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ABSTRACT

Robots are ubiquitous in small-to-large-scale manufacturers. While
collaborative robots (cobots) have significant potential in these set-
tings due to their flexibility and ease of use, proper integration is
critical to realize their full potential. Specifically, cobots need to
be integrated in ways that utilize their strengths, improve manu-
facturing performance, and facilitate use in concert with human
workers. Effective integration requires careful consideration and
the knowledge of roboticists, manufacturing engineers, and busi-
ness administrators. We propose an approach involving the stages
of planning, analysis, development, and presentation, to inform man-
ufacturers about cobot integration within their facilities prior to
the integration process. We contextualize our approach in a case
study with an SME collaborator and discuss insights learned.
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1 INTRODUCTION

Cobots are increasingly utilized across various tasks and domains
[20] and hold particular potential within manufacturing settings
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Figure 1: A depiction of the four-phase cobot integration ap-
proach proposed within this paper: planning for integration,
analyzing workflows, developing simulations, and present-
ing to the manufacturer.

[26]. This potential comes from the versatility and flexibility that
cobots provide, as they are relatively easy to reprogram and repur-
pose without an integrator. Given their ability to work in conjunc-
tion with human workers and perform precise, repetitive actions,
cobots possess a skill set that makes them very effective in tasks
such as assembly, palletizing, packaging, kitting, and tool use for



caulking, gluing, and sanding. However, most prior efforts to ana-
lyze cobot integration have focused on the associated engineering
challenges that emerge following the choice to integrate.

Although there has been significant progress in the development
of technical approaches to integration, several key questions remain:
“How can a cobot complement existing human-only work processes;”
“are there subtasks that human workers prefer the cobot perform;”
and “is it possible to integrate a cobot while maintaining these prefer-
ences?” These questions are important to address to ensure that a
cobot is operating safely, being utilized effectively, meeting worker
preferences, and has a positive impact on business outcomes, as
these factors affect cobot adoption [1, 5, 37, 38]. Additionally, as
these questions are not fully considered in the existing integration
paradigm, organizational leaders, including owners and managers
of small and mid-size enterprises (SMEs), may lack the knowledge
or understanding required to make informed decisions about cobot
integration in their workspaces. When cobots are integrated under
these circumstances, the result may be poor utilization of their
collaborative capabilities, disruption in existing worker processes,
and only partial realization of potential improvements in overall
business outcomes [30, 33].

In this work, we focus on the integration process, examine deci-
sions that occur prior to implementation, and propose an approach
to collaborating with manufacturers. Our proposed approach in-
cludes four phases: planning for integration, analysis of existing
workflows, development of new human-cobot workflows, and pre-
sentation of results to stakeholders (Figure 1). This process allows
stakeholders within manufacturing settings to make informed deci-
sions about cobot integration, address questions related to worker
and business preferences, and consider practical engineering con-
straints. To illustrate our approach, we discuss each phase within
the context of our collaboration with an SME manufacturer. Follow-
ing this discussion, we examine feedback from our collaborator.

2 BACKGROUND
2.1 Cobot Usage

SMEs are increasingly using cobots in their processes, in part due
to their marketed usability and benefits for collaboration [38, 40],
and the potential for reduction in cycle time of their processes [14].
Cobots can help to reduce repetitive tasks for operators [29] and
assist them in their tasks, such as by holding objects the operator
is working on [32]. This practice of the cobot assisting operators is
well explored within the research community [7, 12, 34].
However, prior work has noted that the usage of cobots by SMEs
has primarily been as a cheaper alternative to traditional manufac-
turing robots, resulting in SMEs not fully utilizing their collabora-
tive capabilities [18, 30, 43]. In part, this under-utilization of the
collaborative aspect of cobots can be attributed to the difficulty of
finding appropriate tasks applications, misunderstanding how to
utilize cobots effectively [21], and a lack of knowledge regarding
cobots by SMEs [8]. These findings illustrate the difficulty of suc-
cessfully integrating cobots into existing manufacturing processes.

