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Abstract
Collaborative robots, or cobots, offer a unique combination of productivity and flexibility that has led to significant growth in
adoption over the past decade. Moreover, recently, there has been a shift towards a human-centered design of the workspace,
known as one of the drivers of Industry 5.0, which prioritizes the well-being of operators. To achieve this, various human
factors such as ergonomics, mental workload, personal skills, and capabilities need to be considered in the workspace design,
and their impact on system productivity must be evaluated. The integration of a human and a cobot in the same workplace
can affect the performance of the human operator, as the perception of the cobot can impact their work. This highlights the
importance of taking human factors into account, as a lack of consideration in these aspects has contributed to the failure of
many implementations. To link the objectives of productivity, flexibility, and human factors consideration, a dynamic real-time
multi-objective task allocation strategy for collaborative assembly systems is developed. This approach considers the different
characteristics of the resources and optimizes for two objectives, makespan, and energy expenditure of the operator. By using
this approach, it is possible to modify the behavior of the cobot by reallocating tasks between the two resources based on
the operator’s current needs. In other words, if the operator appears too stressed due to time constraints or their energy rate
level is too high, some of their assigned tasks can be transferred to the cobot. This helps to maintain a balanced system while
reducing the operator’s stress.

Keywords Human-centered design · Multi-objective task allocation · Cobot systems · Human factors · Human-robot
collaboration

1 Introduction

Collaborative robots, or cobots, have gained substantial trac-
tion in the last decade due to their distinct advantages,
combining the productivity of automatic machines with the
flexibility ofmanual systems, particularly in assembly setups
[1]. Notably, their adaptability to new designs and produc-
tion volume changes sets them apart from traditional robots
specialized for specific product variants [2]. Cobots canwork
alongside human operators without safety fences, enhancing
production efficiency and negating the need for additional
safety measures [3].

The contemporary shift towards a human-centered design
in workspaces, prioritizing operator well-being, underscores
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the importance of considering human factors such as ergono-
mics, mental workload, skills, and capabilities [4, 5]. The
integration of human operators with cobots in the same
workplace introduces considerations for the operator’s per-
formance and perception of the cobot, emphasizing the need
to account for human factors to avoid implementation failures
[6, 7].

Connecting productivity, flexibility, and human factors,
a task allocation strategy for collaborative assembly sys-
tems becomes crucial [8]. This strategy, factoring in resource
characteristics, optimizes for varied objectives, ensuring effi-
cient task assignment to maximize productivity and resource
utilization. A well-designed task allocation strategy fos-
ters improved collaboration between human and robotic
resources, creating a harmonious work environment and
enhancing overall system performance.

To achieve this, dynamic task allocation in collabora-
tive assembly systems considers resource characteristics,
optimizing for makespan and operator energy expenditure
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to align with human-centered workplace goals [9]. While
traditional offline task allocation may offer optimal global
solutions, it contradicts Industry 5.0’s emphasis on flexibil-
ity, necessitating a shift towards online and dynamic task
allocation to accommodate evolving operator needs [10]. The
proposed work combines static and dynamic allocation, digi-
tally capturing the humanoperator’s position, tasks execution
times and updating the energy expenditure in real-time. This
leads to the digitalization of the human operator which is a
more effective solution to improve the collaboration, rather
than estimating his/her position inside the work area [11, 12],
and allows to reassign the tasks among the resources consid-
ering cobot availability and operator’s needs variations.

This paper contributes by reviewing the state of the art
in Sect. 2, introducing the optimization model for dynamic
task allocation in Sect. 3, detailing the developed architecture
setup in Sect. 4, and presenting extended testing results in
Sect. 5, ultimately concluding with insights into the overall
work in Sect. 6.

2 Literature review

The task allocation problem in collaborative systems, which
involves the interactionbetween collaborative robots (cobots)
and human operators, has become increasingly significant
due to the complex and dynamic nature of these environ-
ments. In dynamic task allocation, tasks are continuously
reassigned based on real-time capabilities and evolving
needs, striving to maintain balance and optimize system per-
formance. This approach contrasts with adaptive task shar-
ing, which generally involves minimal adjustments during
execution and depends more on the immediate capabilities
and decisions of human operators [13].

Early research in dynamic task allocation includes Chen
et al. [14], who developed a genetic algorithm for real-
time subtask allocation aimed at balancing assembly time
and cost. Their approach provided a foundational framework
for addressing the complexities of dynamic task allocation.
Pupa et al. [15] proposed a dynamic scheduling system that
considered resource requests but lacked real-time monitor-
ing of objective function values, limiting its effectiveness in
rapidly changing environments. Liu et al. [16] highlighted the
superiority of adaptive task allocation over static strategies,
focusing on the importance of minimizing communication
overhead and idle time. In the realm of Industry 5.0, recent
advancements have integrated operator well-being into the
task allocation process, with Messeri et al. [17] using deep
neural networks to predict operator fatigue and Merlo et al.
[18] proposing an ergonomic assessment index for real-time
evaluations, reflecting a broader emphasis on human factors
in collaborative environments.

