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Abstract—In recent years, mass-customization and ondemand production have spread to larger ground. To accommodate these developments, manufacturing systems
are being transformed to allow more flexibility and agility.
One of the technologies that allow flexibility and agility is
collaborative robots. The design and implementation of intelligent manufacturing systems (IMS) is a complex activity
that requires bridging between disciplines. With the introduction of collaborative robots, new disciplines are added
to this activity, which need to be linked to the existing design
methods and procedures. Currently, the lack of these links
is a bottleneck for small- and medium-sized enterprises that
have limited resources for implementation. In this paper, we
introduce a human–robot coproduction design methodology, with the aim of raising the capacity of designers for
reasoning on collaboration between humans and robots in
manufacturing. The methodology comprises four procedural steps: analysis, modeling, simulation, and evaluation,
with specific methods, tools, and instruments. The methodology has been evaluated in a laboratory environment by
performing a pilot study with designers. While the current
implementation of the methodology and its instrumentation
is limited, it has been shown that the methodology enables
quick design iterations during the conceptual design phase
of human–robot coproduction, thanks to procedures that
have been tailored for this novel form of organizing and
structuring production processes in IMS.
Index Terms—Collaborative robots, design methodology,
human-robot collaboration (HRC), human-robot coproduction, intelligent manufacturing systems (IMS), small- and
medium-sized enterprises.

I. INTRODUCTION

I

T HAS become commonplace that product designs change
with seasons, and today, it has become possible to
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personalize/customize/produce products in an on-demand fashion. This holds true for personal as well as industrial products
[1], [2]. The driving force behind this has been the achievements
in intelligent manufacturing systems (IMS) [3]. However, while
some manufacturing enterprises are able to transform their production processes to fit IMS, and realize mass-customization
successfully, small- and medium-sized enterprise(s) (SME) in
the manufacturing industry are facing challenges [4].
For an SME, production is typically short-cycled while the
investments, infrastructure, and labor capacity impose a larger
constraint compared to larger enterprises [5]. Recently collaborative robot (Cobot) technology has become economically more
attractive and is being implemented by SME, in order to automate parts of production systems that were previously difficult
to automate [6]–[9]. Regulations allow these robots to be implemented without the necessity for security fences that safeguard
the humans that are required to work in the same environment
as these robots [10]. However, in contrast to what the name suggests, these robots do not directly enable a human and a robot
to work together in an effective and efficient manner. Achieving this requires a resource-intensive design activity [11], [12].
While these robots are relatively cheaper to purchase compared
to their predecessors, and simple to configure/program, this bottleneck reduces their economic value, due to the amount of time,
qualified engineers, and peripheral devices that are needed to integrate these robots in a production process and realize effective
collaborative work throughout the production system [11].
In this paper, we introduce a human–robot coproduction design methodology to overcome the challenges faced in the SME
context. In Section II, the notions of HRC design and human–
robot coproduction (HRC) are introduced, followed by a review of the literature that relates to these notions. In Section III
the human–robot coproduction design methodology (HRCDM)
is presented. In Section IV, the methodology is evaluated.
Section V sets forth the conclusion of this paper and points
to possible future improvements.
II. BACKGROUND
The future vision of IMS is that short production runs should
be possible with the aim of batch sizes of one. This requires
quick redesign and/or reconfiguration procedures. However,
IMSs are complex and therefore their design process requires a
multidisciplinary effort, and thereby, also a considerable amount
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Fig. 1. Diagram showing the variables that influence HRC design. Yellow = human, Green = robot.

