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Abstract: Human-robot collaboration (HRC) provides the opportunity to enhance the physical
abilities of severely and multiply disabled people thus allowing them to work in industrial workplaces
on the primary labour market. In order to assist this target group optimally, the collaborative robot
has to support them based on their individual capabilities. Therefore, the knowledge about the
amount of required assistance is a central aspect for the design and programming of HRC workplaces.
The paper introduces a new method that bases the task allocation on the individual capabilities of a
person. The method obtains human capabilities on the one hand and the process requirements on
the other. In the following step, these two profiles are compared and the workload of the human is
acquired. This determines the amount of support or assistance, which should be provided by a robot
capable of HRC. In the end, the profile comparison of an anonymized participant and the concept of
the human-robot workplace is presented.

Keywords: human-robot collaboration (HRC); integration of people with disabilities into the work-
ing life IMBA); method time measurement (MTM); inclusive workplaces

1. Introduction

People with disabilities often work beneath their capabilities inducing a dissatisfaction
with their occupation, as they feel a lack of self-fulfillment. The project “Next-Generation—
Develop inclusive work with flexible robot solutions” has the goal of supporting and
enhancing the individual work capabilities through innovative technology. In consequence,
people with disabilities will be considered a part of the primary labour market and will be
recognized as valuable members of the working community and society. To reach this goal,
industrial workplaces must be adapted individually according to the physical and cognitive
abilities of disabled people. The idea is to implement human-robot collaboration (HRC)
into workplaces. The main purpose of the collaborative robot is to support the human,
enabling them to accomplish work tasks regardless of their physical impairments. HRC is
introduced as a new assistive technology for people with disabilities to provide physical
assistance. An assistive technology is only helpful if it is adapted to the individual’s needs.
Therefore, task allocation between humans and robots is a central aspect for the design and
programming process of the HRC workplace. For people with disabilities the allocation
needs to be based on their individual capabilities. Consequently, a method is required
to identify the workload of tasks, in which a particular person might be overloaded and
needs to be assisted and supported by a collaborative robot.

The required method is aimed in particular for people with musculo-skeletal disorders
that influence motor skills, coordination and /or muscle movements. On the other hand,
the target group posses good hearing, vision and speech comprehension. To take the
requirements of the general labor market into account, further abilities must nevertheless
be assumed. These are giving goal-oriented instructions or working in a goal-oriented
manner. Further skills are implementation of learned knowledge, orientation in time and

Robotics 2021, 10, 44. https:/ /doi.org/10.3390/robotics10010044

https:/ /www.mdpi.com/journal/robotics


https://www.mdpi.com/journal/robotics
https://www.mdpi.com
https://doi.org/10.3390/robotics10010044
https://doi.org/10.3390/robotics10010044
https://doi.org/10.3390/robotics10010044
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/robotics10010044
https://www.mdpi.com/journal/robotics
https://www.mdpi.com/2218-6581/10/1/44?type=check_update&version=1

Robotics 2021, 10, 44

20f 10

place as well as the ability to respect work safety measures.

Based on Fitts’ list [1], the capabilities of machines are speed, power, computation,
replication, simultaneous operations and short term memory. Additionally, robots are
kown for their accuracy, endurance and low quality variations in manufactured products.
Dependent on the attached robot equipment, a robot has added capabilities. For example,
vision systems add the possibility to recognize and to percept the sorroundig world. Force
sensors can detect contacts or control process forces and capacitive sensor skins are able to
contactlessly detect collisions with other objects.

An instrument for occupational rehabilitation and integration is the Integration of
People with Disabilities into the Working Life (IMBA) method. The respective method
documents and compares workplace requirements and individual human capabilities
based on standardized motion characteristics and further aspects of working routines.
By means of comparison, the workload of a particular person is identified [2]. Even though
the IMBA method provides a detailed determination of individual workloads, it is not
suited for the individual capability-based task allocation in this project. The reason for this
is that this method evaluates the overall workplace without specifying the participants’
qualification for each specific task. Employing IMBA on every single task is inefficient,
because not every task requires a standardized characteristic.

