for the extraction of press fit components used
in [177].

robotic assistant for disassembly tasks, which would lead to an increase
in the through-put in labour-intensive tasks. In order to address the
challenge of unfastening hexagonal headed screws, Li et al. introduced
an automated method [179]. It was accomplished by implementing an
electric nutrunner spindle equipped with a geared offset adapter at the
TCP of a collaborative enabled robot. The tool and location strategy
of the screws were demonstrated in a disassembly case study of a
turbocharger. The location strategy is implemented in the form of a
novel spiral search technique based on force/torque feedback, which
can detect if the tool is engaged with the screw.

The research works of Jungbluth et al. [180,181] aim to add the
concept of HRC to a cognitive robotics based framework for the disas-
sembly of EOLP as proposed in [165]. Initially, Jungbluth et al. aimed
to enable a robotic system to act autonomously to execute disassembly
task and improve the ergonomics of disassembly workstations with
the utilization of knowledge and skills [180]. This was achieved by
providing information on the product model to an intelligent agent
to generate the disassembly sequence. This sequence is then utilized
to create a series of disassembly actions for the robot assistant. At a
later stage, this research focused on implementing a multi-agent control
architecture [181]. This control architecture is based on product and
process-based knowledge models and enables the workers to choose
labour division between themselves and the robot for each disassembly
task. According to the authors, this approach allows the system to assist
the human co-worker in complex disassembly processes.

Axenopulos et al. described a framework for a hybrid human-
robotic recycling plant for electrical and electronic equipment [182].
This framework aims to optimize the process of extracting valuable
resource and reducing the risks involved for humans in this process
by introducing HRC to this process. The authors of this work mention
that a key aim of the framework is to enhance the disassembly process
by introducing HRC cells comprising a single human operator that col-
laborates with several robots. In pursuance of achieving this goal, the
proposed framework foundation consists out of the following pillars:
(i) Factory-level modelling and orchestration (ii) Cell-level perception
methods (iii) Robotic actions planning and control (iv) Principles of
moral actions and ethics engine (v) HRC schemes.

Lastly, Ding et al. investigated the possibility of transferring the
valuable knowledge of disassembling EOLPs from the human operators
to an HRCD system [183]. This investigation utilized the combination
of a video capturing system, a Natural Language Processing (NLP)
algorithm and a graph-based knowledge representation. The collected
knowledge was then used to improve the robot’s capability to support
the human during the HRCD task.

In order to summarize the key elements of the aforementioned
works in HRCD, we present an overview in Table 4 while we discuss
the important findings in Section 6.
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6. Discussion

The article reviewed the literature and state-of-the-art methods
in HRCD for the period 2009-2020 based on current technological
advancements in relevant areas. Firstly, it was identified that the
currently applied research related to industrial fully automated dis-
assembly systems is focused on consumer electronics (i.e., TVs and
smartphones). A potential explanation for this trend could be derived
from the fact that the amount of WEEE produced every year is pro-
portionally disadvantageous with the current available capacity for
recycling and remanufacturing of such waste. Additionally, many of
these systems tend to utilize destructive operations in their attempts
to extract sub-assemblies and components for remanufacturing uses,
resulting in inefficient processes.

Moreover, it can be derived that due to the increase in the complex-
ity and variability of mechatronic and mechanical EOLPs, the existing
automated disassembly systems cannot cope with the complexity of
the disassembly task. Therefore, more solutions incorporating human
workers in the process showed up during the past decade. As a result,
ensuring safety remains one of the most challenging concepts of HRC in
industrial environments, and specifically in disassembly tasks. Multiple
methods incorporating safety have been identified and analysed. How-
ever, it is evident that regardless of the vast amount of standards and
communication methods applied in HRC, the amount of task-sharing
between a robot and a human defines the final implementation. Sim-
ilarly to Vicentini’s conclusions in [18], only a few research works of
the identified literature promote physical interaction and focus mostly
on cooperative and coexistent tasks rather than collaborative.

Regarding the current implementations of HRCD systems, there is
a lack of post-collision control schemes in the context of pHRI. The
absence of such post-collision control schemes concerns as, during
HRC tasks in the disassembly domain, a human worker may interfere
physically with the manipulator and engage in a collaboration phase
accidentally. In order to keep the interaction safe, the manipulator
must be able to adapt its behaviour safely based on the exchange of
contact forces. Taking this into account, it is also essential to highlight
that an HRCD system, like any other HRC system, enables symbiotic
collaboration with humans only when an appropriate tool is used for
the task at hand. Regardless of the robot and its task, the tool remains
a potential risk of severe hazards. These safety aspects can be improved
by introducing energy-aware control schemes and using tools with
human-aware design.

In an ideal scenario, human-robot collaboration should feel the
same as a human-human collaboration; however, there are several
areas where the current state-of-the-art in the field can be improved.
Human workers still surpass their robotic partners with their cognitive,
adaptation and problem-solving abilities. When it comes to the field of
disassembly, the main oversight of the explored HRC systems is the
absence of skill acquisition interfaces (see Table 4). Such interfaces
would enable a more intuitive definition and teaching of tasks to the
robots and allow humans to transfer their domain knowledge and
cognitive abilities to them.