of resources [13], [14]. With the introduction of Cobots, it
has become more important to address the increased number of requirements related to collaborative work between machines/robots and operators. This type of work has previously
been referred to as HRC [12].
Until now, the work has been going on to develop productive, flexible, intelligent, and quick-to-build production systems,
with the ultimate goal of creating the lights-out-factory [15],
[16]. However, co-operative production systems and human–
machine symbiosis have been highlighted as important areas
for research and development [17]. In light of recent developments in robotics, and the introduction of Cobots, it has been
noted that the physical and cognitive capabilities of humans
such as dexterity, flexibility, adaptability, and problem solving
are crucial skills in production systems, and therefore should
become more explicit in the systems that are being developed
[18], [19]. It has also been demonstrated that this form of work
could benefit from social skills of humans [20]. However, in
current practice, the task allocation between humans and robots
in such systems is still cumbersome due to the lack of methods
and tools to assess collaborative task performance from operational perspectives such as productivity, operator well-being,
and training requirements [21].
Therefore, the goal of this work has been to develop a methodology that supports designers during the conceptual/structural
design phase of production systems in the SME context, in
which the implementation of Cobots is being considered.
The underpinning of this methodology is based on three assumptions, as illustrated in Fig. 1.
1) The capacity of designer(s) for reasoning on HRC is influenced by the quality of the used methodology and the
prior HRC design experience.
2) An increase in reasoning capacity will be beneficial during HRC design, as time and resources are limited.
3) A more efficient and effective HRC design process will
increase product quality and employability.
The HRC design methodology should consist of a design
process, combined with methods and instruments that all are
suitable for the SME context. Therefore, in this section, we
review related work with respect to procedures, methods, and
instruments that play a role in reasoning on HRC. Inspired by the
successful integration of multiple domains of knowledge in the
field of Mechatronics [22], the review spans multiple knowledge
domains in order to cover the state-of-the-art relating to HRC.
These domains include (but are not limited to) industrial and
manufacturing engineering, systems and control engineering,

Fig. 2.

Reasoning model for human–robot coproduction design.

