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Abstract

Recently, the need for assembly systems of better following the market demand has led to the spread of alternative solutions with
respect to the traditional fixed worker strategy. Walking worker systems, where operators move across the line to produce the
finished product, are gaining always more interest. In this paper, a comparison between the fixed worker (FW) and the walking
worker (WW) assembly strategies is provided, by taking into account their differences both in terms of performed activities
during assembly and of material exposure at the assembly workstations. The evaluation is carried out through the proposal of a
mathematical model, to understand the impact on assembly time and on operators’ energy expenditure. The behavior of the
model is investigated both with a parametric analysis and a real case study. The results show that the FW is the best one when the
system is working at its maximum throughput, while the WW strategy turns out to be preferable for the lower values of market
demand, both from a time and an energy expenditure perspective.

Keywords Assembly - Walking worker - Fixed worker - Comparison model - Energy expenditure

1 Introduction

The current demands of the market are characterized by the
increase of products’ personalization and by the reduction of
the life cycle of the products. This fluctuating nature of market
demands has forced manufacturing firms to develop alternative
production systems capable of responding quickly and eco-
nomically to such unpredictable circumstances. Therefore, in
recent years, it has become increasingly important to develop
efficient, but also flexible and reconfigurable production pro-
cesses and systems [1]. A significant proportion of manufactur-
ing processes and costs are dedicated to the process of product
assembly. In fact, approximately 40% of the product cost is in
the assembly stage [2]. Despite the trend towards implementing
automated production systems, especially in Western countries,
where the labor cost is high, there is still a significant and
justifiable need for manual assembly [3]. According to [4],
the assembly systems can be classified following some design
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principles and selection criteria, based on flexibility, batch size,
production volume, and number: dedicated (automated) assem-
bly systems, flexible (automated) assembly systems, and man-
ual assembly systems. From their classification, it is clear how
manual assembly is able to face the highest flexibility level,
even with the highest level of product variants, low production
volume, and batch size equal to 1. Due to the high requirement
of flexibility, manual assembly is the most used assembly tech-
nology in the modern manufacturing systems. Manual opera-
tions are used in the assembly of complex work elements as
well as when production demand is unstable or where the use of
specialized machines and equipment is unjustifiably expensive.
Flexibility requirement is more evident in assembly because it
is typically the last production process. As reported by [5], the
basic requirements in terms of flexibility can be summarized as:

* mix flexibility, i.e., the ability to handle a wide variety of
part types (components), and manage a wide mix of com-
ponents and products;

* volume flexibility, i.e., the ability to change the produc-
tivity of the system without reducing the efficiency of the
system,;

+ layout flexibility, i.e., the ability to change the production
resource disposition, number, and assigned tasks as the
effect of mix and volume flexibility permitting quick
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market response, using adaptive flexible production sys-
tems [6].

A traditional manual assembly line is characterized by the
presence of one worker in each workstation, who performs the
assembly, while the assembled components (also called parts)
are transported from one workstation to another by a handling
system. This type of assembly line is called a fixed worker
(FW) assembly line, where the assembly worker always re-
mains in the same workstation, to perform a single and often
repetitive set of assembling tasks [7] (Fig. 1 left side).
Considering volume flexibility in FW assembly systems, cau-
tion must be exercised [8]. In fact, this requires adjusting the
number of workers in the line according to the changes of the
production demand (assembly line balancing). The assembly
line re-balancing as a function of the production volume fluc-
tuation implies, among other things, to change the number of
assembly stations, their position, the components and tools
assignment to each station, and, at last, the assembly line
layout modification. From this perspective, a FW assembly
system can reach a good level of mix flexibility if configured
as a mixed model one [9], but presents low levels of volume
and layout flexibility. If the number of workers equals the
number of workstations and it remains constant, there will
be a waste of production capacity if the production volume
is reduced [1]. Finally, in the FW configuration, the produc-
tion rate of the line is determined by the workstation with the
longest process time.