2.2 Factors for Cobot Integration

When beginning to integrate cobots into manufacturing facilities,
there are a number of factors that must be considered. Existing
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work has identified the need to better understand work environ-
ments such that cobots can safely operate within them [23, 28].
Maintaining safe operation requires consideration of factors such
as crossover between cobot and worker work zones, cobot handling
of objects, and cobot movement speeds, as these can create unsafe
conditions for operation [7]. Furthermore, certain cobot actions
(e.g., handling hazardous materials, moving quickly, or moving
unintuitively) can create non-collaborative environments. These
examples show that collaboration is dictated in part by a given task
and is not inherent to the application of cobots themselves [18].

Once a task is selected and initial workspace factors have been
considered, additional interaction considerations must be made.
Integrators must consider the ways individuals will interact with
cobots to complete a task and utilize their knowledge of a cobot’s ca-
pabilities to develop a collaborative process that optimizes operator
needs and task outcomes[17, 40]. To make a process collaborative,
existing work has documented a set of guiding considerations [27],
such as workspace configuration, ergonomic impact, types of in-
teraction and collaboration that occur between the operator and
robot, and understandability of cobot actions to the operator.

Task scheduling is well explored in automation [25, 44, 46], and
cobots provide new variables that integrators need to consider, as
they pose new ways of dividing, sharing, and collaborating on tasks
between the worker and cobot based on the type of interaction [10].
While algorithms and approaches for addressing this challenge
exist [35, 42], it is important to consider the ways in which a cobot
can assist the human operator more directly, as it is commonplace
for operators to adjust their own workflows to work with cobots
[45]. While cobots can improve an operator’s physical working
conditions [9, 34], this capability is dependent on which tasks are
selected for the cobot and operator to perform. It is important to
consider the operator’s preferences and trust between the operator
and cobot, as these are important factors in determining resulting
task performance [24].

2.3 Integration Frameworks and Approaches

There are many key factors that need to be considered when ap-
proaching cobot integration. One of these factors is the selection
of candidate workcells and processes for cobot assistance. This
step can be completed by identifying any manual processes that
may be a bottleneck to other processes [11], or through analyzing
return on investment over long-term usage [16]. Another step that
must be completed is the configuration of an effective workcell
(i.e., developing a simple, modular, and safe design for workers)
[27] while taking into account productivity [16] and interactions
between the cobot and worker [27]. These workcell designs need
to consider the potential for the cobot to work in parallel with the
worker, either by having the cobot work in a separate area of the
cell or by collaborating with the worker directly [3]. Additionally,
an appropriate cobot must be selected for integration based on the
context in which it will be situated. Prior work has investigated
how to make this decision, based on the requirements of the task,
the properties of the robot, and its potential performance [11, 15].

Several of the above steps have been encapsulated by the Na-
tional Institute of Standards and Technology (NIST) within their
set of guidelines for cobot integration, based on discussions with
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Figure 2: An overview of the four-phase approach including the individuals, foci, and milestones involved at each phase.

robotics experts [19]. In their work, they present several concrete
methods for identifying candidate workecells for integration, metrics
for selecting a cobot, and metrics for determining the viability of a
given integration plan. Overall, NIST provides several steps to begin
the integration process, as well as metrics and considerations to use
in the decision-making process. Other work has explored a method
of integration which begins at a general level, by understanding
the task context, and then considers specific elements such as the
workecell, cobots and other machines, and, finally, the workers [13].

However, recent work has acknowledged the technological focus
that exists in prior approaches to cobot integration, as well as the
recent shift towards incorporating a socio-technical perspective
that considers the worker and cobot a partnership rather than as
individuals [2]. While these technological approaches have defined
many important factors and methods for integration, they fall short
of incorporating both manufacturer and worker considerations
while also demonstrating system feasibility.

3 APPROACH

We propose a four-phase approach to help businesses understand
the costs, outcomes, and implications of cobot integration in order
to make better-informed decisions (see Figure 2). These four phases
are planning (i.e., understanding the context of cobot intervention),
analysis (i.e., defining the roles of the human and robot), develop-
ment (i.e., creating a new workflow involving the human and robot),
and presentation (i.e., gathering and presenting relevant informa-
tion to the collaborator). These four phases provide a pathway to
the integration process that business administrators can utilize to
understand the effects of integrating a cobot into their workflows
before making major commitments.