At the same time, researchers have presented complete frameworks
that can support HRCD without practical implementations at this cur-
rent stage [182]. It will be interesting to witness the evaluation of
the integration of a complete cell where a robot and a human worker
would collaborate in a disassembly task based on that framework.
Additionally, available research has been presented showcasing the
application of robotic task-oriented knowledge graph in HRCD [183].
However, the lack of presentation of the key implementation details of
the robot cell makes it difficult to conclude on the type of collaboration
and related aspects explored in Table 4.

In addition, various kinds of HRI that are usually used in other
domains, e.g., social and service robotics, are rarely implemented in
HRCD systems. A potential explanation for this gap could be that
several audiovisual and learning techniques can still face demanding
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Table 4
Overview over the utilization/form of i ion of the different k it for (future) hi b i i icati SMS: Safe d
Speed, HG: Hand-Guidance, SSM: Speed and Separation Monitoring, PFL: Power and force limitation. v, — indicate if the listed attributes are included in the work and ? indicates
the absence of information from which a conclusion can be draw from.
Publications Liu et al. Liu et al. Huang Chen Li et Jungbluth  Jungbluth  Axenopu- Ding
[175] [176] et al. et al. al.[179] et al. et al. los et al. et al.
11771 11781 [180] [181] [182] [183]
Task — Computer extraction unscrew- unscrew- Disassem- Disassem- Disassem- Disassem-
of press ing ing bly of bly of bly of bly of
fit compo- mecha- mecha- WEEE Roller
nents tronic tronic chain
drive drive
Robot ABB ABB KUKA KUKA KUKA KUKA KUKA - KUKA
IRB1200 IRB1200 LBR iiwa LWR IV LBR iiwa LBR iiwa LBR iiwa LBR iiwa
14 R820 14 R820 14 R820 14 R820 14 R820
Human-robot coexistence — — — — — — — — ?
Human-robot cooperation — v v — — v v — ?
Human-robot collaboration v — — v — — — v —
1SO 15066 SSM SSM SSM — — - HG HG, SSM, ?
PFL
pre-collision control scheme 4 4 4 — — — — v —
post-collision control scheme — — v v v — — v —
verbal HRI 4 - — — — - 4 v 4
visual HRI v v — — — — in v —
progress
physical HRI — — — — — — — v —
Task Definition XIS - - - v - v v — -
skill ac- — — _ — — — — _ _
quisition
Task sequence planning v — — — — v v v ?
challenges with the environmental conditions in industrial environ- Declaration of competing interest

ments. The addressing of these challenges would result in a more
efficient and safe work environment and enable people who are limited
in their physical and mental capabilities to be included in HRCD
systems.

No author associated with this paper has disclosed any potential or
pertinent conflicts which may be perceived to have impending conflict
with this work. For full disclosure statements refer to https://doi.org/
10.1016/j.rcim.2021.102208.
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Abstract—To this day, most robots are installed behind safety
fences, separated from the human. New use-case scenarios
demand for collaborative robots, e.g. to assist the human with
physically challenging tasks. These robots are mainly installed in
work-environments with limited space, e.g. existing production
lines. This brings certain challenges for the control of such
robots. The presented work addresses a few of these challenges,
namely: stable and safe behaviour in contact scenarios; avoid-
ance of restricted workspace areas; prevention of joint limits in
automatic mode and manual guidance. The control approach
in this paper extents an Energy-aware Impedance controller by
repulsive potential fields in order to comply with Cartesian and
joint constraints. The presented controller was verified for a
KUKA LBR iiwa 7 R800 in simulation as well as on the real
robot.

Index Terms—Workspace restriction, Redundant manipula-
tors, Collaborative robots, Impedance Control, Artificial poten-
tial fields, Energy-aware robotics.

1. INTRODUCTION

In recent years the number of collaborative robots has in-
creased and will continue to rise in multiple work envi-
ronments, especially in industrial and medical settings [1],
[2]. These collaborative robots (e.g. KUKA LBR iiwa, ABB
YuMi and FANUC CRX) are no longer restricted to only
operate in a static and well-defined environment behind a
fence, such as classic serial manipulators (e.g. KUKA KR6
and Fanuc M16iB) are. Hereby, these robots share their
workspace with humans and support/share various complex
tasks with them, such as: positioning an object in a more
ergonomic position for the workforce [3], place or remove
sub-components on the product while an operator works on
a different part on the same product [4].

As the mentioned examples show, the implementation pos-
sibilities of collaborative robots are plentiful. However, all
these possibilities bring up a number of challenges [5]. Two
of them are:

« Safe physical Human Robot interaction (pHRI): the
operator can share one workspace with the robot and
if necessary interfere with its operation

« Integration in areas with limited space, e.g. in existing
production lines

978-1-7281-6212-6/20/$31.00 ©2020 IEEE

These challenges result in constraints for the robotic system,
given by the workspace and the manipulator itself. In areas
with limited space, pHRI is unavoidable and even wanted,
Therefore, it should be possible for the human co-worker
to distort the execution of the robot task. Moreover, there
are Cartesian constraints in the workspace where the robot
should be kept out of. As in those areas clamping situations
in case of an unintended collision could occur. Robot given
constraints are e.g. singularities, self collisions and joint
limits. If any of these constraints are violated, the manipulator
stops its movement and must be reinitialized. In an efficient
pHRI scenario, interacting without stability problems, due to
singularities and joint limit violations, have to be ensured.
Moreover, appropriate joint limit avoidance strategies reduce
the risk of robot self collisions.