In the industrial context, the assembly line balancing prob-
lem (ALBP) is a central challenge, involving the allocation
of tasks to workstations to optimize productivity. The Sim-
ple Assembly Line Balancing Problem (SALBP) represents
a basic form of this problem, characterized by simplifying
assumptions that have been relaxed over time to accommo-
date various problem variants. A significant challenge within
ALBP is the binary nature of task-station assignments. Liter-
ature on dynamic balancing and work-sharing has addressed
this issue by allowing tasks to be performed at multiple sta-
tions, which can lead to increased throughput or reduced
cycle times [19].

Fractional task allocations, where tasks are distributed
across parallel stations, offer an alternative to traditional
binary assignments.While fractional allocations can enhance
throughput, they require considerable changes to the layout
and increased worker training costs [20]. Existing litera-
ture does not adequately address the costs and trade-offs
associated with fractional allocations, and task-sharing as
a specific variant of ALBP remains underexplored. This
paper introduces the Fractional Allocation Assembly Line
Balancing Problem (FA-ALBP) and examines how inter-
nal storage costs relate to fractional allocations, providing
a deeper understanding of the trade-offs involved [21].

Furthermore, balancing tasks to evenly distribute work-
loads among workstations is crucial in assembly lines.
Static line balancing, which involves predetermined task
allocations, contrasts with dynamic line balancing (DLB),
which allows for flexible task allocation to improve effi-
ciency.Work-sharing strategies, such asfloating-worker lines
(FRL) and floating-work lines (FKL), introduce flexibility by
enabling task sharing or the movement of workers between
stations. These strategies can improve throughput but require
significant changes in layout and training practices. This
paper proposes a mathematical model for work-sharing in
DLB and compares the performance of FRL and FKL strate-
gies [22].

Recent research has also highlighted the merits of human-
robot cooperative assembly applications. The synergy betwe-
en the precision, repeatability, and strength of robots and
the intelligence and flexibility of humans offers significant
advantages, particularly in small-scale production settings
where leanness, re-configurability, and adaptability are cru-
cial [23]. New projects and products have emerged to exploit
the potential of these hybrid systems, and ongoing research
addresses newly arising issues such as safety [24].

Current industrial deployments typically separate human
and robot work areas to ensure operator safety, which
often leads to suboptimal accommodation of both produc-
tion entities. Robotic cells are designed without considering
ergonomic positioning, while human workplaces fail to
address robotic reachability constraints. To address these
challenges, systematic design and deployment tools are
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needed for human-robot task sharing applications. These
tools should effectively allocate production tasks basedon the
intrinsic characteristics of humans and robots and generate
detailed alternative cell layouts that efficiently accommodate
these task allocations. Enhanced methods are also required
for evaluating the ergonomic impact of different task assign-
ments and optimizing individual activities, such as motion
and path planning [13].

Despite progress in multi-criteria planning and task
assignment in both automated and human-based production
systems [25], research specifically addressing hybrid sys-
tems remains limited. Efficient planning can reduce assembly
time and costs, but existing approaches often overlook lay-
out considerations and product specifications. For instance,
[26] discussed methods for evaluating resource availabil-
ity, suitability, and human safety while anticipating future
production scenario changes. Petzoldt et al. [27] exam-
ined task allocation and cell configuration using intelligent
search algorithms, while other decisional architectures have
explored socially acceptable human-robot cooperation [28].

Michalos et al. [29] introduce a multi-criteria method for
assigning tasks to humans and robots while considering the
spatial layout of the assembly workplace. Using CAD mod-
els of products to extract assembly sequences, an intelligent
algorithm generates and examines alternative planning sce-
narios. The method is implemented as a web-based tool and
applied to an automotive case study, demonstrating its effec-
tiveness in real-world settings. The paper concludes with an
outlook on future research directions, highlighting the need
for continued innovation to bridge gaps in real-time, cost-
effective, and multi-objective task allocation strategies.

Despite the advancements in dynamic and adaptive task
allocation in collaborative systems, several significant gaps
remain in the research and practical implementation of these
strategies. The primary gaps identified in the current litera-
ture include

• Real-time implementation: While various studies have
developed algorithms and methods for dynamic task
allocation, there remains a lack of effective real-time
implementations. Most research focuses on theoretical
models or simulations without translating these models
into practical, real-world applications. This gap high-
lights the need for practical systems that can handle
real-time data and adapt dynamically to changing con-
ditions in industrial environments.

• Cost-effectiveness: Many current solutions for task allo-
cation are expensive to implement and maintain. The
research often lacks a focus on developing cost-effective
solutions that are feasible for small and medium-sized
enterprises (SMEs). This issue is exacerbated by the high
costs associated with advanced sensors, computational

resources, and the integration of dynamic allocation sys-
tems into existing workflows.

• Human factors integration: While some research has
begun to address human factors, such as operator fatigue
and ergonomic assessments, there is still a significant
gap in integrating these factors seamlessly into dynamic
task allocation frameworks. Ensuring that systems are
not only efficient but also enhance worker satisfaction
and well-being remains a challenge [17, 18].