An alternative approach is the so-called walking worker
(WW) assembly line, where the worker travels along the line
carrying out all assembly tasks in all workstations [10]. A
typical WW assembly line is configured in a U-shape layout
in order to reduce the walking distance from the last and the
first assembly station. Walking worker (WW) assembly lines
differ from the traditional linear FW assembly lines because
the workers are cross-trained, so that each one is able to fully

assemble the product from beginning to end. In this case, the
number of walking operators is minus or equal to the number
of stations. Figure 1 (right side) reports a case with 5 stations
and 3 operators. [11] showed how the application of this sys-
tem in production lines has enabled to achieve easier line
balancing, to reduce the number of buffers required, to reach
greater variations in the work time and a better adjustable
number of line workers according to demand requirements.
In other words, WW can achieve, if compared with the tradi-
tional FW, a greater level of production volume flexibility
without changing the assembly system layout, parts disposi-
tion, tools disposition, parts logistics, etc., guaranteeing, in
this sense, the layout flexibility. Table 1 shows (in black) a
comparison between the two types (FW and WW) derived by
[1], while (in blue) an extension made by the authors.

In terms of total assembly times, the WW system suffers
from the movement time of the operators, which is added to
the assembly cycle time, consequently reducing the through-
put. This movement influences also the operators’ energy ex-
penditure during the assembly.

On the other hand, there is an opposite effect, related to the
storage locations (SLs) of the components to assemble and to
their exposure within the workstations. Each assembly activity
can be considered as the sum of two main operations: the
component picking and the task execution (e.g., component
fastening) [12—14] highlight that the material exposure to the
assembly operator strongly impacts on the components pick-
ing time that can represent even a large portion of the total
assembly time. Indeed, the picking time is affected by the
component storage location in the station with respect to the
worker and to the assembly workspace. The picking time can
be significantly decreased by optimizing the component stor-
age strategy at the station level. On the other hand, the number
of components that can be located in the best storage locations
in terms of picking time is constrained by the assembly station
dimension [12]. Figure 2, derived by [12], graphically

Fig. 1 Example of a FW system with 5 stations and 5 operators (left) and a WW system with 5 stations and 3 operators (right)
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Table 1 FW-WW comparison. Extension of table 1 of [1] in italics and extended by the authors (in bold)
Indicator FW-fixed worker WW-walking worker
Number of Number of workers = number of workstations Number of workers < number of workstations
stations vs
number of
operator
Mix flexibility High (mixed model assembly system) High (mixed model assembly system)
Volume flexibility  Low (due to the re-balancing problem) High (thanks to the independence from the re-balancing
problem)
Layout flexibility  Low (due to the variation of the number of workstations High (thanks to the independence from the re-balancing
because of the re-balancing, with effects on space problem)
utilization, materials, and tools location)
Labor utilization ~ High when the target production volume is equal to the
maximum assembly line throughput, low otherwise
Labor skills Low skills
Efficiency

High if the number of workers is optimized as consequence
High if the number of workstations equal to the number of

of the target production volume
Cross-training of workers
High if the number of workers is optimized as consequence
workers is re-defined as consequence of the target pro- of the target production volume
duction volume
Balancing Poor tolerance to variations in line balance Better tolerance of work time variations
Storage locations The location of the components is affected by the change in The location of the components is not affected by the change
(SLs) of the the number of workstations. As this decreases, the average in the number of workstations. The average number of
components number of components per station increases.
Consequently, they are located in farther and less
ergonomic positions
Task time

components per station remains the minimum (the same
Task time is influenced by the component picking and

placing times, i.e., by the location of the components

within the workspace. The reduction of the number of
assembly workstations, due to the reduction of the
Ergonomic

Task time is influenced by the part picking and placing times
and by the travel time along the line. Since the number of
production volume, increases the task time
conditions

of the one of the maximum productivity of the line).
Consequently, their locations are always in the best
possible ones.

workstations does not change, task time is the same in all
the production volume configurations.
single and repetitive tasks performed by static worker.

Probability of musculoskeletal symptoms increases because of  Worker walks during the work with a reduction of the risk of
station
Energy

Moreover, picking from some storage locations could be
critical in case of a higher number of components per
expenditure

repetitive injuries. Moreover, the picking activities are
always the same also when the number of workers
changes

workers energy expenditure

The reduction of the number of assembly workstations, due The workers’ energy expenditure is affected by the traveling
to the reduction of the production volume, increases the

activity during the assembly

represents the typical SLs with respect to an assembly

decreases from the last to the most accessible SLs. Since the
workspace and proposes the top view of a typical manual ~ WW assembly system maintains the maximum number of
assembly station with the most relevant geometrical dimen-
sions. The estimated component picking time significantly

assembly stations, even when the target productivity de-
creases, the possibility of placing the components in the best
Location 1
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Fig. 2 Storage locations’ (SLs) position and dimension in a typical manual assembly station, including potential SL4 and SL 5 [12]
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SLs (i.e., SLO and SL1) is not affected by the production
volume reduction. On the other hand, considering the FW
assembly system, a decrease of the target productivity of the
system generally implies a reduction of the number of stations,
a new assembly line balancing, and a new layout definition.