3.1 Planning Phase

The initial planning phase of our approach attempts to develop an
understanding of existing workflows and allows the roboticist to
ground their expertise within the context of these processes. This
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approach builds on the ideas of contextual inquiry [6], where obser-
vations and interviews are combined in order to develop a thorough
understanding of a conceptual space. Thus, this phase requires
the involvement of all three parties (i.e., business administrators,
workers, and roboticists), and places an initial focus on applying
the roboticist’s understanding of HRI through observations and
discussions. This initial understanding may be achieved through
on-site visits and tours, or a series of discussions regarding existing
processes and workflows currently completed by human workers
alone. Within these discussions, it is important to identify contex-
tual factors including the workspace layout, spatial constraints, and
resources required for a specific process including labor and parts.
Additionally, it is important to identify opportunities for collabo-
rative assistance by the cobot. While there may be several tasks
or subtasks that can benefit from cobot involvement, a discussion
of worker and business preferences (e.g., reduction of undesirable
work or optimization of critical tasks) will guide which tasks are
most appropriate. For manufacturers with limited prior knowledge
of cobots, this phase helps to ground any potential ideas for inte-
gration based on the realistic capabilities of cobots and helps to
establish expectations of the impact a cobot could have. Follow-up
discussions should occur as often as necessary for the manufacturer
to gain a sufficient understanding of cobot integration and to agree
upon the best possible task candidates for cobot intervention. By
the end of the planning phase, manufacturers should have a cursory
understanding of what cobot integration requires and yields, and
roboticists should have one or more candidate tasks they can begin
to analyze in the next phase.

3.2 Analysis Phase

Once the planning phase is complete, the roboticist can begin gath-
ering data on the existing human-only work process for review in
the analysis phase. This phase will initially require the involvement
of all three parties as the phase focuses on data collection. The
gathered data may include blueprints of the work environment and



its configuration, videos of process execution, timetables of task
steps, subtask dependencies, component schematics, or other forms
of data that describe the work process in fine detail. After data col-
lection, the involvement of the worker and business administrators
is lessened. From here the roboticist uses the collected data to con-
cretely understand the environment and existing workflows so they
may be restructured. The restructuring process initially involves
analyzing the workflow, which can be done through methods such
as hierarchical task analysis [41], a method used to break a task
down into goals and subgoals to understand its operation. Once
a given task is understood at a granular level, the roboticist can
complete the restructuring process by dividing the overarching goal
into subtasks for the worker and the cobot based on worker prefer-
ences, robot capabilities, and overall optimization of the task. This
process may place particular emphasis on limiting human or cobot
idle time to allow for optimal efficacy of the human-cobot team.
However, it is important that this process of assigning subtasks
leverages the roboticist’s knowledge of cobots and their capabili-
ties, and incorporates principles of human-robot interaction and
ergonomics. This practice allows the roboticist to ensure that the
cobot acts as a effective collaborator, assists the operator in a safe
manner, and improves overall task performance [9, 33, 39]. Given
the unique stakeholder preferences that need to be considered in
creating a new human-cobot workflow, continued discussion with
the collaborator may be necessary to ensure that desired outcomes
are achieved. During this phase, it is important that the roboti-
cist develop an understanding of where and how the cobot can
be optimally inserted within the existing workflow. Additionally,
the roboticist must be aware of potential failure points caused by
limitations in the cobot’s capabilities. For example, if a particular
component does not have convenient grasp points, manipulation
of such a component may be a task better suited for the human
worker. At the end of the analysis phase, a new human-robot work-
flow should be produced and communicated to stakeholders for
high-level feedback. Based on this feedback, the roboticist may
need to iterate on prior planning and analysis steps.

3.3 Development Phase

During the development phase, the goal of the roboticist is to opera-
tionalize the newly created human-cobot workflow and produce
outcome metrics that communicate the workflow’s performance.
This phase will primarily involve the roboticist, as they initially
focus on the implementation by creating a simulation of the new
workflow process in software systems such as Unity [4], RViz [22],
Webots [31], or CoFrame [36]. The purpose of the simulation is to
act as a general proof of concept that showcases where and how
the cobot operates within the environment and demonstrates the
feasibility of the new workflow as the collaborative process is ex-
ecuted. Once the implementation is complete, the roboticist will
begin to produce metrics derived from the simulation in tandem
with updating the implementation as needed. These metrics should
account for the process’s cycle time and the robot’s idle time and
include information about potential safety concerns and their mit-
igation. Based on the workecell setup and cobot that are utilized
within the simulation, a roboticist can begin to approximate the
price of components needed to recreate the simulation within the
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manufacturer’s facility. As this integration plan is developed, po-
tential flaws may become evident, thereby necessitating additional
stakeholder discussion and iteration on prior completed steps. By
the end of the development phase, the roboticist should have a con-
crete integration plan including the simulated workflow, process
outcome metrics, and approximate component costs.