• Multi-criteria optimization: Current approaches often
fail to adequately address multi-criteria optimization,
which involves balancing various factors such as effi-
ciency, cost, and ergonomic impact. The development
of comprehensive models that consider multiple criteria
simultaneously and provide actionable insights for both
human and robotic task allocation is still limited.

In summary, while there have been significant advancements
in the field of dynamic and adaptive task allocation for
human-robot collaboration, ongoing research must focus on
bridging these gaps. Addressing these issues will involve
developing real-time, cost-effective solutions that integrate
human factors and optimize for multiple criteria to enhance
the efficiency and effectiveness of collaborative systems in
real-world applications.

3 Task allocation for collaborative
workspace

This section outlines the primary objective of the proposed
static task allocation method, which will be the input of the
resources in the dynamic rescheduling. The processes that
can benefit from this system are typically those of assembly
or production, in which the cycle must be repeated several
times within the working shift [30].

It minimizes the makespan which, in a production system,
refers to the total time required to complete all tasks that
must be performed [31]. The makespan is a crucial factor in
determining the system’s productivity, as a lower makespan
implies a higher quantity of pieces produced or assembled
within a given timeframe. The importance of makespan is
further highlighted by the fact that it forms the basis of all
schedulingproblems [32], andminimizing it can significantly
enhance a company’s competitiveness in themarket by reduc-
ing the time required to provide its products.

This work incorporates makespan as an objective function
through the variablems to ensure optimal system throughput.
By minimizing the value of ms, the proposed task allocation
method aims to efficiently allocate tasks that minimize the
overall makespan, thus maximizing the number of products
produced or assembled in a given timeframe. This enhances
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productivity and contributes to increased profitability and
competitiveness in the market.

3.1 Static task allocation

The model used here includes the standard formulation for
the makespan [33] since the aim of this paper is to use the
resolution of a static task allocation problem as input for the
dynamic task allocation one. Either way, the model is here
briefly recalled. It includes the scheduling of J tasks that have
to be done by K resources. The output is a binary variable,
x j,k , defined as follows:

x j,k =
{
1 if the task j is performed by the resource k

0 otherwise
(1)

and it is obtained through the minimization of the makespan
(2).

min ms = min

(
max

J∑
j=1

(S j,k + Tj,k)

)
(2)

where S j,k is the starting time of the task j and Tj,k is its
execution time when it is performed by the resource k.

The model is subjected to the following constraints:

K∑
k=1

x j,k = 1 ∀ j (3)

x j,k ∈ {0, 1} ∀ j, k (4)
J∑

j=1

x j,k � 1 ∀k (5)

x j,k = 0 ∀ j ∈ Uk (6)

Equations 3 and 4 are respectively the occurrence and inte-
grality constraints that assure that each task is performed by
only one resource. This is done in order to consider each task
as a single, not divisible job. Equation 5 it is necessary to
guarantee that both resources have at least one task assigned
to them; otherwise, the cell would not be collaborative, and
Eq. 6 is the technological constraint for the tasks that cannot
be performed by one or the other resource.

The precedence constraint was not introduced since in
such scenarios where tasks are independent of each other
and do not have to be performed in a particular order, intro-
ducing precedence constraints may unnecessarily restrict the
resources’ flexibility to perform tasks most efficiently.

However, it is crucial to consider the operator’s well-being
when implementing dynamic task reallocation strategies,
which can be achieved by taking into account the operator’s

energy expenditure. Various metrics are available to evalu-
ate human fatigue [34], with the selection depending on the
specific type of physical stress being monitored. Commonly
used metrics include muscular fatigue, cardiovascular indi-
cators, and respiratory measures.

By considering energy expenditure as a measure of
fatigue, it is possible to assess the overall metabolic demand
placed on the operator during task execution. Energy expen-
diture provides a holistic view of the operator’s physiological
strain, encompassing the collective effort exerted across the
entire body rather than focusing on isolated muscle groups
or specific physiological systems.

The study of energy expenditure was first introduced by
Garg et al. [35], who proposed an approach to evaluate the
metabolic rate for manual jobs and walking movements,
including various human aspects, such as age, body weight,
gender, height, the weight of the loads, and more. Estimating
energy expenditure is crucial in evaluating ergonomic risks
[36], as it includes metrics such as duration, level, and repeti-
tiveness of bodyworks that are indicators of the stress caused
by physical jobs [37]. To measure the energy expenditure
required to complete a task, this work adopts the approach
proposed by [38], which measures the energy needed by a
resource k to complete task j (e j,k).

3.2 Dynamic task allocation

As soon as the process starts, i.e., the resources start to per-
form the tasks assigned through the static task allocation, the
system begins to monitor the operator’s position, and task
times, here called t j,1. This is a fundamental step for the
correct functioning of the system since each task is assigned
to a specific position in the space, meaning that through the
change of the resource position, it is possible to exactly mea-
sure the start time and the end time of each task. In other
words, it is necessary to ensure that each task is assigned to
a specific position in the space. This means that the resource
required to perform the task has to be placed in the spe-
cific location that corresponds to that task, and only when it
moves to another location, the task is completed and the next
is started.