In research, task allocation for human-robot collaboration has gained importance.
In this context, a superordinated question is the definition of criteria to base the task allo-
cation on. One way is to consider the allocation from an economic point of view, as done
by Takata et al. in [3]. They evaluate tasks according to cost and time. Furthermore, their
method incorporates possible changes in the overall process. Miiller et al. [4] on the other
hand present a process-oriented task allocation. This allocation is based on a weighted
comparison between general human and robot capabilities regarding the requirements of
the product and manufacturing process. Fechter et al. [5] and Ranz et al. [6] also derive the
allocation based on the capabilities of the stakeholders of the HRC system. Fechter et al.
only consider the capabilities of the robot and the automation of the tasks [5]. Ranz et al.,
on the contrary, base their allocation on the best fit between task requirements and the
capabilities of the stakeholders. A disadvantage of the approaches presented in [4-6] is that
general human capabilities are taken into account instead of individual ones belonging to
a particular person.

These examples show that approaches for defining task allocation for HRC exist,
but they are either cost-, time- or process-orientated. Furthermore, they consider only
general human capabilities, which cannot be used to make a statement about the amount
of assistance that an individual requires. Therefore, these approaches cannot be applied
to prepare design and programming of individually adapted, inclusive HRC workplaces.
This paper introduces a new approach that bases task allocation on the individual human
being with their capabilities and compares them with the specific requirements of a given
task. Result of this comparison is the amount of assistance, which should be provided by a
collaborative robot.

The paper focuses on the description, functionality and structure of the new approach
respectievly method. In Section 2, the proposed method for an individual capability-based
task allocation and the determination of the amount of robotic support is explained. Section
3 discusses the results of the proposed method on the basis of an anonymized paticipant
and an exemplary application. The paper is concluded in Section 4 and presents future
aspects, which should be investigated in the project.
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2. Method
The proposed approach provides a three-step procedure. As seen in Figure 1 the

three steps consist of “break down the overall task in standard processes”, “evaluation
of capability-based workplace requirements” and “comparison of requirement profiles
with the individual capability profile” of a particular person. The following chapters will

explain the mentioned steps in detail.

overall task

requirement
profiles for each
basic element

/__

individual capability
profile of a
particular person

capability-based
workplace
requirements of each
basic element of the
standard process

/__

/---,

/,

break down of
the overall task

sequence of
standard processes

/

evaluation of
capability-based
workplace
requirements

comparison of
requirement profile
and individual
capability profile

requirement
profiles for each
basic element

identification of

the workload of

a person for each
basic element

Figure 1. Overall concept of the individual capability-based task allocation.

2.1. Break down of Overall Task

In comparison to existing methods such as [6], we suggest, that the break down of a
process or task is composed of a process and a capability oriented scope, see Figure 2.

In the process oriented scope, the task is broken down in three levels. First level
is the overall task, which a particular person has to accomplish. The second level is a
sequence of standard processes that describe this overall task. These are typical processes
of the value-added chain found in manufacturing, assembly, packaging and handling, like
screwing or polishing. Standard processes are listed in norms such as DIN 8589-0 [7] or
DIN 55405 [8] as well as other sources like Pahl et al. [9], for example.

Each standard process is defined by a particular set of basic elements. These basic
elements are based on the 19 fundamental motions of Method Time Measurement (MTM)
analysis representing a common approach in workflow modelling [10]. Besides the funda-
mental motions of MTM the following three basic elements “working with both hands”,
“exert a force” and “operate a device” are implemented to describe standard processes.
The basic element “working with both hands” signalizes that the standard process is com-
posed of a parallel and/or divided task requiring the use of both hands. The basic element
“exert a force” describes the use of a force through fingers, hand or arm to overcome resis-
tance without a significant movement. Therefore, it combines the fundamental motions
“push” and “pull” within one element. “Operate a device” is dependent on the device
that a person needs to use. Thus, the requirements for this basic element depends on the
used device, respectively, tool. All in all the description of standard processes requires
the fundamental motions of the hand-arm-system of MTM and the presented three basic
elements, see Figure 3.
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Figure 2. Concept of the break down of a process.
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Figure 3. Basic elements of standard processes.
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A specific standard process can be described by the same sequence of basic elements.
Therefore, each standard process is predefined by its specific basic elements. Figure 4
exemplarily displays this break down of the standard process “form-fit positioning”.
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Figure 4. Break down of the standard process “form-fit positioning” in its basic elements.