mechatronics, human–computer interaction, ergonomics, and
human factors.
As illustrated in the reasoning model for HRC design in Fig. 2,
the state-of-the-art is presented in four categories: logical design
(LD), physical design (PD), logical operation (LO), and physical
operation (PO). The logical-physical design has been inspired
by discussions in cyber-physical production systems (CPPS)
literature [17], [23]. Next, a summary of the findings in each
category is presented by which knowledge gaps are identified.
A. Logical Design
In the intersection between designer(s) and logical system, the
developments related to abstract reasoning and criteria setting
during HRC design were investigated.
For the HRC approach to be effective, when starting the design process, the product-related data need to be transformed
into a format that can be interacted with throughout the design
process. Several approaches have been proposed for creating an
overview of assembly relations between parts of a product [24].
For example, Liaison graphs show physical interfaces between
parts of a product [25]. This approach can be particularly helpful
in determining the minimum and maximum amount of operations that the HRC system is should contain. The automatic
extraction of Liaison information has been studied and several
alternative solutions have been proposed such as, using motion planning and part interaction clusters, based on computer
aided design (CAD) data [26]–[28]. To study the sequence of
activities of assembling a product, the precedence diagram was
introduced, in which the hierarchy between assembly steps can
be seen [29]. With AND/OR graphs it was made possible to
include additional attributes such as complexity of manipulation and stability of subassemblies [30]. Recently, the notion of
assembly tiers was introduced in which an assembly can be split
into groups of pars or subassemblies that can be assembled at
the same time [31]. In this approach, fasteners of parts are also
taken into consideration.
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Next to the data about the product, performance-related information is needed in order to guide the design process and to use
in assessing generated design alternatives [21]. There have been
numerous (experimental) attempts to provide SME with tools
to perform calculations and make visualizations of return-oninvestment of HRC systems [32]–[34]. However, these do not
go beyond basic mathematical calculations, and do not include
details of the complexity that the design and integration process
of HRC systems come paired with.
Concluding, there are already a number of methods for transforming product data into production-related data automatically.
However, the formalization of data with respect to operators of
HRC systems has received less attention. This reduces the capacity of reasoning of HRC designers.
B. Physical Design
In the intersection between designer(s) and physical system,
the developments related to reasoning on the interactions that
take place in the physical system (human–robot), and the learning capabilities of HRC systems were investigated.
Delta engineering is a new approach for contemplating the
development of adaptations to existing systems [4]. It supports
reuse of parts of the existing system, which decreases the development time. This is particularly valuable for SME, as their
amount of resources and time is limited.
One of the requirements of implementing HRC in the context
of SME is quick-setup and zero-configuration. In an ideal case,
the system should work in the expected manner the first time it
runs. This has been called plug-and-produce and plug-and-work
[35], [36]. This method reduces the time that is further enhanced
by systems that use Reinforcement Learning [6], [7], [37], [38].
This method reduces the amount of time that is needed for
detailed and robust programming of systems during the design
process. However, the implementation of learning systems is
still a challenge to integrate in the context of SME [39].
The determination of the role of the human in a production workflow is a discussion that takes place during the design
phase of the system [40]. So far, most Cobots that have been
implemented in production settings have been mere weightcompensators [41]. However, this is changing with the introduction of more types of Cobots, including ones with multitasking skills. Therefore, the reconfiguration of systems based
on an analysis of needed robot skills has only recently been
introduced [42]. However, a similar approach for operator skills
is missing. In most SME, an operator has multiple roles, covering multiple locations and machines. Therefore the role of an
operator cannot be simplified/limited as an input/output during
the design process of the system. Yet, often, operators are not
taken explicitly as an element with multitasking capabilities in
the design process of IMS. Currently, in most situations, designers focus on the “magic helper” role of humans. Therefore,
HIMCoS–Human in the loop manufacturing control systems
was introduced as a human-centered design approach [43]. Yet,
this approach currently does not take the physical capabilities
of operators into account.
In high-paced IMS, the cognitive and motoric capabilities of
humans do not always fit well into the flow of the execution
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of all tasks in the system [43], [44]. This is also evident in the
current categorization of human–robot collaborative configurations as, workplace sharing and workplace and time sharing
systems [45]. This increases the importance of the mode of interaction and interfaces between operators and robots. Current
research points toward teamwork as a plausible mode of interaction [46]. The information exchange between operators and
IMS, and system awareness has also been studied in order to
improve the interaction with operators [47]. Commercial hardware/software such as PASvisu allows web-based visualization
of several layers of IMS at the same time and displays real-time
and historical performance metrics related to the production
system [48]. However such software requires active monitoring, and is currently not optimized for reducing cognitive load
on operators.
Concluding, much work is being done on human–robot interaction and collaboration in the manufacturing context. However
the specific requirements of SMEs related to multifunctionality
and quick reconfigurability, result in an unbalance between the
physical and cognitive load on operators, due to the limitations
in usability of Cobots. Therefore, when designing HRC systems,
it is essential to consider such limitations and to highlight the
areas of increased physical and cognitive load for operators.
C. Physical Operation
In the intersection between physical system and operator, the
developments related to the modeling and simulation of the
HRC system, including its operators was investigated.
Product lifecycle management (PLM) is generally used to integrate multidisciplinary engineering activities related to product design and production. It is as a business-oriented, formally
defined, holistic, digital, joined-up, and product-focused approach [49]. Yet, the consideration of the production system
as a whole and the integration of this consideration into the
product lifecycle management environment has only recently
been taking shape [50].
In collaborative design, multiple representations and models
are already used to act as boundary objects between stakeholders [51]. However, in current HRC design practice, this is not
practiced [21].
Computer simulation is a powerful approach for analyzing