The system monitors in real-time the before-mentioned
variables for each task. However, if there is a necessity, the
dynamic rescheduling is done at the end of the current cycle,
generating a new task allocation for the next ones. The pro-
cesses that can benefit from this system are typically those of
assembly or production, in which the cycle must be repeated
several times within the working shift. The new task alloca-
tion is generated for the following cycles with respect to the
one inwhich the rescheduling conditionwas verified, in order
not to change the sequence of the tasks while the resources
are performing them.
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Here, various scenarios can happen. By defining the oper-
ator’s energy expenditure rate Ė j for each task as the ratio
between the energy required for that task and its completion
time, it is possible to evaluate if the reached value exceeds the
threshold fixed at Ėth,max = 4.2927 kcal/min [39]. How-
ever, in order to evaluate also the residual energy effects of
the previous tasks, it is necessary to include, in the evaluation
of the energy expenditure, the recovery function [40]. This
last follows Eq. 7:

R j−1(τ j−1) =
∫ τ j−1

0
Ė j−1 · e−μτ j−1dτ (7)

where R j−1(τ j−1) is the residual fatigue, function of the
energy rate Ė and of the parameter μ. That is the integral
of the energy decrease rate, after the task j − 1 if the recov-
ery time τ j−1 has passed. The recovery time can be both
a reaction time or an idle time or even a specific amount
purposefully included to give the operator the required rest
allowance as better described later.

Accordingly, the energy expenditure for the task j
becomes

E j = e j,1 + R j−1 (8)

consequently, the energy expenditure rate becomes

Ė j = E j

t j,1
(9)

where t j,1 is the actual time the operator required to complete
the task j.

If, at the end of the cycle, the energy threshold is met, it
can be necessary to introduce the rest allowance time τ , as
mentioned before, to let the operator’s energy expenditure
rate return to its resting value of ĖR = 1.86 kcal/min [39].
This time is evaluated as in Eq. 10:

τ = ln(Ė) − ln(ĖR)

μ
(10)

An example of the energy accumulation and recovery process
is shown in Fig. 1.

Along with that, a new rescheduling is carried out to
relieve the operator from the tasks that required too much
effort by assigning them to the cobot if possible Eq. 6. How-
ever, if the energy lower threshold Eth,min is reached, the
scheduling returns to the original one.

Conversely, another scenario can happen, related to
exceeding of the task times. Consequently, for the time
rescheduling, when the operator exceeds the makespan, a
thorough assessment is conducted to determine the disparity
between the total time allocated to the cobot and consumedby
the operator. The primary objective is to allocate an appropri-
ate quantity of tasks to the cobot, considering only those that
conform to the technological constraint, thereby reinstating a
harmonious equilibrium. Conversely, if the operator demon-
strates an accelerated pace, the system will reassign certain
tasks to maintain a comparable level of resource saturation
between the operator and the cobot.

As for the energy, also a time minimum threshold is used:
the new task allocation is given as input to the resources and
kept until the actual working time of the operator reaches

Fig. 1 Energy accumulation
and recovery
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Tth,min. This is done in order to keep the system as balanced
as possible.

These two lower thresholds are used as parameters to
return to the original task allocation in order not to dis-
advantage too much the required productivity. In fact, the
new scheduling, which removes tasks from the operator’s
sequence, can be unbalanced and so increase too long the
makespan, risking that the productivity requirements are not
satisfied, meaning the number of pieces to complete during
the working shift is not met.

Within this context, the presented approach can be pro-
posed to facilitate the reassignment of taskswhileminimizing
the disruption to the operator’s existing workflow. It seeks to
ease the burden on the operator while also preserving the
original task assignments as much as possible.

For a better understanding, the presented strategy is sum-
marized in the Algorithm 1.

4 System implementation

The proposed architecture, shown in Fig. 2, is designed to
be used in a collaborative work environment, where a human
operator and a cobot work together nearby.

In this system where a human operator and a cobot work
together, it is crucial to track their positions so that tasks can
be allocated dynamically. Each position is associated with a
task, and as soon as the operator changes position, the next
task starts. This helps measure the exact execution time of
the task at hand and update the related energy expenditure.

Algorithm 1Monitoring and task allocation.
Start System
while Shift not completed do

Require: OP & C task scheduling
while cycle not completed do

Measure t j,1 by monitoring OP position
Update Ė j

end while
if Ė j = Eth,min or

∑
t j,1 < msth,min then

Revert to the original scheduling
end if
if Ė j > Ėth,max then

if j ∈ U2 then
Assign these tasks to the cobot
Evaluate operator’s rest allowance

end if
end if
if

∑
t j,1 >

∑
tT ,2 then

� = ∑
t j,1 − ∑

Tj,2
min(�) by reallocating tasks

end if
end while

To track the positions of the human operator and the
cobot, a markerless motion capture system is used. This sys-
tem is non-intrusive and does not require the user to wear
any special markers or sensors. Instead, it relies on an Intel
RealSense camera, which has an RGB sensor and two sen-
sors for stereophotogrammetry. This camera is chosen for its
cost-effectiveness and accurate depth data [1].