This reduction of assembly stations has a negative impact
on the total assembly time, since the available space for plac-
ing parts in the best SLs is reduced and a larger number of
components will be placed in farther SLs, increasing the pick-
ing times. In the same way, the operator energy expenditure in
case of WW is not affected by the production volume reduc-
tion, while in case of FW, the energy expenditure will increase
when the number of the assembly station decreases, due to
greater movements during the picking activity (Fig. 2).

There is a trade-off between the operators’ movement time
and the operators’ picking time as a function of the stations’
number and of the production volume variations. As also re-
ported in the following literature review, the lack of quantita-
tive comparison approaches in this field that takes into ac-
count these factors is evident. In fact, even if the WW assem-
bly lines are widely adopted in manufacturing for their bene-
fits, they have not been enough studied so far, especially if
compared with the traditional FW systems. The basic motiva-
tion of this research arises from the study of the impact of
material exposure to the operators on the performances of
the FW and WW systems. Since the key element for WW is
the production volume flexibility and the related assembly
systems layout flexibility, this study compares the WW and
the FW as a function of the fluctuation of the target through-
put. Moreover, two basic comparison functions between the
two assembly systems are considered: the total assembly time
and the total operators’ energy expenditure. The paper pro-
poses an original mathematical comparison model that,
starting from the assembly system design and balancing, cal-
culates the system total assembly time and the total energy
expenditure considering the potential storage locations of the
components and the related constraints at the assembly station
in terms of number of storable components (Fig. 2). For this
purpose, the related picking times and energy expenditures are
considered, as well as the operators’ travel times and energy
expenditures. Moreover, a parametric study considering dif-
ferent assembly scenarios has been developed, in order to
validate the proposed comparison model and to generalize
the results by defining a set of best practices to use for prac-
titioners. Finally, a case study from an Italian pumps manu-
facturer is reported, exemplifying the applicability and the
practical implications of the research.

The remainder of this paper is organized as follows.
Section 2 presents the literature review on FW and WW sys-
tems and on assembly systems design considering ergonomic
factors. Then, Section 3 introduces the definition of the problem
and the mathematical model for the comparison of the two
systems, which has been applied to a parametric analysis in

@ Springer

Section 4. Section 5 summarizes the evidence of the case study,
while Section 6 reports the conclusions and further researches.

2 Literature review

Assembly system design is an interesting operations manage-
ment research problem since assembly line balancing (ALB)
was first introduced by [15]. Considering this problem com-
plexity, several authors proposed different versions of the
ALB, typically focusing on one or more specific features of
the analyzed assembly system. [16] suggest how a relevant
number of researchers tackled the ALB considering the same
recurrent features and classify an assembly system according
to the assembly station or the line layout, the stochastic or
deterministic assembly times, the buffer presence, and the
targeted objective functions and the selected solving methods.
Even if the number of contributions on assembly systems
design and balancing is huge, the research on walking worker
assembly systems is poor and relatively young. In fact, some
first concepts on a U-shape layout with the possibility for
workers to move across the line were presented in early stud-
ies within a lean production [17—19], as a possible approach to
reach flexibility in the future state value stream mapping. The
term “WW assembly line” is a recent concept [20], and only in
the mid-2000s, it is possible to find the first researches on WW
with the studies of [7] on linear rabbit chase walking worker
assembly lines and [21] on the bucket brigade-based WW
assembly lines. Indeed, the WW system, with the possibility
to have moving operators across the assembly stations, pre-
sents different variants (with potential sub-variants):

+ “Rabbit Chase,” where the operators walk between the
workstations, arranged in the desired configuration (typi-
cally U-shaped), to carry out the set of tasks assigned in
each workstation. Therefore, in this type of assembly line,
each worker travels the entire line, moving from one loca-
tion to another, together with the product to be assembled
to perform all the required tasks [7].

*  “Bucket Brigades,” where each worker carries out the
work on one piece from one station to another until anoth-
er worker resumes his work; then, this worker returns to
take the job from his predecessor [21]. When the last
worker finishes the work on the product, he goes back to
resume the work of his predecessor, who goes back and
resumes the work of his predecessor and so on, until, after
having transferred the product he was working on to his
successor, the first worker returns to the beginning of the
line to start a new product.