Different control strategies have been developed over the
years to meet these challenges. These control strategies
are implemented on different control levels, e.g. position,
velocity, force and torque level. However, most of them focus
only on some of these challenges.

The work [6]-[8] focus on the avoidance of pHRISs, by either
adapting the manipulator’s trajectory or Nullspace, while
relying on external sensors (e.g. cameras and depth sensors).
In [9], a closed-loop-inverse-kinematic control approach on
velocity level is implemented that respects the manipulator’s
joint limits as well as Cartesian obstacles. The method
proposed in [10] saturates the manipulator’s Nullspace. It
combines the stack of task approach with quadratic pro-
gramming in order to keep the manipulator within a set
of hard-constraints for the joint positions, velocities, and
accelerations. This approach can also be used to restrict-
ing the manipulator’s workspace. The approaches proposed
in [11], [12] focus on an admittance control strategy to limit
the manipulator’s workspaces for planned/guided interactions
only. Because of their non compliant behaviour in planned or
unplanned contact, the controller in [6]-[12] show drawbacks
for their use in pHRI.

For redundant manipulators, [13] proposes six-dimensional
Cartesian workspace constrains using an invariance control
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scheme in combination with a discrete-time Euler solver to
reduce oscillations at the Cartesian constraint, as the discrete-
time implementations of the invariance control suffers from
so called chattering. In [14], a combination of impedance
control, control-barrier-functions and quadratic programming
was successfully used to enforce Cartesian workspace-
restrictions for a redundant robot. Both approaches presented
in [13] and [14] solely focus on the enforcement of Cartesian
workspace constraints of the end-effector and do not include
the constrains in the manipulator’s joint space.
The work in [15] presents an Operational Space Control
framework to handle joint limits and singularities. However,
this framework does not include Cartesian constraints. One
closely related work is [16]. It extends the Operational Space
Control framework by hard constraints and transforming the
algorithm in [10] to torque level.
None of the above presented approaches observe the energy
in the robotic system or the energy exchange with its envi-
ronment. However, this is a crucial aspect to ensure robot
stability and safe pHRI.
The formalism presented in this paper will focus on an
energy-based control strategy in order to tackle the afore-
mentioned challenges. This will be done by combining the
Energy-aware reactive control scheme presented in [17],
[18] with the concept of artificial potential fields introduced
in [19]. Compared to the related work this formalism has
a clear advantage: it enables an autonomous adaption of
the manipulator’s compliant behaviour without external sen-
sory input. The implemented Energy-aware control scheme
observes, monitors and limits the energy introduced to the
manipulator by the controller and its energy exchange with
environment. This ensures a safe interaction since the energy
exchange is limited to a specified threshold. As mentioned
in [16], common problems of the potential field approach are
occurring oscillations when a link moves along the activation
zone of a constraint. In our work this drawback can be
minimized by regulating the energy in the robot system. To
summarize, the main contributions of the proposed work are:
o Cartesian workspace restriction and joint limit avoid-
ance, valid for all links/joints
« Energy-based formulation of the control strategy ensures
stable and safe robot behaviour
o Verification of the implemented control strategy on a
redundant manipulator in simulation and the real world.
The remainder of the paper is structured as follows:
Section II provides a general overview over the presented
control strategy. In Section III the theory of the implemented
control strategy is introduced. In Section IV the experimental
results are shown while Section V concludes the findings of
the experimental results.
Notation: Small bold letters and capital bold letters indicate
vectors and matrices respectively. The transpose of x is
represented as x'. The wrench of frame c in respect
to frame j expressed in ¢ is indicated by w’7. X is the
skew-symmetric matrix representation of x. Iy represents an
identity matrix of dimension f.

II. CONCEPT

Reactive control schemes merge the planning and execution
phase of the robot [20]. Compared to traditional control
schemes, these controllers provide a greater flexibility in
terms of handling interactions with its environment, e.g. the
human co-worker. An impedance controller is a reactive
controller that can be described as a mass-spring-damper
system with adjustable parameters [21]. Instead of controlling
just a single state variable, an impedance controller creates a
dynamic relationship between the different state variables,
by controlling the impedance of the robotic system [22].
Therefore, it is possible to describe any interaction with such
a system as an energy exchange between the manipulator and
its environment.