and optimizing complex stochastic systems. In order to be able
to perform computer simulations for new production requests,
accurate models of the production system is mandatory. The creation of such models requires specialized personnel and building
robust and realistic system models takes considerable amount
of time.
In the context of IMS, simulations are used to simulate the
operation of production processes, often for assessing robustness in case of production peaks [52]. While three-dimensional
(3-D) simulations are common for the detailed design of IMS,
the modeling and simulation of the interaction between various
resources and servers of the system can be performed using
discrete-event simulations (DES) [53]. Recently, detailed 3-D
visualizations have become standard in DES [54], and the possibility to add visually realistic models of humans into system
models has been made possible [55], [56]. In the future, for
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the successful integration of human models into these simulations, these visualizations should go beyond temporal and spatial domains. For example, audio can be added to these simulations as well [57]. One of the latest commercial PLM software
suites in the context of manufacturing, “ABB Ability”, integrates many aspects of IMS successfully [58]. However, similar
to other software suites in this field, functionalities to model humans(operators) at cognition-level, and the capacity to support
system designs for SME’s, that are characterized by limited resources (time, budget, and operators) is still not being explicitly
addressed.
Concluding, while abovementioned type of software has become very capable of addressing electromechanical and operational optimization problems, they neither provide methods nor
functionalities to enable SME’s in transitioning toward IMS and
being part of Industry 4.0 [4].
D. Logical Operation
In the intersection between logical system and operator, the
developments related to the performing evaluations and presenting the results of evaluations related to HRC were investigated.
Key performance indicator (KPI) is an established measure
for assessing operational performance in many types of organizations, also in manufacturing SME [59]. The KPIs are still
valuable measures in the era of product–service systems and aid
in the evaluation of system designs that have complicated and
intertwined requirements [60]. While generally being used to assess long-term goals, the balanced scorecard approach attempts
to obtain a holistic judgment of operations in an organization
and its application to manufacturing has been successful [61],
[62]. While the scorecard covers aggregated and abstract indicators, in the context of HRC, another modality is necessary to
convey the spatial and logical elements as well [63].
For the successful implementation of industrial HRC and
effective teaming between operators and robots, operators need
to be trained on the specific capabilities of the used robots, and
empowered to handle degraded events, such as failures [64],
[65]. Therefore, it is important to consider potential training
costs and time during the evaluation of an HRC scenario.
If the HRC design process is considered as a closed-loop control system, the performance evaluation refers to the feedback
that is sent to preceding controllers and systems. Yet, performance evaluation of logical operation of systems is perhaps one
of the points that has received far less attention in comparison
to methods for engineering and technical evaluation of systems.
Concluding, while an evaluation procedure at the end of a design process is almost trivial, in the case of HRC, this procedure
should be grounded in methods used in the domain of human
factors and should be addressed in developing an HRC design
methodology as such.
III. HUMAN ROBOT COPRODUCTION DESIGN
Having presented a gap in knowledge and a reasoning model
for addressing this gap, we have reviewed the literature in the
domains contributing to HRC design. Our review has shown
that there are valuable methods and tools available for reasoning on aspects of HRC; however, that an overarching design
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approach is missing. We believe that, next to the technological
developments, a systematic design methodology is essential for
enabling SMEs to be part of IMSs. In this section, we present
our HRC design process and present the HRCDM, which is our
main contribution.
Wu divides production system design in four phases [66]:
1) analysis of situation, 2) setting of objectives, 3) conceptual
modeling, and 4) evaluation of concepts. The proposed HRC
design process consists of four interconnected subprocesses. In
accordance with VDI 2221, it is extended with three inputs, one
output, and one feedback loop [67]. In Fig. 3, our HRC design
process is presented in the formalism of a control system. The
main focus of this paper, HRCDM, is shown as an input that has
influence on all subprocesses. In this section, HRCDM, as well
as all inputs, processes, and outputs that are involved with the
HRC design process will be elaborated and illustrated, with the
aim of providing a reproducible process description that HRC
designers can implement during their HRC design processes.
This section is structured as follows:First, the inputs of the
design process are introduced. Next, the subprocesses are described, by discussing their own inputs,processes, and outputs.
Finally, the output of the design process is described.
A. Inputs of the HRC Design Process
1) Input 1–Methodology: HRCDM has been developed to
cover and support the four subprocesses that take place during
HRC design. This methodology contains a collection of activities, methods, and instruments that can be used throughout
these processes. Where, when, and which of these are used in
the design process is elaborated on in the specific subprocess
descriptions in the Section III-B–Processes.
Input 1 also contains information on the prior experience and
know-how of designers in designing HRC systems, as well as
their experience in using HRCDM. However, these factors have
been left out of the scope of this study at this stage.
This input is used in analysis, modeling, simulation, and evaluation.
2) Input 2–Resource Constraints: In the future, as a result
of flexibility and reconfigurability requirements, the production
process will be product driven [18]. Therefore it is important to
express the parameters that are used throughout the production
process in terms of the product that needs to be made. Details
on parts that are collected at this point should include(but is
not limited to); size, form, weight, material, color, fragility,
hard/soft, how do parts arrive (pallet, crate, bulk, and tray),
level of varience between parts of the same family, and how
parts/products should leave the production process. Besides this
information, a table should be created that presents the assembly
relationships between the parts of a product. The main goal
is to determine how many operations will take place in the
coproduction process. In order to create such table, methods
mentioned in Section II-A–logical design should be used.
This input is used inanalysis.
3) Input 3–Performance Constraints: When an HRC design
process is being performed, besides resource constraints, there
are also constraints related to the performance of the HRC system that is targeted. In order to operationalize these constraints,
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Fig. 3.
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Design process for HRC. Dashed line indicates a feedback.