The OpenPose library is used for real-time recognition of
body joint positions. It uses advanced neural network mod-
els to accurately detect and track the movements of human

Fig. 2 Developed system components
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Fig. 3 Input/output of the
developed system

body parts. The BODY-25 model provides 25 key-points
for each person detected in the frame, allowing for detailed
tracking of each person’s movement and position. To assign
three-dimensional coordinates to each key-point, the system
superimposes the 25 key-points on the depth frame produced
by the camera [41].

To ensure real-time performance, a DELL-ALIENWARE
R11 with an Intel Core i7-10700KF CPU 3.80GHz and 32
GB of RAM is used. The middleware Robotic Operating
Systems (ROS) is used to achieve a frequency rate of 30fps.
ROS provides a framework for developing and deploying
software in a modular and scalable manner, which makes it
easier to integrate different components of themotion capture
system. The high-performance computing hardware used in
this architecture ensures that the system can process data
quickly and accurately, even when tracking multiple people
and objects in real-time.

Finally, all the data provided by the camera, and the col-
laborative robot, such as positions and speeds, are managed
by MATLAB (MathWorks) software [23], in order to have
centralized control. Moreover always with Matlab, as can be
seen from the figure, the resources have the input through a
user interface developed, by which it is possible to receive
input, control the cobot, and check the progress of the process
(i.e., which tasks have been completed and which remain to
be performed).

Overall, this dynamic rescheduler, whose input and output
are also shown in Fig. 3, is a powerful tool for enabling
collaborative work between human operators and cobots. By
tracking the positions of the human operator and the cobot in
real-time, the system can dynamically allocate tasks based
on the current location and movement of each person and
object. This can help to increase productivity, reduce errors,
and improve safety in collaborative work environments.

5 Algorithm testing

In this section, the algorithm presented is tested. In the
testing, as in themodel described before, the precedence con-
straint was not introduced. In such scenarios where tasks are
independent of each other and do not have to be performed
in a particular order, introducing precedence constraints may
unnecessarily restrict the resources’ flexibility to perform
tasks most efficiently. In these cases, it may be better to allow

the resources to perform tasks in any order, which can lead to
faster task completion times and higher overall productivity.

Table 1 displays the tasks duration, with Top the operator
tasks times, Tc the cobot tasks times, and energy consump-
tion, eop of an assembly process comprising J=20 tasks.
These values are sourced from [42]. The process is the
assembly of a self-priming pump.This ismade of a preassem-
bly phase, a painting task, and a finishing phase, including
cover refinement, quality, and packaging. The analysis is
here focused on the preassembly in which most of the entire
assembly, with the most fatigued tasks, is realized. Some
values in the table are marked as “-” to indicate that they are
infeasible for the resources utilized, as stated by the techno-
logical constraint (6). Moreover, Fig. 4 shows the setup with
the developed interface.

The resulting task allocation from the makespan mini-
mization, along with the required operator’s energy expendi-
ture, are shown in Table 2, in which “OP” indicates the tasks
the operator has to perform, while “C” the tasks assigned to

Table 1 Tasks time and energy

Task Top [min] Tc [min] eop [kcal]
1 0.40 0.56 1.54

2 0.44 – 1.63

3 0.40 0.56 1.35

4 0.42 – 1.58

5 0.60 0.84 1.76

6 0.64 – 2.15

7 0.44 0.62 1.42

8 0.08 – 0.20

9 0.44 0.62 1.50

10 0.39 – 1.31

11 – 0.31 –

12 0.60 0.42 1.76

13 – 0.29 –

14 0.44 0.31 1.52

15 – 0.41 –

16 0.15 0.11 0.33

17 – 0.25 –

18 0.73 0.51 1.49

19 – 0.13 –

20 0.39 0.27 1.32
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Fig. 4 Setup of the experimental test with the operator’s supporting
interface

the cobot. This was obtained through the use of the Solv-
ing Constraint Integer Programs (SCIP) optimizer in the
MATLAB (Mathworks) environment, since it is one of the
fastest non-commercial solvers for mixed integer program-
ming (MIP).
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Fig. 5 Makespan during the cycle with no rescheduling

The task allocation was fed as input to the resources using
the previously described approach, and a rigorous testing
protocol was implemented for a continuous period of 4 h.
The duration of the testing period was determined based on
the standard industry practice of an 8 − h work shift with a
1 − h break in the middle. This break allows sufficient time
for the operator to recover from the accumulated fatigue,
effectively starting a new shift-like cycle. In this time range,
the expected result is around 63 in assembled pieces.

5.1 No rescheduling

The first scenario studied was a traditional system without
any rescheduling opportunities, without the introduction of
energy evaluation, and with no rest allowance, as typically
happens in an industrial environment. The result obtained in
terms of productivity is shown in Fig. 5, where the makespan
and its rated value (ms∗) are displayed.