The robot’s equation of motion is given by

M(q)§+ C(a,&)q+ G(q) =77, m

with q € R™ being the generalized joint positions and
M(q) € R™ ™ being the positive-definite mass matrix.
C(q,q)q € R" represents the centrifugal and Coriolis
torques, G(q) € R" the gravitational torques and 7' € R"
the control torques, respectively. Hereby, n denotes the
number of joints. The joint torques on the right hand side
of (1) can be decompose to

T_ T T T T T
T = Tconwol ~ Tce T TiLa + Tcoriolis T T Gravity»
N—— ——

(@)
Cla@)d  G(q)

with Tamml being the control torques of the robot task,
T incorporating the Cartesian workspace restrictions, 7| ,
representing the torques to avoid joint limits and 75
and rg,my being the compensation torques for Coriolis and
Gravity.

An overview of the implemented control structure with all
components of (2) can be seen in Fig. 1.

H) e

System

Joint Limit
Avoidance

Fig. 1. The overall structure of the implemented control strategy.

III. METHODS

The following section describes the mathematical derivation
of the torque commands for the robot motion (III-A), includ-
ing the Cartesian (III-B) and joint limit (III-C) constraints.

A. Control scheme

The presented controller includes methods such as Energy
shaping and Damping injection [17]. These methods coun-
teract autonomously the non-linear behavior of a normal
Impedance controller, by observing the energy introduced to
the manipulator and its power exchanged in contact with the
environment [23], [24].
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The resulting joint torques ¢, of (2) can be decomposed
to

T T T
T Control = TMotion — T Damping? 3)

where Ty o0 € R" and ‘r[;mpi“g € R" are the torques
generated by the motion generating springs and by the
damping term, respectively.

1) Mathematical description of the motion generating
springs: A wrench w;;,? € se*(3) generates the motion of
the end-effector based on the end-effector’s current trans-
formation HY € SE(3) and its desired goal transformation
HY € SE(3):

.
77T f17<’7 [Kt Kc}
wi = = Ax, @
* Lnieﬂ KD K7
with Ax" = |Ao?™" A@YT| € se(3) being the in-

finitesimal body twist displacement, which can be extracted
from (H;)’]H; [23]. The elements K;, K, € R3*3
represent the stiffness for translation and rotation of the
spring and K. € R3*3 is the decoupling between these two
terms. In order to describe w;(ﬂ purely in terms of energy,
the force fj;" € R'*3 and momentum mj’ € RX3 are
formulated as

7 =~ RJas(Gp) RS — as(GRIPIRY)

5
— 2as (GCRg) ®

and
my’ = - 2as(G,RY) — as(GRIpIPIRY)

6
— 2as(G.PIRY). ©

Where p¢ € R? is the translation between the end-effector
and its desired position and G, ;. are the co-stiffnesses
for the translational spring, the rotational spring and the
coupling terms, respectively. The operator as() returns the
anti-symmetric part of a square matrix. The co-stiffnesses are
introduced for the convention between Ax and the Rotation
matrices R € SO(3):

1
—tr(Krio)Is

Grie =3

— Ko (7

T
The elastic wrench WZ\l7 can be mapped to the inertial
reference frame by the adjoint coordinate transformation
Ad;z € R6%6,

07T _ 4T 77T
\J% 7AngwK . )

The joint torques Ty are calculated with the transposed
of the spatial geometric Jacobian J9°(q) € RO*™ (9).

T T
Tatotion = 37 (@)W ©

2) Energy Scaling: In the concept of Energy-aware con-
trol, the energy of the system is scaled in order to assign
a strict minimum in the desired configuration [25]. The
energy-based safety metric demands a limit on the total
energy of the system. The total energy stored in system is
Eiotal = Thotal + Urotal, With T € R being the kinetic energy

and Uy € R being the potential due to spatial springs [26].
Based on Eiy and a chosen maximum energy Ei.x Which
the system is allowed to store, a scaling parameter A € R is
computed:

if Erowal < Einax

10
otherwise. (10)

with

1, g~
Utotal = *ZT(GrR;l) + (* Ztr(ngtPg) an
L - e
~r(BRIG, RIBY) ) + tr(G.R]pY)

As the potential energy stored in the spatial springs Uo are
proportional to the Co-stiffness G, ¢ . [23], it is sufficient to
scale G ¢

Gte < AGr . (12)
Therefore, the motion generating wrench w{;("?—r applied at
the robot end-effector is changed.

3) Damping injection: Next to the energy in the system,
the power of the robot must be monitored and if necessary
limited. Therefore, the damping injection method is used.
‘Whenever the power resulting from the manipulator’s motion

T T
Prnotion = (37°(@) W% — Bind) a

exceeds a maximal power threshold P, the damping torque
in (3) is increased:

13)

T Bamping = BBinitt;  Binig € R™". (14)
Hereby, the scaling factor 3 € R is defined as:
1 B} if Potion < Pinax
= —(J(;V“(Q);‘:g“:g G~ P therwise. a

Note that the initial damping B, should be monitored with
eq. (15), once the robot starts moving toward the desired
transformation Hf} In this case Ppoion > 0. Once the human
stops and handguides the robot the damping is kept at Biy.

B. Cartesian constraints

In this work, a modified version of an artificial repulsive
potential field is introduced in order to implement workspace
constraints. As the work does not focus on the path planning
itself, but rather on the restriction of the manipulator’s
Cartesian workspace, the focus will be limited to repulsive
artificial potential fields for the remainder of the work.