it is practical to express these in the form of KPIs. KPIs are used
throughout the HRC design procedure as a measure for reflection
on the changes being made to the design of the system. We propose the categorization of HRC KPIs in three level/categories.
Highest-level KPIs should include measures such as, amount
of products to be produced per unit time and the cost of each
product. On a lower level, the amount of operators in the system, the amount of times that the machines need to be serviced
per unit time, should be included. On the lowest-level, operator
well-being and ergonomic-related KPIs should be included.
This input is used in analysis, evaluation.

B. Subprocesses of the HRC Design Process

Fig. 4. Precedence analysis of a product consisting of five parts. The
analysis gives insight into the interafece relationships between parts and
aid in computing the amount and sequence of operations that will give
shape to the production process.

1) Analysis:

Inputs: The HRC design process starts with the analysis subprocess. In this process, the inputs resource constraints and
performance constraints are processed using the support of
HRCDM.
Processes: Depending on the initial state of the resource constraints, the designers should make a choice in the type of analysis methods to use (system existence Y/N). For an existing
system, a thorough analysis of the existing resources such as
machines and operators need to be performed. Also, current
procedures need to be identified, such as workflows. Next, an
analysis needs to be performed that addresses the constraints
imposed by the new production scenario that is targeted. This
scenario might concern a new product, or a better production
performance. For a new system, a precedence analysis of the
parts of the product should be performed (see Fig. 4).
At this point, the designers start considering the types of
machines that can be used for production and the ideas and
aspects related to the physical system start to emerge. This is
also the moment that the “human” is introduced into the design
process. During this activity, the roles of operators and the tasks
of the robots in the system are allocated with the aim to eliminate
any activities in the process that otherwise remain hidden, yet
in real-time operation, claim cognitive attention and/or physical
effort from operators.
Also, the amount of operators that should be in the control and
production loops become apparent, and the physical and cog-

Fig. 5. Design criteria as captured by an augmented precedence diagram. In the diagram, the roles of the operators are made visible. Also, the
types of interface between robots, machines, and operators are shown.

nitive interaction requirements between the robots and humans
are addressed.
Another topic in this activity is the consideration of the types
of tasks in the system.
During the Analysis process, the designers should predominantly make use of the methods mentioned in Section II-A–
logical design.
Output: One of the outputs of the analysis process is augmented precedence diagram (APD) (see Fig. 5). Based on the
production dependencies of the product’s parts, tasks are defined. This APD depicts a network of the production tasks (material handling, automatic transformation, and collaboration).
Connections are defined to specific human roles, with different
interfaces between each task (cognitive/physical). Through this
diagram, the designers can also consider which elements of the
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according to the specifications of the products that are being
handled.
During the Modeling process, designers should predominantly make use of the methods mentioned in Section II-B–
physical design.
Output: The modeling process is aimed at generating an HRC
scenario. An HRC scenario encompasses a detailed model of
the HRC system, including logical attributes, such as sequences
of activities, but also physical attributes, such as sized and place
of elements of the system.
3) Simulation:
Fig. 6. Figure depicts a screen capture from the 3-D CAD software
(visual components) that was used as one of the modules of WST. This
module of the WST enables transitioning from a logical to physical model
of the HRC system.

HRC system that should perform more robust during operation
compared to others, due to limited modes of interaction with
that element.
A second output of the analysis process is understanding of
HRC system. While this output is not captured formally, it is
transferred to the next process as tacit knowledge of the designer(s). In this process, the designers gain an initial understanding of the HRC system.
2) Modeling:

Inputs: In the modeling process, the inputs APD and understanding of HRC system are processed using the support of
HRCDM.
Processes: In the modeling process, the activities are performed using the workflow simulation tool (WST), which is
part of HRCDM (see Fig. 6). This tool aids in transforming
and merging parameters of the physical and logical parts of
the HRC system into a single digital model on which simulations can be performed. A pilot implementation of the tool has
been iteratively developed and tested in close collaboration with
automation integrators and was evaluated as being appropriate
for the SME context [68]. The tool comprises of off-the-shelf
software that enables modeling, simulation, and 3-D scanning
within a handheld portable system [69]. The full-version of the
tool encompasses the following functions.
1) An online repository containing automation templates,
production machines, cobots, human models, etc.;
2) Facilitating the modeling of the entities captured in the
APD using a visual programming language [70];
3) Concurrent development of 3-D CAD and discrete-event
models of the HRC;
4) 3-D scanning of the environment and specific machinery;
5) Export of simulations in 3-D PDF format, to be shared
with stakeholders.
During the modeling process, the designers can create alternative scenarios in which the production workflow is still valid,
yet is performed through different distributions of roles between
the operators and robots. Also in this process, the topic of endeffectors for Cobots, such as vacuum/mechanical grippers to
be used can be addressed. The designers can choose suitable
end-effectors from templates that are available in a component
library, which is part of the WST, and configure these devices