3.4 Presentation Phase

In the presentation phase, the roboticist synthesizes all information
from the prior three phases and discusses it with the business ad-
ministrators and workers. These data may include the procedure
of the new human-cobot workflow, subtask timetables, process
performance metrics, equipment or labor costs of integration, and
overall profit per produced item. Once gathered, these data can be
compared to the existing human-only work process and analyzed
to determine the relative costs and benefits of the human-cobot task
procedure and hardware installation or any variants that may have
been developed. This information can be complex and cumbersome,
so the roboticist may develop recommendations based on specific
overarching needs and preferences conveyed by collaborators. All
information should be formatted for submission to the manufac-
turing collaborator (e.g., within a presentation or written report)
and then discussed to ensure they fully understand the results and
have any questions or concerns addressed. Once the presentation
phase is complete, the manufacturer should have a thorough under-
standing of the potential integration plan, its outcomes, and any
other information required to make an informed decision about
cobot integration within their facility. From this point, additional
discussion and iteration on proposed ideas can occur depending on
the needs of the business and nature of the collaboration.

4 CASE STUDY APPLICATION
4.1 Collaboration Context

Our team worked with a local SME manufacturer that expressed
interest in cobot integration. In working with our collaborator,
we took several actions to ensure the privacy and confidentiality
of the business as well as individuals with whom we interacted.
First, we have omitted the identity of our collaborator in this paper
and supplemental documentation. Second, our institution signed
a non-disclosure agreement (NDA) with our collaborator, and the
research team sought permission from our collaborator to publish
the material presented in this paper. Third, we collected information
(i.e., video recordings, process information, and feedback) only after
verbal consent was obtained (in process analyses) or consent forms
were signed (in feedback sessions).

While our collaboration lasted approximately eight months, this
time period included iterative modifications to the software tools we
used for analysis and simulation. We expect our proposed approach
to take less time with a strict minimum of four meetings (i.e., initial
discussion, collection of data, overview of implementation, and
presentation) and additional meetings as needed depending on the
nature of the collaboration. Therefore, we expect our approach
to roughly require a time commitment between a few days and
a few weeks. More streamlined software tools and organizational
commitment can shorten this timeframe to a few hours.



Using our proposed approach, we present a case study of its
application with our collaborator. In this section, we present the
application of each of the four phases, actions that were taken in
each, and feedback provided following our initial collaboration.

4.2 Planning Phase: Stakeholder Discussions

Our initial meeting with our collaborator involved touring their
facility, discussing business needs and worker preferences, and
seeking preliminary opportunities for cobot integration. From this
initial meeting, we learned that the business administrators wanted
to increase efficiency in their process to fulfill more product orders
and saw cobots as a means of meeting this need. Additionally,
the administrators expressed interest in having a cobot take over
undesirable and messy tasks from the workers, a sentiment that was
echoed by the workers themselves. The result of this initial visit
helped set expectations with the manufacturer and allowed us to
identify several potential areas for a cobot to assist in their process.
Following this visit, our research team convened to discuss potential
options and scheduled a follow-up meeting with the manufacturer
to further discuss the potential of each option.

During the follow-up visit, we developed a deeper understanding
of the various tasks that could potentially benefit from cobot inter-
vention. By observing worker processes, we were able to identify
tasks that were repetitive or undesirable to workers. At the end of
the visit, we discussed with the administrators which tasks would
be best suited for cobot integration given our knowledge of cobots,
our understanding of each process’s potential for collaboration, the
administrator’s desired business outcomes, and the preferences of
workers. From this discussion, an assembly task was chosen which
required the collection of parts, silicone application, rivet fastening,
and other subtasks. This particular task involved the assembly of
high-volume units, which was a high priority for reduced cycle time
and could lead to an increase in their throughput and overall ability
to fulfill orders. The application of silicone in the assembly task
was seen as extremely messy and therefore undesirable to workers,
while also being ideal for the cobot given its ability to perform
precise and repetitive motions. As a second candidate, we identified
that the cobot could assist further by supplying components and
then applying silicone to them. Overall, the selected task was a
clear fit for cobot integration and was the focus of further analysis.