To keep the respective links of the manipulator within the
predefined Cartesian constraints Cj, a repelling wrench wlcj
is introduced:

(16)

Its deveriation is based on the concepts presented in [27] and
its component can be calulated by
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Tiyi ~CinyC. ~C; C;
f(lfjl =—as (QCJLRLCJ p;’R;7) - RE‘, ”"9(Q0N1Pi ! )Rz !

a7

and
~ii

~C;j~C.
meg, = —as (ch.u Z(;,Pi ’

PURYY). 18)

Note that since only the translational motion is of interest, it
is only necessary to express (17) and (18) in dependency of
the translational Co-stiffness Qc; ,,. However, because of the
non isotropic spring, the co-stiffness Qc; 1, also generates a
repelling moment. Hereby, Qc; 1, = %tr(ng_“)Ig — Lo, >
with L, (, € R**3 being the spring stiffness of the wrench
w’ci . This repelling force is directly dependent on a repul-
sive potential field, which is defined by the potential function

(it -2) ifdol@<s
T, @ 3 5o, (q) <

1
v (19)
0 otherwise,

000 =

where v > 0 represents the generated potential. The shortest
Euclidean distance between the points p? € R3 and its
projection onto the constraint p{ € R? is given by
d;c;(q) € R. The activation distance of the constraint is
denoted z; € R.

This function serves as a transition function between the free
and restricted motion and is defined as a non-negative smooth
surface for any given joint configuration q. The resulting
potential o¢;; € R increases towards infinity as the i
constraint link of the manipulator approach the constraint C;.
These Cartesian constraints also referred to as virtual walls
can be described by any smooth manifold C' = R3,

The potential o¢; ; is then used to scale the translational co-
stiffnesses Qc; ., used for the computation of the repelling
force wz;j (16) described in (17) and (18) as seen in (20).

Qe < 00,,iQc; (20)

In order to being able to express the repelling wrench wéﬁT
generated by constraint C; acting on the i link in the inertial
reference O-frame, it can be mapped with the help of the
adjoint coordinate transformation Adgﬁz

T

il i
wol = Adggwg @1

All link and constraint specific wrenches, expressed in the
inertial reference frame, can be mapped to their equivalent
joint torque representation by

o= (2 (D1 T @we ).

i=1 j=1

(22)

where J?‘U(q) is the spatial geometric Jacobian for the
link and z the number of constraints acting on the i™ link.
Both, (9) and (22), describe the mapping of the desired
Cartesian behaviour into the robot’s joint space. At this point
one advantage for the control of kinematically redundant
robots can be seen. The controller enables stable transitions
of the robot in and out of singularities, since no inversions
of the Jacobian matrix occurs.

C. Joint limit avoidance

The concept of joint limit avoidance has strong similarities
to the concept of Cartesian constraints: once a joint comes in
a critical area, a repelling torque is generated that forces the
joint to stay within the predefined limits. In the remainder
of this section, the mathematical description of this control
scheme will be based on a single joint; for an in-depth
description of multiple joints see [19].

The difference between the current position of joint g; and
its lower/upper joint limits g1.1i|nn/{71~'““" serve as input for a
function, that generates a torque into the opposite direction
of the active constraint:

4 ( ifg,<q,
= e 2
TILA; ,q% (% _ (111‘]) if G < Gy (23)
0 otherwise.

Note that the repelling torques 7} , € R not only depended
on the distance between ¢; and its minimal/maximal bounds,
but also on a distance g’_’”,/qi,,, at which the constraints turn
active and the scaling factor Q > 0. The distances g, and g;
can be calculated by

9 —4q

i 2 limit

q
T = Qi limit — i -

24

IV. EXPERIMENTAL RESULTS

The performance of the presented control framework is
evaluated both in simulation using MATLAB and on the real
robot KUKA LBR iiwa 7 R800. The robot is controlled via an
external PC and communicates with KUKA’s Fast-Research-
Interface (FRI) [28]. For the validation, two different test
scenarios are presented: firstly, the behaviour at the Cartesian
constraint is shown in simulation and on the real robot
(IV-A); secondly, the joint-limit-avoidance in a compliant
state was tested on the physical system (IV-B). Table I shows
the parameters of the implemented reactive control scheme
and the constraints of all experiments. The maximum con-
tact energy threshold E,,,, in our experiments was chosen
according to the ISO/TS 15066:2016 [29] specified range
of 0.52 — 2.5J and the maximal power threshold P, was
chosen based on previous positive results of [18].

A. Cartesian constraint Experiment

To verify the concept of Cartesian constraints, the experi-
ment was split into two tests. In the first experiment the
manipulators end-effector is forced to violate two constraints
simultaneously. In the second experiment multiple links of
the manipulator are simultaneously forced into a single
constraint.

1) Multi Cartesian constraints: In this test, the manipula-
tor moves along a predefined trajectory. The respective virtual
walls Cy and C are positioned in in a way that, on its path,
the robot will violate these constrains. The experimental set-
up and the predefined trajectory can be seen in Fig. 2.