Input: In the simulation process, the inputs HRC scenario and
understanding of HRC system are processed using the support
of HRCDM.
Processes: In the simulation process, in coherence with
the modeling process, the activities are performed using
the workflow simulation tool (WST). WST is used in order
to iteratively simulate and optimize the HRC scenario that
was created in the modeling process. During simulation, the
performance of the HRC scenario is simulated against time
and by using the resource constraints as boundary conditions.
This has been achieved in the WST by combining 3-D CAD
simulation with discrete-event simulation. The 3-D CAD
simulation allows the simulation of physical attributes of HRC,
such as the reaching envelopes of robots and operators, and
make use of actual programmable-logic controller programs
that are installed in the system. The discrete-event simulation
allows the simulation of HRC along a given time period
and tracks the use of resources and the effects of extended
durations of work on operators of the system based on
models of actual operators based on historical statistical data
that are available on the performance characteristics of that
individual.
Some of these parameters can be expressed as upper and lower
limits in an objective function. This enables the optimization
of desired attributes of the HRC system. The WST is capable
of suggesting optimizations to certain parameters of the HRC
scenario, by running automated optimization calculations [71].
During the simulation process, the designers should predominantly make use of the methods mentioned in Section II-C–
physical operation.
Output: The output of the simulation process is the HRC scenario, with additional data on its performance in certain boundary conditions.
4) Evaluation:

Input: In the evaluation process, the inputs simulated HRC
scenario and performance constraints are processed using the
support of HRCDM.
Processes: The evaluation process is performed using HRC
scorecards (see Fig. 7). HRC scorecards are instruments that
support summarizing multiple qualities of HRC scenarios and
present information in a clear and comprehensible manner.
When multiple HRC scenarios are created and simulated, by
viewing the scorecard of each scenario side-by-side, comparisons can be made between scenarios.
During the simulation process, designers should predominantly make use of the methods mentioned in Section II-D–
logical operation.
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Fig. 7. Example HRC scorecard. The scorecard is divided into sections
in order to provide a clear overview of the groups of scores. Also, some
visual cues such as colors are used in order to indicate if a particular
score is exceeding/below a critical limit.

Output: The output of the evaluation process is an evaluated
HRC scenario. More details on this output are discussed in the
next section.
C. Output of the HRC design process
When all subprocesses of the HRC design process has been
performed, an evaluated HRC scenario is generated. This output
consist of details of the logical and physical system such as,
actual identificaiton of operators that will be functioning in
the system, and the actual equipment that will be part of the
physical system, and their availability. On top of the evaluated
HRC scenario, this output includes bill of materials, in which
information on all fixed and consumable elements of the system
are presented. Where applicable and necessary, a customized
parts list and the respective digital models of these parts are
generated, such as 3-D printed grippers. A deployment manual
contains information on the chronological order of steps to be
taken during implementation. Also, an overview of the tasks
that need to be taught to the robots by the operators and the
physical/cognitive nature of these tasks is generated. Finally, a
training schedule and related documents are generated for the
operators.
Using this output, the choice to implement the system or to
continue with design can be made.
IV. EVALUATION
A pilot study was performed in a laboratory setting. Our
hypothesis was that HRC design is influenced by the design
methodology as presented in Fig. 1. This hypothesis is tested in
an exploratory way, with a special focus on the developed output
formats APD, HRC scenario, and HRC scorecards. During the
pilot study, as an addition to Fig. 1, a “design brief” is used as
a control variable.
A. Method
Three groups of four industrial design engineering students
were participants of the pilot study. They were given a design
brief, guided by the first author. As a case study, we could specify
the following characteristics.
Design brief: In order to be able to generate the inputs resource constraints and performance constraints, the participants
were asked to design their own products according to the following criteria.