The obtained average makespan, denoted as m̄s, was
found to be 3.89min, indicating that the productivity stan-
dards were adhered to without any significant variation. This
result suggests that the production process was efficiently
managed, resulting in consistent performance. However,
when considering the energy expenditure of the operator (E),
a notable increment above the rated value (E∗) is observed.
Figure6 depicts this trend, revealing an approximately 23%
increase in energy expenditure. This value, E, is obtained by
summing the energy expenditure values obtained through (8)

Table 2 Makespan and energy
values with the task division of
the proposed solution

ms [min] E [kcal] OP C

3.81 12.94 [1,2,3,4,5,6,7,8,10] [9,11,12,13,14,15,16,17,18,19,20]
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Fig. 6 Operator’s total energy expenditure during the cycles with no
rescheduling

and compared with the rated one, E∗, that is the value if the
operator does the input scheduling for all the cycles.

While the absence of rescheduling may not have an
immediate impact on long-term production, overlooking
the energy expenditure and neglecting the need for rest
allowance for the operator can have adverse consequences.
This substantial increase in energy expenditure can lead to
over-fatigue among the workforce, which in turn may result
in a decline in both the operator’s well-being and overall
performance. It is crucial to recognize that the operator’s
physical and mental well-being directly influences their pro-
ductivity and job satisfaction. Failure to address the increased
energy demands and the necessity for rest periods can have
detrimental effects on the operator’s health and overall per-
formance in the long run.

5.2 Only energy rescheduling

On the other hand, if the focus is only on the operator’s
well-being by minimizing energy expenditure, the makespan
obtained is shown inFig. 7.After the first cycle, themakespan
is always the same because the system kept the same assign-
ment between the operator and cobot, which was the one that
minimized the energy.

The average makespan is m̄s = 5.32 min, with a 40%
increment with respect to the rated one. As a direct conse-
quence, the production decreases from 63 expected pieces
to 51 pieces actually assembled. Naturally, instead, since the
rescheduling, in this case, is based on the overcome of the
energy expenditure, this last is significantly lower than the
rated average value, of about 25%, as shown in Fig. 8.

Based on this finding, it can be of help to proceed to
explore the potential benefits of introducing the rescheduling,
which considers both time and energy variability, focusing
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Fig. 7 Makespan during the cycles with only the energy rescheduling

on how it can enhance the operator’s working sustainability
and productivity in accordancewith the principles of Industry
5.0.

5.3 Makespan and energy dynamic rescheduling

The thresholds employed for this testing are presented in
Table 3, and the value of parameter μ = 1.5 for the recovery
function was derived from [43], given that the activities have
comparable intensity and duration. This value is typically
linked to the characteristics of the operator; however, it is
possible to adopt an average value, as done, representative of
the average operator.

As planned and serving as an initial outcome, the con-
ducted tests within the designated time frame have demon-

0 10 20 30 40 50 60
Cycle

0

500

1000

1500

2000

2500

T
ot

al
 E

ne
rg

y 
E

xp
en

di
tu

re
 [k

ca
l]

Fig. 8 Total energy expenditure during the cycles with only the energy
rescheduling
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Table 3 Thresholds for the rescheduling

Tth,min Ėth,min Ėth,max

0.5 · ms∗ 0.5 · Ėth,max 4.2927 [kcal]

strated the attainment of the expected number of produced
pieces. Figure9 substantiates this observation, which graph-
ically depicts the achieved makespan during the cycles,
accompanied by the minimum operator’s time threshold
Tth,min and the rated makespan ms∗.

In accordance with the previously outlined model, the
makespan incorporates the requisite rest time τ if the
energy expenditure rate exceeds the predetermined maxi-
mum threshold. Notably, despite the inclusion of rest time,
the productivity requirements have been duly respected, as
evidenced by the average makespan recorded during the test-
ing phase amounting to m̄s = 3.9 min, a marginal increment
of merely 0.09 min in comparison to the rated value. It is
noteworthy to emphasize that despite the inclusion of a rest
time at the end of the cycle when necessary, the productiv-
ity standard is consistently met. This achievement was made
possible through the implementation of time rescheduling,
which dynamically altered task allocation a total of 9 times
during the conducted tests, thereby facilitating the balancing
of the resources. Themajority of these rescheduling instances
occurred towards the end of the shift, a period when the oper-
ator experienced heightened fatigue.

An equally balanced result has been achieved in terms of
the average energy expenditure rate on the tasks, as shown
in Fig. 10.

In the figure, the operator’s average energy expenditure
rate throughout the shift is reported, alongwith themaximum

Fig. 9 Makespan during the cycles with the dynamic rescheduling
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Fig. 10 Average energy expenditure rate during the cycles with the
dynamic rescheduling

and minimum thresholds (Ėth,max, Ėth,min), the rest rate

(ĖR), and the rated average energy expenditure rate ( ¯̇E∗).
On average, the observed trend remains within the thresh-
olds and closely approximates the nominal rate. However, it
is important to note that adherence to the average threshold
does not imply that the threshold was not surpassed during
individual cycles, as illustrated in Fig. 11.