The activation distance d7 ¢, ,, of the constraints Cy and C
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TABLE 1
CONTROL VARIABLES USED DURING THE DIFFERENT EXPERIMENTS.

Reactive control scheme

Translational spring stiffness K; 2000 - I3
Rotational spring stiffness K, 100 - I3
Coupling spring stiffness K. 0-I3
max. allowed Energy Enax 217
max. allowed Power max 0.5 W
inital Damping coeff. B 517

Cartesian constraint Experiment

0.5| [0.5] [0.5] [0.5
Virtual wall 1 C1 10,1 |.[-1],]-1|m

0 0.9 0 0.9

0.5] [0.5] [-1] [-1
Virtual wall 2 Co 1,1 f.|-1],]1|m

0.9] 10.9] [0.9] [0.9

0.5] [0.5] [-1] [-1
Virtual wall 3 C3 1,1, |-1],]1|m

0.1 0.1 0.1 0.1

Translational spring stiffness L, 1, 1013

activation distance dovcl/u3 0.05m

exponential o4 2
Joint Limit Avoidance Experiment

upper activation limit Ti,g 0.2 rad

lower activation limit a4, 0.2 rad

scaling factor Q 0.025

Fig. 2. The setup of the "Multi Cartesian constraint” test consists of a
trajectory Hg(t) indicated as a blue line . As well as the constraints C'1/C2
visualized as grey planes, which are placed respectively along the z-axis
and x-axis in reference of the robots inertial reference frame.

was chosen to be 0.05m in order to have a sufficient buffer,
such that the constraint is not being violated. The exponential
of the transition function vy was set to 2, as it was stated
in [19]. The initial spring stiffnesses of the repelling springs
Lc, ,,,, are chosen to be 10 as early testing has shown that
it is a sufficient value to keep the manipulator within the
Cartesian constraints.

The resulting Cartesian motion of the manipulator’s end-
effector can be seen in Figs. 3a and 3b, for the simulation
and real robot, respectively. It can be seen that the end-
effector’s movement deviates from the desired path when
crossing the respective activation distance d7,c,,, at time
t = 6s/t = 2s. While the end-effector follows the trajectory
along the constraint Cj, it encounters the constraint C at
time ¢ = 5.5s for the simulation and ¢ = 5s for the real-world
test. At time ¢t = 8s the robot no longer violates the virtual
wall C5 and the end-effector moves back on the z-component
of the trajectory. However, in both scenarios the end-effector
is only able to track the trajectory with an offset, until the

trajectory no longer violates the constraint C; at ¢t = 15s
and ¢ = 14s. This behaviour results from the implemented
energy scaling method described in I1I-A2. Here, two benefits
of the implemented control framework can be seen: the
robot respects all Cartesian constraints while complying with
the predefined energy and power for interaction. Moreover,
thanks to energy scaling, no oscillations occur while moving
along the constraints of C'; and Cs, nor in the transition phase
between C and C, between 5-8s (cf. red zone in Fig. 3).
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Y 02
in 0
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—04
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z
m 08
m

0.6 |

T 23 45 6 7 8 910111213 14 15 16 17 18 19 20
time in s
(2)

0.6 ]
X ey
m 04
m

02

0.4
Y 02
in 0
m g2

0.4

1

z
m 08
m

06

T2 3 4 9 10 11 12 13 11 15 16 17 18 19

time in s
(b)

Fig. 3. The relationship of the trajectory and end-effector position for the
simulation and real-world test are shown in (a) and (b), respectively. The
virtual wall Cy and C2 only restricts the movements of the end-effector
along the z-axis and z-axis of the base frame. The y-axis has no restriction.

With the energy Eoiq1 never exceeding the threshold E,, .,
as seen in Fig. 4.

2) Multiple link restriction: This test validates the be-
haviour of manipulator when multiple links encounter a
Cartesian constraints at the same point in time. The virtual
walls C' is positioned in such a way that link 4, 6 and 7 can
reach the constraint. Figure 5 shows how the manipulator is
maneuvered until all three axes reaching the constraint.

In Fig. 6 it can be observed that even when multiple joints
are pulled/pushed against the virtual wall for a period of
5.5s (cf. red zone in Fig. 6a), none of the respective links
violate the constraint C's. When all the respective links have
crossed their respective activation distance d; ¢, at around
time ¢ = 11.5s, the respective scaling factor oc,,; of the

N . i
spring is increased and a repulsive force wc_ is generated.
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) 2 T 6 8 10 12 1 16 18
time in s

Fig. 4. The total energy Fy,¢q; during the real-world Mutli-Cartesian
constraint test. It can also be seen how A limits Fyotq; t0 Emaz.

Fig. 5. The experimental setup for the "Multiple link restriction” test, where
links 4, 6 and 7 forced towards the constraint C visualized as a grey plane.

This shows another benefit of the implemented controller:
when the energy threshold is violated through pulling/pushing
on the robot structure, the stiffness of the spatial spring is
decreased and the robot can be freely moved. Once the robot
is released, it automatically approaches back on the desired
trajectory while complying with the specified safe energy
threshold.