4.3 Analysis Phase: Existing Workflow

Once a candidate task was identified, we visited the manufacturing
facility again to gather detailed information about the specific task.
We filmed workers performing the task, to be analyzed later, and
asked them questions to clarify the general assembly procedure and
variants that are utilized by different workers. Video was collected
only after receiving verbal consent from workers and was stored
and shared with our collaborator through university-approved dig-
ital storage. No employee identifying information was collected
through these videos (i.e., verbal information or view of worker
faces). In consultation with our Institutional Review Board (IRB),
these interactions were not considered research with human par-
ticipants, as they focused on the manufacturing processes rather
than the individuals, although feedback sessions were, as described
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Table 1: A timeline of the SME’s existing procedure to com-
plete one cycle of their assembly process.

Time Production Step

1:01 Place gaskets and apply silicone (61s)

2:28 Place pans and apply silicone (87s)

2:34 Apply core to first pan (6s)

2:43 Apply second pan to core (9s)

3:06 Clean excess silicone (23s)

3:57 Apply gasket 1 to core and secure with rivets (51s)
4:43 Apply gasket 2 to core and secure with rivets (46s)
5:21 Apply gasket 3 to core and secure with rivets (38s)
5:57 Clean excess silicone (36s)

6:34 Apply gasket 4 to core and secure with rivets (37s)
9:14 Clean pans, apply final bracket and labels, and move finished core (160s)

in §4.6. Additionally, administrators provided schematics for parts
and workcell layouts utilized within the assembly process.

We used the collected data to reconstruct the assembly process
to understand the steps involved in the procedure, and how it var-
ied between workers. This process is shown in Figure 3. We first
analyzed the video to create a timeline of the assembly process.
Some segments included discussions with workers and additional
pauses during which workers would provide the camera with spe-
cific views of the process or parts. These sections were removed
from our timeline reconstruction for accuracy. Additionally, when
appropriate, durations of specific steps were averaged between
workers. Our reconstructed timeline can be seen in Table 1.

Once we reconstructed a timeline of the human-only process,
we identified potential subtasks where the cobot could assist the
operator in the process. These subtasks were: (1) the cobot applying
silicone to components placed by the worker and (2) the cobot
picking and placing components, and applying silicone to them.
While we had noted a possible delineation of work at the end
of the planning phase, this step helped us to formally identify
and justify the distribution of subtasks. While both assignments
appeared feasible, it was unclear what the optimal selection would
be given the differences in benefits to the worker and process, as
well as the required component costs. Exploring these different
allocations of work allowed us to provide our collaborator with
multiple options to consider depending on their budget and business
needs. Both options were presented and confirmed to be practical.
Using these potential processes, we next created two new timelines
to represent the potential human-cobot process accounting for the
possibility of one or two workers being assisted by a single cobot
simultaneously. These approximate time-tables are used as the basis
for the development phase, as they provide a rough outline of what
needs to be achieved and in what time frame.

4.4 Development Phase: Simulation

Based on the approximate timetables that were created in the anal-
ysis phase, we created simulations of the new human-cobot work-
flows using the CoFrame [36] system. Within the simulation, we
initially modeled the workcell of the manufacturer based on the
information they provided and adjusted it to reflect the changes
brought by integrating a cobot into the space. The created models
included walls to visualize spatial constraints, tables where the



Figure 3: A subset of the steps involved in the manufacturer’s assembly process. A. applying silicone to gaskets. B. applying
silicone to pans and beginning the assembly process. C. continuing the assembly process by attaching gaskets.

component preparation and assembly process occurs, a table on
which a tool switcher would be placed, and a conveyor to symbolize
a location for component pickup (see Figure 4). After modeling the
environment, we added models for the cobot, a UR5e robot arm,
models for the components that are required within the assembly
process of a single product unit (i.e., a core, pans, and gaskets), and
defined regions of the workspace that the operator would work in.
With the work environment, cobot, and components modeled, we
next began to create simulations of the cobot and worker tasks.