At the local level, within each cycle, the energy expen-
diture rate may exceed either threshold, necessitating a
system rescheduling. This proactive adjustment ensures
that subsequent cycles impose a reduced task load on the
operator, allowing for recuperation from the exertion expe-
rienced in the preceding cycle. Consequently, the strategic

Fig. 11 Energy expenditure rate during a single cycle with the dynamic
rescheduling
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Fig. 12 Average total energy expenditure during the cycles with the
dynamic rescheduling

re-scheduling based on energy thresholds effectively mit-
igates operator fatigue and facilitates a more sustainable
workflow.

This is also confirmed by the total energy expenditure
trend during the cycles, as shown in Fig. 12, which is even
lower than the rated value.

The success of maintaining the energy expenditure within
acceptable bounds is attributed to the rescheduling approach
driven by energy thresholds. This adaptive strategy accom-
modates local variations in the energy expenditure rate,
enabling task redistribution and enabling the operator to
recover from exertion, thus optimizing overall operational
efficiency.

5.4 Overall results

The goodness of this approach is also confirmed by Figs. 13
and 14, in which are reported, respectively, the comparison
for the three cases just discussed for the makespan and for
the energy expenditure.

In both figures, the blue curves represent the case without
any rescheduling which show that the makespan is closer to
the rated value, although the energy expenditure is bigger
with respect to its rated value. The orange curves show the
case in which only the energy rescheduling is applied, show-
ing a decrease in productivity in order to keep the energy
expenditure smaller, while the compromise is shown by the
green curves that represent the makespan and energy expen-
diture rescheduling scenario. In this last case, as previously
discussed, both the makespan and the total energy are close
to their rated value, maintaining productivity, nevertheless
the inclusion of the resting times, and reducing the effort
required to the operator, improving the well-being.
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Fig. 13 Comparison between no rescheduling, only energy reschedul-
ing, and complete rescheduling for the makespan

5.5 Sensitivity analysis

In this section, some of the parameters previously used are
varied to evaluate if and how they influence the result and
usefulness of the proposed system. In particular, the param-
eters considered are the makespan and energy expenditure
minimum thresholds and the strictness of the technological
constraint.

By keeping the same set of feasible tasks but tightening
the thresholds to 75% of their maximum values, the results
obtained, always in a test of 4 h of duration, are shown in
Fig. 15.

Despite the apparent similarity to the previous case, espe-
cially since the average value of the makespan is m̄s =
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Fig. 14 Comparison between no rescheduling, only energy reschedul-
ing, and complete rescheduling for the energy expenditure
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Fig. 15 Makespan, total energy
expenditure and average energy
expenditure rate during the
cycles with minimum thresholds
equal to 75% of the maximum
ones
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Fig. 16 Makespan, total energy
expenditure and average energy
expenditure rate during the
cycles with minimum thresholds
equal to 50% of the maximum
ones
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Fig. 17 Makespan, total energy
expenditure and average energy
expenditure rate during the
cycles with minimum thresholds
equal to 75% of the maximum
ones
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3.82 min (Fig. 15), a notable distinction emerges, attributable
to the stringent nature of the minimum energy threshold. As
evidenced in Fig. 15, this heightened strictness restricts the
occurrence of rescheduling events. Consequently, the total
energy expenditure increase becomes evident, surpassing
both the rated average and the scenario characterized by a
smaller minimum threshold. The average energy expendi-
ture rate further supports this observation (Fig. 15), where
it is evident that the minimum threshold imposed is exces-
sively restrictive, hindering the system’s ability to effectively
redistribute task allocation and optimize resource utilization,
which could have also alleviated the operator’s workload.

Analogous findings can be extrapolated when imposing
an even stricter technological constraint on the resources,
limiting their capability to perform only 12 tasks instead of
the previously considered 15. In this scenario, the initial task
allocation remains unchanged. Nevertheless, due to the sub-
stantial impediment in executing the majority of the tasks
assigned to the operator, the cobot’s involvement in under-
taking critical tasks may be significantly diminished, partic-
ularly when confronted with higher lower thresholds. This
discernible effect is effectively depicted in Figs. 16 and 17,
which respectively illustrate the case with lower thresholds
set at 50% and 75% of their higher counterparts, thereby
corroborating the significant influence of threshold levels.

By imposing a more rigorous technological constraint on
the system, the resulting impact is twofold. Firstly, the inabil-
ity to perform a significant proportion of the tasks assigned
to the operator restricts the cobot intervention, leading to
a diminished allocation of critical tasks. Consequently, the
cobot’s role in balancing the workload is curtailed, compro-
mising the optimization of resource utilization.

These observations underscore the substantial impact of
threshold levels on task allocation dynamics. A more strin-
gent technological constraint not only impedes task execution
but also hinders the cobot’s ability to intervene effectively.
Consequently, the findings highlight the critical role played
by threshold levels in shaping resource allocation strategies
and optimizing operational efficiency.