Subsequent to the process analysis, the capability scope is introduced. Each basic
element requires specific capabilities in order to be accomplished by a person, see Figure 2.
For each basic element capability-based requirements have to be defined resulting in a
requirement profile. The IMBA-approach lays the foundation of this profile neglecting
the mental related requirements from IMBA, because a robot is just able to compensate
physical abilities. These mental requirements belong to the categories “environmental in-
fluences”, “occupational safety”, “work organization” and “key skills”. Furthermore, only
commonly needed physical requirements of IMBA are considered for the proposed method,
thus exemplarily excluding “crawling” and “climbing”. Finally, the workplace require-
ments or abilities “arm-hand steadiness”, “control precision”, “multi-limb coordination”,
“wrist-finger speed” and “speed of limb movement” from Occupational Information Network
(O*NET) are added. O*NET is an online database sponsored by the US Department of
Labour/Employment and Training Administation (USDOL/ETA) containing occupational
definitions [11]. In total around 76 capabilities are defined and available to be chosen as
requirements for a basic element.

Table 1 exemplarily shows a requirement profile for the basic element “reach”. In this
example a person has to be able to reach forward with one arm. Additionally, the capabili-
ties needed are standing as well as having good near and spatial vision. These requirements
can vary from one overall task to another or even from one standard process to another.
This is because they are dependent on circumstances in production such as cycle time,
the structure of the production line and product features. The result of the break down of
the overall task are requirement profiles for each basic element belonging to the chosen
standard processes.
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capability X:

capability-
based
require-
ment X:

very poor
capability

very low
workload

O

Table 1. Example of capability-based requirements for basic element “reach” and their
definitions [10-12].

Reaching is the basic movement to move the fingers or hand to a

REACH certain or undefined place.
posture
standing Assume and maintain upright posture with legs stretched.

body part movement

arm movement

reach forward - one arm Reach forward with one arm.

information

vision

Recognize details and structures within normal reading distance

nearvision (25-35 cm) or screen distance (approx. 50-70 cm).

Recognize objects in space in terms of shape, size and

spatial vision arrangement

complex features

speed of arm movement  Move the arms quickly.

2.2. Evaluation and Comparison of Capability Profile and Requirement Profiles

To determine the specific need of robot support for an individual, the determined
capability-based requirements of a basic element are compared with the corresponding
capabilities of this individual. In order to compare the two different types, capabilities and
capability-based requirements have the same definitions and a compatible rating scale,
as shown in Figure 5. It is divided in seven levels allowing sufficient differentiability to
map various degrees of capabilities or workloads. Furthermore, it provides a defined center
representing the average capability and workload.

poor relative poor average relative good good very good
capability capability capability capability capability capability

OROROROR®

low work- relative low average relative high high very high
load workload workload workload workload workload

OROROROROR®

Figure 5. Rating scale for each capability, respectively, capability-based requirement.

For reasons of evaluation, the rated capability profile is referenced to the rated require-
ment profile of each basic element belonging to the needed standard process of the overall
task. The differences between capability-related requirements and capabilities resulting
from the comparison indicate an existing excessive demand and/or insufficient challenge
in the evaluated characteristics. The extent of excessive demand or insufficient challenge is
also returned through the comparison, as can be seen in Figures 6 and 7. Required capabili-
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ties, in which a person is overloaded or even not challenged enough, are then taken into
consideration for a robot assistance in the design process of the inclusive HRC workplace.
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capability capability capability capability capability capability capability
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Figure 6. Evaluation: level of insufficient challenge resulting from comparison of capability and capability-based require-

ment.
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Figure 7. Evaluation: level of excessive demand resulting from comparison of capability and capability-based requirement.

3. Results and Discussion

The results of the method presented are discussed on the basis of an exemplary appli-
cation provided by an industrial company and on the basis of an individual skill profile of
an anonymized participant. Finally, the concept of the human-robot workplace derived
from this is presented, see Figure 8.