4.4.1  Process 1: Silicone Application Only. The first process we
created in simulation involved the worker placing components, the
cobot applying silicone to those components, and the worker com-
pleting the remaining steps in the assembly process. A simplified
version of the final timeline for this workflow can be seen in Table
2, and reflects the cobot’s ability to assist two workers in parallel.
Within our simulation, we defined locations for components to
be placed and waypoints for the cobot’s end effector to follow as
it applied silicone. The cobot’s end-effector speed was optimized
for efficiency and safety based on feedback from CoFrame’s re-
view panel. The simulation also included processes to simulate the
worker assembling components to recreate an entire production cy-
cle and produce performance metrics that accurately captured the

Simulator

Simulation Viewer

Tool Switching
Station .

Figure 4: The program and simulated environment cre-
ated for process 2. The environment captures the robot, a
workspace for the operator, a workstation, a location to
switch end effectors, and a source for component parts.
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entire human-cobot workflow. These performance metrics included
cycle time, cobot idle time, and wear-and-tear cost.

4.4.2  Process 2: Silicone and Pick-and-Place Workflow. Our second
simulated workflow involved the cobot picking up, placing, and
applying silicone to components, and the worker completing the
remainder of the assembly process. Similar to our first simulation,
locations and waypoints were defined for components and the
cobot’s end-effector path. However, in this simulation, after placing
components, the cobot navigates to a designated tool switcher zone
to exchange its gripper for a silicone dispenser. The cobot’s end-
effector speed was calibrated based on feedback from CoFrame and
the performance metrics that it generated. While this workflow
offloads the additional task of placing components from the worker
to the cobot, and resultingly reduces cobot idle time, this process
still allows the cobot to assist two workers in parallel. Table 3
shows the timeline for this workflow, and Figure 4 illustrates the
simulation setup.

4.4.3 Equipment Costs. As the final step of this phase, we obtained
cost estimates for the cobot and other materials required for integra-
tion based on our simulations. These estimates helped to develop
requirements to reconstruct the simulations within the manufac-
turer’s facility. Cost estimates were obtained through discussions
with a robotics vendor. While not included within our simulations,
we also obtained cost information for a range extender that would

Table 2: A timeline of process 1including the steps and timing
for a cobot to assist one or two workers in applying silicone.

Time Cobot Worker 1 Worker 2
0:17 Idle (17s) (Cy;;edzggfezlﬁiisans Assemble pans, gaskets,
and core (58s)
0:58
Apply silicone to pans and
1:15 gaskets for worker 1 (58s) (Cycle Start) Place pans
(Previous Cycle End) and gaskets (17s)
Finalize core construction
213 Apply silicone to pans and (196s)
. gaskets for worker 2 (58s) (Previous Cycle End)
Finalize core construction

3:33 (196s)
4:31

Idle (298s) Assemble pans, gaskets,
711 and core (218s) Assemble pans, gaskets,

and core (160s)



Table 3: A timeline of process 2 including the steps and tim-
ing for a cobot to assist one or two workers in gathering
components and applying silicone.

Time Cobot

Worker 1 Worker 2

Place pans and gaskets for

2 worker 1 (130s)
219 Switch from gripper to Finali .

. is sel e S nalize core construction

dispenser for worker 1 (95) (196s) Continue assembly of pans,

315 Apply silicone to pans and gaskets, and core (203s)

. gaskets for worker 1 (56s)
3:16
323 Switch from dispenser to

- gripper for worker 2 (9s)
3:24
534 Place pans and gaskets for

: worker 2 (130s)

Switch f . Finalize core construction
5:43 N .wncv rom gripper to . (Cycle Start) Assemble (196s)
dispenser for worker 2 (9s)
pans, gaskets, and core

6:39 Apply silicone to pans and (218s)

) gaskets for worker 1 (56s)
6:48 Switch from dispenser to (Cycle Start) Assemble

. gripper for worker 1 (9s) < oaskets. an

pans, gaskets, and core

6:54 Idle (65) (ss)

allow the cobot to move between two workstations. If the range
extender were to be utilized, the manufacturer could use a single
cobot to assist two workers in parallel with minimal changes to their
existing setup. Alternatively, the same benefits may be achieved by
reconfiguring the workspace such that a single cobot could directly
access two workspaces. These hardware options were included to
allow for greater flexibility in achieving preferred outcomes and
allowed us to present multiple options to the manufacturer so they
could select one based on their needs and constraints.