B. Joint limit avoidance

This experiment validates the behavior of the implemented
joint limit avoidance strategy when approaching one or mul-
tiple joint limits. By exceeding the maximal specified energy
threshold, the manipulator was brought into compliant state
and multiple joints where manually forced into the repecitve
joint limit (joints 2, 4 and 6). None of these joints violated
these limits, even though all axes where manually pushed into
the limit simultaneously over a period of 7s (cf. red zone in
Fig. 7). When a joint reaches its respective activation-area
by crossing over the upper/lower activation limit q; J/qq;,,,,
a torque in opposing direction is generated. Figure 7 depicts
that the torque 7y, increases as the distance to the constraint
gi/(L decreases and vise versa. This correlation can be seen
when comparing the individual joint position ¢; and the
respective generated torques 7ya,. None of these joints
show an oscillatory behaviour (cf. red zone in Fig. 7). For
redundant manipulators, benefits through the combination of

0.8
Z 06
™04
mo | INC L LD LR |
02
z
in
m
08 Cy
Z 0
_‘ 0.6 .
in
w 04
L o
T 23 45 67 8 910111213 14 15 16 17 18 19 20 21
time in's
(a)
800
600
7E4 400
200
0 S
600
400
e
200
0
80
60
76T 40
20
00T 23 156 7 8 910111213 11151617 18 19 20 21
time in s
(b)

Fig. 6. The Cartesian position along the base frames z-axis for body 4,
6 and the 7 are shown in (a) and the respective repulsive field in (b).The
virtual wall C3 only restricts the movements of the links along the z-axis of
the base frame. z-axis and y-axis are not restricted. The red dash dotted line
in (a) indicates the distance at which the constraint activates or deactivates.

= T/
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 Qatimit €, i
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-40
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Fig. 7. The joint position of joints 2, 4, 6 and the torques generated by the
impl d joint limit avoida feature are visualized. The area marked in
red indicates the time interval in which all joints encounter there respective
limits simultaneously.

the energy-aware control scheme and the joint limit avoidance
algorithm can be seen. When the energy threshold is violated
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during a pHRI, the stiffness of the spatial spring is decreased
and the nullspace of the manipulator autonomously adapts
through the repelling torques of the joint limit avoidance
algorithm.
V. CONCLUSIONS

This paper presents an energy-based control formalism for
the integration of collaborative redundant robots in restricted
work environments. It extends the concept of artificial po-
tential fields by combining it with an Energy-aware reactive
control scheme. The presented control framework is capable
of handling planned and unplanned pHRI within a workspace
with restricted areas. Therefore, no external sensors are
needed.
The results of the experiments can be summarized as follows:

« In an unplanned collision, the presented controller reacts
in a compliant manner, without exceeding predefined
energy thresholds. After contact, the robot automatically
re-positions on the trajectory.
During pHRI, the robot can manually be guided by the
human. The presented controller keeps the robot from
violating its joint limits. This also holds, when multiple
joints encounter their limits. No oscillatory behaviour
could be monitored, when approaching the activation
zone of the potential field.
Restricted work environments yield Cartesian con-
straints for the robot. The controller was tested in
scenarios with multiple restricted areas, where multiple
links encountered Cartesian constraints. No oscillatory
behaviour could be monitored, when approaching the
activation zone of the potential field, nor in the transition
phase between multiple constraints.
One drawback of the presented controller is that all relevant
constraint parameters have to be tuned manually. If the
manipulator is forced far from its desired configuration,
the stiffness of the spatial spring are scaled close to 0. If
the manipulator encounters joint limit constraint on its way
back, the desired pose will not be reached without manual
guidance. However, in true pHRI scenarios the human co-
worker can assist in such cases.
In future work a safe recovery motion planner for handling
such events could investigate. Furthermore, an extensive
comparison between this work and other approaches, e.g.
nullspace saturation algorithms could be done. Also the
presented controller could be extended to incorporate more
complex shaped Cartesian constraints. Lastly, the effects of
the scaling functions in eq. (10) and eq. (15) and the effect
of the repulsive forces on the passivity of the system have to
be investigated, as for a passive robot, the energy and power
thresholds can also be adapted online.

.
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Abstract— H obot llaborative di y 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 dard i d controller and

ed to a d imp
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:

o The design of an energy-aware Cartesian impedance

controller that uses a global energy tank with power
limitation.
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:
operation. Right-hand side: a possible scenario
for contdct loas 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
WSXFE In order to ensure the engagement of the screwdriver
bit during the unscrewing process, it is crucial to apply a
force w?&EE 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.
IIT. 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 T(,,.; € R™ are defined
in a quasi-static condition as

T _.T T
T Control = TSpring — T Damp» (e8]

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

EE, EET

wrench w € se*(3), which can be expressed as

-

EE,EET [ K: K.