6 Conclusions

The shift towards a human-centered design in the workspace,
known as a pillar of Industry 5.0, emphasizes the importance
of considering human factors in collaborative assembly sys-
tems. Integrating human and robotic resources can impact the
performance of human operators,making it crucial to address
factors such as ergonomics, mental workload, and capabili-
ties to ensure system productivity and operator well-being.
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Neglecting these aspects has been a common reason for
implementation failures in such systems [7, 44].

To achieve productivity, flexibility, and human factor
objectives, a task allocation strategy able to adapt to human
variability can be developed for collaborative assembly sys-
tems. This strategy real-time optimizes task assignment to
resources, considering their characteristics, tomaximize pro-
ductivity and resources saturation. It also takes into account
the comfort and physical strain on the human operator, pro-
moting a harmonious work environment.

Awell-designed task allocation strategy considers makes-
pan and the operator’s energy expenditure as objectives,
aligning with the goals of productivity and creating a human-
centered workplace. Traditional static allocation, developed
offline, may provide optimal global solutions but can be
time-consuming and inflexible. In contrast, a dynamic task
allocation approach enables effective collaboration by adapt-
ing to the evolving needs of operators in real-time. This work
combines static and dynamic allocation, leveraging digital-
ization of the human operator’s role to improve collaboration
and consider real-time human variability.

For this purpose, this paper presented a new architecture
with a strategy for re-allocating the tasks among the resource
during the working shift. The findings of the study highlight
the significance of time rescheduling and energy thresh-
olds in optimizing task allocation and resource balancing
within the system. The implementation of time reschedul-
ing, particularly towards the end of the shift when operator
fatigue is more pronounced, proves instrumental in promot-
ing resources’ equilibrium and minimizing disruptions to the
operator’s workflow.

The analysis of energy expenditure rates and thresholds
reveals crucial insights. The observed adherence of the aver-
age energy expenditure rate to the prescribed thresholds
indicates the successful management of operator workload,
ensuring it remains within acceptable bounds. Moreover, the
use of rescheduling based on energy thresholds allows for
task redistribution, facilitating the operator’s recovery from
exertion, reducing the total energy consumption, and enhanc-
ing overall operational efficiency.

However, the study also highlights the impact of stringent
minimum energy thresholds on task allocation dynamics.
In scenarios where the minimum threshold is particularly
strict, rescheduling opportunities become limited, resulting
in higher energy expenditure compared to the rated one and
scenarios with less restrictive thresholds. This emphasizes
the importance of balancing threshold levels to optimize
operator performance and minimize energy consumption.

The investigation further demonstrates the sensitivity of
the system’s performance to variations in input parameters.
Different thresholds and constraints significantly influence
the allocation of tasks and the involvement of the cobot, with

implications for workload distribution and resource utiliza-
tion.

Overall, this work provides insights into the relative
importance and impact of various factors on task allocation,
operator fatigue, and operational efficiency. These findings
contribute to the body of knowledge on resource allocation
strategies in human-robot collaboration systems, informing
decision-making processes and guiding future research and
development efforts in the field.

Future research in human-robot collaboration systems
should focus on several key areas to enhance system effec-
tiveness and adaptability. One important area is the devel-
opment of alternative metrics for evaluating physical stress.
This involves identifying and utilizingmetrics that accurately
reflect the physiological demands of specific tasks, such as
those requiring particular limb stress or unique ergonomic
considerations. Such metrics will enable a more precise
assessment of physical fatigue, thereby improving task allo-
cation strategies and enhancing operator well-being.

Additionally, expanding rescheduling strategies to include
multiple objectives can significantly benefit both productivity
and operator health. Future studies should aim to incorporate
considerations such as minimizing monotonous tasks and
optimizing task sequencing to reduce cognitive load. By inte-
grating these objectives, rescheduling strategies can be better
aligned with broader goals, promoting a balanced approach
that addresses both efficiency and human factors.

Another promising direction is the exploration of frac-
tional task allocations. This involves examining the impli-
cations of distributing tasks across parallel stations, which
can potentially enhance throughput but also necessitates
changes to layout design, worker training, and cost manage-
ment. Understanding the trade-offs associatedwith fractional
allocations, including their impact on system flexibility and
performance, is crucial. Research should investigate how
fractional tasks can be integrated with dynamic task allo-
cation strategies to improve overall system functionality.

Furthermore, there is a need to focus on real-time imple-
mentation and adaptability of task allocation systems. Devel-
oping practical, cost-effective solutions that integrate human
factors and multi-criteria optimization is essential. Current
research often relies on theoretical models or simulations,
so there is a gap in translating these models into real-
world applications. Addressing this gap will involve creating
systems capable of processing real-time data and adapting
dynamically to changing conditions, ensuring that they are
both practical and responsive.

By addressing these areas, future research can advance
the field of human-robot collaboration, improving both sys-
tem performance and operator satisfaction while achieving
greater productivity in industrial settings.
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