4.5 Presentation Phase: Reporting Results

Using the performance metrics that were generated from our simu-
lations and the cost information that we obtained for each workflow,
we created a complete write-up to describe both processes, their
associated costs, and the trade-offs of each. We presented these find-
ings to the manufacturer, describing in detail each plan, showing
them the simulations and output metrics of each, and answering
any remaining questions they had.

4.5.1 Synthesizing Results. Based on our analysis of the original
human-only workflow, the total cycle time was 9:14 minutes. By
comparison, our simulation of processes 1 and 2 yielded cycle times
of 7:11 minutes and 6:54 minutes, respectively. As a result, processes
1 and 2 would reduce total cycle time by approximately 22% and
25% respectively. However, the manufacturer would need to weigh
the improvement these reduced cycle times provide against the
total costs of integration. For process 1, our estimated integration
cost was $38,470.00 USD, but resulted in more idle time by the cobot.
Process 2’s increased task assignment reduced this idle time, but re-
quired additional hardware and would cost an estimated $47,350.00
USD to be integrated into the facility. Additionally, both workflows
would incur some level of wear-and-tear cost from regular oper-
ation. According to our simulation, this cost would be negligible
for process 1 but would be $0.02 USD per cycle for process 2. Both
workflows produced clear benefits from a business perspective, but
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Table 4: This table shows several metrics comparing both
proposed processes and their direct differences.

Cycle Time in Time Robot Idle Time Wear and Component

S d Reduction in S d Tear Cost Cost
Process 1 431.2 22.17% 372.8 Negligible  $38,470.00
Process 2 414 25.27% 219.6 $0.02 $47,350.00
Difference 17.2 3.10% 153.2 $0.02 $8,880.00

process 2 was able to fulfill worker preferences by offloading an
undesirable task (i.e., applying silicone to components) to the cobot,
although at a much higher cost (shown in Table 4 and Figure 5).

4.5.2  Presenting Results. During our final meeting with our col-
laborator, we presented all the results uncovered throughout our
collaboration. We reviewed the overall steps we had taken over
the span of our several-month partnership, focusing on the fac-
tors that motivated the need for cobot intervention within our
collaborator’s facility and highlighting the decisions made along
the way to progress toward the final proposals. We discussed the
process required to create our simulations, including the simula-
tion environment (i.e., CoFrame), our model of the manufacturer’s
workspace, and the cobot we utilized within the simulations. This
overview helped to familiarize our collaborator with the simula-
tions before providing a full demonstration. Next, we provided a
detailed demonstration of each workflow simulation along with
simplified timelines to illustrate each process. When showing pro-
cess 2, we provided an overlay video of the human work process to
clearly visualize the worker’s and cobot’s coordinated effort. These
demonstrations provided an intuitive and compelling view of the
cobot’s effectiveness. For each of the simulations, we discussed
the required integration costs and the performance metrics they
each achieved. While the ultimate decision of whether and how
to integrate a cobot belonged to our collaborator, we attempted to
provide a clear understanding of the benefits of each workflow and
how they compared to one another. Following our presentation, our
collaborator had several questions regarding potential next steps
and practical considerations if they were to pursue either option
further. We addressed these questions and offered further support,
should the need arise.

4.6 Feedback Session

Following our final presentation with our SME collaborator, we
held one additional discussion session to receive feedback on our
presented work and four-phase approach. Within this session, we
sought feedback from two manufacturing engineers and a manufac-
turing engineer manager. While we expressed interest in involving
production workers in this session, we were unable to due to their
work schedules. At the beginning of the session, consent forms
were read and signed by all participants. During the session, we
briefly presented our four-phase approach and conducted a semi-
structured interview with the participants as a group. The session
was conducted over Zoom and recorded. We transcribed the in-
terview and conducted a thematic analysis of the interview data,
which revealed three primary findings discussed below.
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Figure 5: This plot showcases the costs of our processes and
their cycle times to assemble two units when one or two
workers are assisted by the cobot.