WK :{AEE,EET =gt K| @
my; ¢ "

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 fre™" € R'3 and momentum
miPPE € R1*3 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:

FEEEE — _ REF s (Gibie) Rify — as(GeRFDB:RiE)

— 2as (GCR%E)
mi ™ = - 205 (G, RE;) — as(GRE DD R
— 2as (Gcf)gERgE):

3)
with p; € 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 Eiow. The total energy stored in the system can be
expressed as Eigal = Tiotal + Uora Where Ty € R is the
kinetic co-energy and Uy, € 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
Eiow > Eriow becomes true, one computes the following
scaling parameter:

1 if Fiow < Ero
A= - 1 mml‘ total @
= otherwise.

As seen in [17] U is proportional to the co-stiffness
G, t,c. Therefore, by scaling G,;. with A € R in the
following way G, ¢. < AGy ., the wrench generated

T
by the springs w?{’EE is directly affected. This results in

the motion generatingr torques from the Cartesian springs

T _ 0,EE EE,EE
TSpring — J(q)wy W

with Ad;IE: € 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 Prpogion € R:

Pooion = (3@ Wi —Buwd) '@ ©)
with Bipie € R™*” being the initial positive definite damping
matrix. As soon as the robot starts moving towards a desired
transformation Hg, Photion 18 monitored. In the event of
Protion exceeding the chosen power limit Pyoion € R, the
scaling parameter 3 € R is calculated:

0EET T
, where wy = AdHBL

1 if Protion < Prmotion

.
47 Binid

8=

otherwise,

multiplying 3 with the initial damping matrix Bip;;, resulting
in the damping term:

TDamp = BBinindl. @)

Hence, in the scenario in which Pyoon exceeds Potions the
increase of § has a direct effect on the damping term.

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:

Se + Pissipation + Puask = 0, ®)

where Pjissipation € R is the power flow due to the dissipation,
and Py = —w(;gEEi( € 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
Eiunk bounded by upper and lower bounds Em,,k/Emnk. The
power flow of the new storage function can be expressed as

Se + Bk <0, ©)

where

Euank = Pask- (10)

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

formalism:
o {kam if Pag <0
task =

otherwise,

. (11)

JPas
where £ and j ensure that the upper and lower bounds of
FEiunk 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.

k:{o
1
o
=N

if Pak < 0A Bank < Eie

otherwise
A _ 12)
if Pask > 0A Eank > Erank

otherwise
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Additionally, the rate at which the controller can inject
energy into the system is limited by:

Ly
;= { Pasc
|}

Where + is defined as a ratio between the maximal allowed
power flow P and the originally calculated power flow
Pk 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 < Py <0

otherwise.

13)

1 if ol < Bow Ak #0
A=SAt—1) if k=0APaxk <0
T

14

otherwise.

In case the energy tank is empty (k = 0), A 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 Fliow 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 (F,). Hence, applying
the constraint -y, the power flow from the tank to the system
results in the following ;..

0,EET

T dpring = 1T (@)W (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:

ol
T N .
Paotion = <w (J(q)TwifE )mmq) a (6

1 if Protion < ﬁmoliun

8= (‘Y(J(q)‘w?f‘ﬂ))

4" Bind

4= Proiion

otherwise.

a7
As 7 restricts the power flow to the system, it also has a direct
effect on Ppotion resulting in the following control law:

0EET .
T(t[mln)] = ’7’JT(C1)WK — BBinitd.

IV. EXPERIMENTAL RESULTS

(18)

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 1
CONTROL PARAMETERS USED DURING THE DIFFERENT EXPERIMENTS.

Cartesian Impedance controller

Translational spring stiffness K 900 - I3
Rotational spring stiffness K, 40 - Is
Coupling spring stiffness K. 0-1I3
Hybrid Force-Impedance controller
Translational spring stiffness K 100 - I3
Rotational spring stiffness K, 10-1I3
Coupling spring stiffness K. 0-1I3
Desired force Wesired, z —fengagez
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 Frowl 0.77
Max. allowed power Protion 0.5W
Initial damping 5-17
Energy Tank & Others
Engagement force fengage,z 15N
Max. allowed power to be extracted s —0.175W
Max. Energy level in the tank Elank 5]
Min. Energy level in the tank Bk 0.5J
Initial Energy level in the tank Flank 31

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 fengage .- 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 fegge, 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 wgﬁ f 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?{’EE, 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 p, and the linear z-component of the
external force applied on the TCP w?ff .

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 Eyyy was selected according to ISO/TS
15066:2016 [29] that specified a range of 0.52 - 2.5 J, the
value for Pmoion 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, pg‘z was moved incrementally
below the screw head until W%EZE 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—12.5s 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 wgﬁf
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 Hg, as seen in Figure 4. After 5 s, the
desired force of 20 N is reached and the unscrewing phase
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Fig. 4. Visualizes the observable quantities of the hybrid force impedance
controller. The difference between current pgg and desired position pg as
well as the workbench position pf:,b, the linear z-component of the external

force applied on the TCP wg,’ff and the energy tank Ey,, and its power
flow Pask-

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. Snapshots of the experiment with the energy-aware impedance controller. A video of the experiments is available in the multimedia extension and
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 X increases, v decreases. As in (15),
v 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
(Bunk > Ey). 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.
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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 pg,b, the linear z-component of the external
force applied on the TCP wggff, the energy tank g,y and its power flow

Pask as well as the energy scaling of the total energy ol

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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