During the task, metal sheets must be inserted into a fixture to load a resistance weld-
ing machine. The standard process “form-fit positioning” is part of the overall task and is
already shown in Figure 4. Thus, the required basic elements are defined.
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The profile comparison with the individual capability profile of the participant shows,
that the person cannot stand due to its disability and is therefore strongly overstrained.
In this case, a robot assistance system cannot reduce the overload for obvious reasons.
Accordingly, a height-adjustable workplace is necessary to enable the participant in a
wheelchair to perform the task. In addition, the participant is overloaded with the task of
“reaching forward”. This is required for the basic elements “reach out” and “bring”. In this
case, the assistance of a robot capable of HRC is needed to overcome the high workload of
the participant.

The requirements “near vision” and “spatial vision”, which are necessary for all
capabilities of the standard process “form-fit positioning” excluding “exert a force”, are
sufficiently fulfilled by the participant, resulting in an average workload. Therefore, no
support is required. Noteworthy is that most of the participants have sufficient vision
capabilities. This is why, visual quality checks on produced parts should be considered as
additional tasks alongside the assembly tasks.

Finally, the requirements that cause the participant to be under challenged are listed.
These mostly include one-sided “hand grip” and “finger grip” and are needed for all basic
elements except “reach”. Requirements, in which a person is insufficiently challenged, have
to be evaluated individually. In these cases, a collaborative robot could be used as an assis-
tive device. The level of insufficient challenge and mental state of an individual is crucial.
A requirement that is insufficiently challenging physically could still be difficult mentally.
Basis for this decision is always self-actualization and satisfaction of the individual. At the
moment, capability- based requirements, in which the person is insufficiently challenged,
are planned to be executed by the participant. The results of the profile comparison for the
standard process “form-fit positioning” are summarized in Figure 8.

form-fit positioning
reach grasp |ﬂ| move H position }—>| exert a force }—>| release
task requirements
stand stand stand stand stand stand
(e3) (e3) (e3) (e3) (e3) (e3)
reach forward near vision reach forward near vision finger grip near vision
(e1) (io/e0) (e2) (io/eo) (i3) (io/eo0)
near vision spatial vision near vision spatial vision spatial vision
(io/eo) (io/eo) (io/eo) (io/e) (io/eo)
spatial vision hand grip spatial vision hand grip finger grip
(i0/eo) (i2) (i0/eo) (i2) (i3)
hand grip
(i2)

Figure 8. Summary of comparison subdivided into overloaded (red), average workload (black) and under challenged

(green).

In addition to the listed requirements, the workplace should be designed in such a way
that many different assembly and testing processes can be represented, which are found in
industrial applications. Furthermore, the principles of ergonomics should be implemented
in the design. For this reason, the present concept results in a workplace based on a typical
assembly station consisting of a height-adjustable table, a monitor and lighting as well as
fixed places for tools, materials and end products. The participant and the HRC capable
robot must have access to tools, materials and storage of the final products. Additionally,
a mobile platform can assist by supplying materials to the workplace. The concept is shown
in Figure 9.
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Figure 9. Concept of human-robot workplace for people with disabilities.

4. Conclusions

This paper introduces a novel method for task allocation between people with physical
disabillities and collaborative robots. It determines the amount of assistance that an indi-
vidual requires to fullfill a given task. Robotic assistance is needed whenever a participant
is either insufficiently challenged or excessivly demanded. In comparison to similar ap-
proaches, this method respects the individual capabilities of a human being and compares
them to the specific requirements of a given process. The result is an amount of assistance,
which should be provided by the robot for each process requirement. Additionally, this
paper presents the concept of an inclusive workplace, which is ergonomically adjustable
and accessible to disabled people.

Future work of this project includes the final design and setup of the human-robot
workplace for conducting industrial test scenarios based on the shown concept. Further-
more, the programming of the robot has to meet the individual capability profiles of the
participant demanding intuitive and modular operation by the participants. When and
how much robotic assistance is needed depends on the particular amount of insufficient
challenge or excessive demand and remains to be investigated in this project. Based on the
individual capabilities, the robot program has to account for different levels of assistance
varying between no assistance and full automation. In addition, an unskilled actor must
program the workplace for a new individual or task. This results in high requirements on
the operability of the workstation and the robotic programm.

Finally, the new method for task allocation has to be validated on more participants and
different industrial tasks.
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Abbreviations

The following abbreviations are used in this manuscript:

MDPI  Multidisciplinary Digital Publishing Institute

HRC Human-Robot Collaboration

IMBA Integration of People with Disabilities into the Working World
MTM  Method Time Measurement
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