First, we learned that our approach was able to capture worker
needs at all levels. The manager emphasized that production work-
ers would be very pleased if an undesirable task (i.e., messy silicone
caulk application) were offloaded to a cobot partner. He further em-
phasized that the use of cobots in this process would not eliminate
the worker, but rather make their work more efficient. Addition-
ally, the engineers reported that their needs were met by providing
relevant information including robot motion sequences, spatial con-
straints, and comparisons to the currently manual process. Finally,
the manager reported that our collaboration answered many of
their questions about cobot application.

Second, our work acted as an effective proof of concept for our
collaborator. The manager expected that work toward cobot inte-
gration would occur in phases and that the first phase would be
determining feasibility. The manager stated, ‘T think this project
really helped us answer the question, "can we do this?’, right? ’Is this
a good application?’ I think that really helped us.” Specifically, our
collaborators expressed that the simulations illustrated the “big
picture” of what such a workflow could resemble and allowed for a
clear comparison to the existing processes. These sentiments con-
vey how our proposed process can answer initial critical questions
that may be stumbling block for many businesses in evaluating
whether cobot integration is appropriate in their facilities.

Finally, we learned that, although our case study provided our
collaborator with an understanding of feasibility toward making
informed decisions, implementing our presented solutions would
require additional action. Our collaborators explained that man-
agement approval for such a project would require information
including comparisons across available cobot systems, observation
of these systems in actual production, and generation of supplier
lists. Then, resulting elements such as exact workcell layouts, equip-
ment specifications, and cost estimates can be proposed for budget
approval. Although some of these implementation steps extend
beyond what our approach encapsulates, they can clearly benefit
from and build upon the results generated utilizing this approach.

5 DISCUSSION

Through our collaboration with an SME manufacturer, we demon-
strated the steps required to apply our proposed approach, develop
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new human-cobot workflows, and assist a business in making an
informed decision regarding cobot integration. This experience of-
fered critical insights into the information that a business needs to
make informed decisions about integration and that roboticists re-
quire to assist that business. These insights show that our approach
can begin to answer our initial questions regarding complemen-
tary cobot intervention, worker preferences, and successful cobot
integration. First, our approach can offer a deep understanding
of the manufacturer’s workflow and creates solutions that utilize
cobots’ collaborative capabilities. Further, our approach can enable
roboticists to apply principles of collaborative robotics, ergonomics,
and HRI to develop effective workflows that meet worker prefer-
ences. Finally, our approach can help satisfy the needs of the larger
business without sacrificing the prior two goals. This intersection
of proper cobot utilization, consideration of worker preferences,
and optimization of business goals is critical to cobot integration.

While our case study illustrates the utility of our proposed ap-
proach, certain elements warrant further exploration. First, our
proposed human-cobot processes were developed only in simula-
tion. Given that simulations cannot accurately reflect real-world
performance, further in situ evaluations will likely produce addi-
tional insights into the effectiveness of our approach. Additionally,
while our case study proceeded in a relatively linear fashion, further
evaluation of our approach’s iterative capacity (i.e., the ability to
iterate between phases rather than only within individual phases)
may help us to understand its ability to handle complex manufactur-
ing processes. Furthermore, to make the integration process more
accessible for SMEs, future work can seek to develop tools and
frameworks that support SMEs in their endeavor to make informed
decisions about cobot integration.

6 CONCLUSION

While cobots hold great potential for use within SME manufactur-
ing facilities, SMEs may not have the required knowledge to fully
utilize the collaborative capabilities of cobots or understand the im-
plications of their integration. Effective integration requires consid-
eration of human worker needs and preferences, proper utilization
of cobot strengths, and improved performance of manufacturing
processes. In this paper, we presented a four-phase approach to
the cobot integration process and illustrated its use through our
experience with an SME manufacturer. Integrating cobots into ex-
isting manufacturing workflows requires extensive knowledge of
cobots, their capabilities, HRI principles, and a deep understanding
of the manufacturer’s needs. Our approach facilitates this deep
understanding, assists in the development of effective integration
proposals, and supports SME manufacturers in making informed
decisions about cobot integration within their facilities.
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