1) The product should fit in the definition of a consumer product.
2) The product needs to fit in the SME context.
3) The products needs to fit in a predefined container in the
final step of production.
4) The product needs to contain only several parts. The three
products that resulted were as follows:
(i) A laser engraveable box with a custom selection of
colored marker pens,
(ii) A set of candy boxes with a custom selection of
candies.
(iii) Three boxes of a custom selection of alphabetic letters
made out of chocolate.
The participants were asked to prepare a prototype of their
product to be used in the final part of the exercise, in which
they were asked to implement the HRC scenario that they
have designed during the pilot study.
Methodology: The participants of the study followed the processes of HRCDM as described in Fig. 3 and finalized the pilot
study by building an implementation of the HRC scenario that
they designed. During the course of the exercise, an HRCDMexpert guided the teams.
Experience: The participants did not have any prior knowledge of the methodology or its constituents. The participants
did not have any prior experience in designing HRC systems.
Time and Resources: The pilot study consisted of eight contact sessions with the groups. During each session, each group
received 1 h of one-on-one guidance and feedback on the respective part of the HRC design process that the group was working
on. Each team dedicated a total time of 40 h in the pilot study.
B. Results
In this section, details are given on the results of each specific
HRC design process during the pilot study.
1) Prepilot Study Activities: Prior to the pilot study, after the
design of products, the participants were also requested to design and build the gripper that will be attached to the Cobot that
will handle the products as part of one of the tasks in the HRC
scenario. The gripper needed to be produced using 3-D printing
and it required the use of off-the-shelf suctions cups. The participants printed and assembled their 3-D printed grippers. These
were tested with the subject product and optimized. This step
was necessary in order to ensure a successful implementation
phase.
2) Analysis: As the first step of the HRC design process, the
participants created lists in which they summarized the required
assembly steps for their products. Next, participants created
APDs of their products. The APDs allowed the participants to
visualize the amount and variety of steps that are involved in
the production of the product they proposed. The APD allowed
them to iteratively extend their analysis.
3) Modeling: In the modeling process, by reasoning on the
APDs, the participants developed several (2) and (3) HRC scenarios. In order to specify the duration of activities related to
specific tasks in the scenarios, estimations were made based
on executing the task manually. By adding these durations in
the created coproduction scenarios, adjustments were made to
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Fig. 8. Scene from the implemented HRC scenario of one of the students groups that took part in the pilot study, showing the collaborative
robot, the 3-D printed gripper, the product, and the operator.

the sequence of events. The APD allowed the participants to
elaborate on the changes being made to the design and the relative advantages and disadvantages of each design being created.
Templates of best practices and components for the physical
system were investigated and used for building HRC scenarios.
4) Simulation: In the simulation process, initially, the participants simulated their coproduction scenarios using the WST.
This allowed the participants to observe the differences in dynamics of each HRC scenario that they proposed. Also, the layout of the workstation and the duration of tasks became more
explicit with respect to the previous phase. As a final step, the
HRC scenarios were optimized according to the space requirements and the available equipment for the final implementation.
5) Evaluation: In the evaluation process, the simulated scenarios were compared with each other by discussing the topics
in the HRC scorecards verbally within the groups.
C. Discussion
As the final step of the exercise, the participants configured a
robot cell to execute one of the robot tasks in the HRC scenario
that was designed by the group (see Fig. 8). All three HRC systems performed one cycle (until one input buffer was depleted)
of the coproduction scenario that the groups designed.
The time and resource restrictions during the pilot study
played a crucial part in this evaluation. Only the part of the
HRC system that would be implemented in the final phase was
modeled. This resulted in an incomplete estimation of the real
HRC scenario. In a follow-up study, the complete HRC system
should be covered.
Also due to time restrictions, the subprocesses of HRCDM
were not performed through extensive use of the methods described and alternating between methods. In this evaluation, the
focus was on the newly developed output formats APD, HRC
scenario, and HRC scorecards. Also, the evaluation of the WST
was a priority.
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The HRCDM expert assessed the appropriateness of the products according to the design criteria and the products were regarded suitable as input for the exercise of designing an HRC
system for the SME. These products were solely created for
the purpose of this exercise and therefore were not restricted by
some resource and performance constraints that apply to reallife products/production, such as lead-times and costs of parts.
Yet, the criteria in the design brief such as the use of a predefined container in the last process step ensured that there were
sufficient boundary conditions posed to designers.
The used 3-D printed gripper was not modeled and used
in the simulations. In a follow-up study, the gripper could be
implemented into the WST.
In the instructions given to the participants, the possibility to
generate tool paths for the robot by the WST was mentioned.
However, these were not used in the actual implementation.
Instead, by directly instructing the tool paths to the Cobot, the
team could shorten the time for programming while exploring
different movement strategies.
While the HRC scorecards were verbally discussed during
the evaluation process in the pilot study, actual HRC ecorecards
as depicted in the methodology were not used for this discussion. However, the HRC scorecards were generated based on the
products and the corresponding HRC scenarios a posteriori (see
Fig. 7). These HRC scorecards were addressed during a separate
session with an expert. The participant in this evaluation was
a human resource advisor from a major outsourcing company
in the Netherlands, with more than ten years of experience in
the manufacturing industry. The HRC scenarios and the corresponding HRC scorecards were presented to the participant on
a laptop computer. The participant expressed the added value
of the inclusion of operator-related information such as training
requirements and mental/physical strain on operators.

V. CONCLUSION AND FUTURE WORK
In our review of literature and previous publications, we have
demonstrated the knowledge gap in bridging the knowledge
domains that are represented in the HRC design process. Recently, numerous research projects have taken place that focused on supporting the development of HRC systems. While
these project developed new data-models that enable efficient
and effective communication between the entities in an IMS
[72], explored the modes of operation, interaction, and instruction between Cobots and operators [73], and enabling quick
deployment of Cobots [74], none of these projects aimed at improving the capacity of designers for addressing cognitive and
ergonomic aspects of work of humans in HRC systems. Also,
the specific qualities and requirements of SME have only been
addressed in a relatively small number of cases, compared to
mass-production and large-scale factories.
Our introduction of the hypothesis in Fig. 1 demonstrates the
importance of the used methodology in HRC design and the
reasoning model that we present in Fig. 2, consisting of LO,
LD, PO, and PD can enable others to lay a sufficient knowledge
base when reasoning on HRC.
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The developed methodology does not aim to provide an exclusive list of methods to use. However the aim is to connect
existing methods, tools, processes, and instruments with the
dedicated processes of the HRC design process, with particular
attention to the needs of the SME.
One of the most important aspects for increasing the speed of
HRC design for SME is the existence of (digital) models of the
production system. This enables real-time assessment of production workflows, and reduces biased and ungrounded reasoning
on potential alterations to the system. Therefore, the methodology is aimed at stimulating the concurrent creation of interlinked
physical and logical models of production systems. With the
support of the purpose-built output formats, the design process
is streamlined and a common ground is created for HRC designers to build upon, helping to reduce the knowledge gap further.
Results of the pilot study and heuristic evaluation with experts show that the methodology provides a common ground
for stakeholders during the design process and it enables them
to reason on various characteristics of HRC at the same time.
Yet, it has been observed that there are two shortcomings
that need addressing, first the novel tools and instruments of
HRCDM and, second, the accessibility for SME.
A. Novel Tools and Instruments of HRCDM
APD: Going from a product design to a functional HRC
system, in a matter of hours is a challenging task. The Analysis
process enables designers to handle incoming information in a
systematic way. Yet, the APD can be improved to accommodate
more parameters and data about the product, the process, and
the operators. This will improve the quality and robustness of
generated HRC Scenarios.
WST: In the current implementation, a software integration of
the individual software components of the WST has not been realized. The workflow in which APD is transformed into discreteevent and CAD models needs to be refined. This will increase
the usability of the WST and further reduce the design time, and
increase number of design iterations.
HRC Scorecards: HRC Scorecards could be improved by
integrating metrics that are specifically developed for human–
robot interaction, such as those created by Steinfeld et. al [75].
Susilawati already extended the scorecard to eight categories for
lean manufacturing [76]. These categories could help to adapt
scorecards for the context of HRC.
B. Accessibility for SME
In its current form, HRCDM comprises of a patchwork of
procedures, methods, tools, and instruments that enable designers to reason on HRC. However, as the concept of a “Digital
Twin” shows, a common ground is necessary in order to finalize
the design–production–operation loop of IMS in the IndustrialInternet-of-Things era [77]. Therefore, one of the goals is to
implement HRCDM in a PLM-like software environment. Integration of HRCDM in PLM will enable the automation of some
of the reconfiguration tasks and reduce development time even
further. While current industrial software allows the integration
of PLM and robot/automation CAD software successfully, it is
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often too extensive to be deployed rapidly. However, it should
be ensured that such tools are within reach of and usable by
SMEs, for example, through pay-per-use licensing schemes.
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