* “Baton Touch,” where the products to be assembled are
processed one at a time, by multi-functional operators who
walk between the various positions assigned to them.
Usually, each operator has to manage multiple stations,
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not necessarily consecutive. A floating worker supervises
both the entry and the exit of the line [22].

Table 2 reports a basic literature review on WW assembly
systems. Looking at Table 2, it is possible to affirm that the
studies primarily consider single-model traditional WW sys-
tem (rabbit chase), with both U and straight layouts, with
deterministic task times and where the basic applied methods
are simulation and mathematical models. On the other hand,
some studies are introducing multi and mixed-model assem-
bly systems and stochastic task times. From the objectives
point of view, the contributions are here classified as follows:

*« WW vs FW system analysis. [7], in one of the first related
researches, propose a comparison between WWAL and
FWAL in terms of performance measures. [23], consider-
ing a real case, illustrate the transition process from FW to
WW. [24] consider the use of simulation in verification of
a mathematical model for predicting the performance of
manual assembly line occupied with flexible workforce.

*  WW system analysis and optimization. [25] identify the
levels of process parameters that entail the improvements
on both productivity and ergonomics. Other studies of the
same authors develop mathematical models considering the
structural variables of WW for its optimization, with sto-
chastic task times [26] and a mixed model production [27,
28] illustrate the influence of workers’ variability and dif-
ferent patterns of imbalances in output, while [29] provides
a work-sharing protocol that considers discrete tasks and
worker crossovers. At last, considering the impact of task
time variation and models variation, [30] investigate the
effects of sources of randomness on model validation as
an abstraction for the real system, while [31] addresses the
balancing problem for multi-model WW assembly systems.

«  WW Bucket Brigade system analysis and optimization.
All the studies are here focused on the balancing of the
workload between the WW. [21] extend the standard
model of bucket brigades to capture hand-off and walk-
back times, while [32] analyze the convergence conditions
for a bucket brigade. [33] analyze the self-balancing for a
finite backward velocity and [34] study the dynamics of 2-
worker m-stations bucket brigade assembly lines.

«  WW waiting time and travel time analysis and optimiza-
tion. [35] examine the variable behavior of the in-process
waiting time, while [36, 37] evaluate the critical factor of
in-progress waiting time and mathematically analyze the
varying magnitude of production loss.

*  WW number of operators/stations analysis and optimiza-
tion. [38] observe the interrelationships between the num-
ber of workstations and the number of walking workers
for their minimization, while [39] proposes a methodology
for minimizing number of workers and smoothing work-
load among stations, and [40] analyze multi-manned

assembly with walking workers for minimizing the num-
ber of workers and workstations.

*  WW and lean principles analysis. [41] investigates the
lean principles applied into a real-life WW assembly sys-
tem, while [42] incorporate 5S management rules into
WW assembly system design as a combination of lean
management approaches. [43] propose a framework for
the modeling and optimization of a lean assembly system
design with multiple objectives.

Although many of the reported contributions on WW sys-
tems highlight the interesting applicability and the benefits of
such systems, none of them focuses on the investigation of
ergonomic aspects. However, these can represent a distinctive
feature, especially when it has to be chosen the system to use
(for example FW or WW) for a certain assembly process [24].
The consideration of ergonomics during assembly line design
usually allows taking into account both the impact of the as-
sembly tasks and the components picking [46, 47]. Related to
this, some researches have proposed assembly line design
methods and balancing approaches considering ergonomics
from various points of view.

One of the first contributions related to ergonomics and
assembly line balancing is by [48]; in their paper, they propose
to include the physical demands of each task and related phys-
ical constraints in assembly line balancing. In the same direc-
tion, [49] introduce three-line balancing heuristics that incor-
porate physical demands of the assembly tasks: a ranking
heuristic, a combinatorial genetic algorithm, and a problem
space genetic algorithm. [50] investigate the possibility of
including ergonomic risks estimation in assembly line
balancing, showing that this requires a low additional compu-
tational cost, and that in many cases, it leads to the need of
introducing additional workstations to reduce the physical ef-
fort of the operators. More recently, [51, 52] aim at minimiz-
ing the maximum ergonomic risk by including physical fac-
tors in line balancing through RULA, OCRA, and NIOSH
assessment methods. [53] develop a multi-objective model
by including the energy expenditure of the tasks through the
so-called predetermined motion energy system, which allows
to easily estimate the energy expenditure of the most common
activities that are performed during an assembly process.
Similarly, [54] introduce a multi-objective genetic algorithm
for assembly line balancing taking into account ergonomics
through energy expenditure, while [55] focus on U-shaped
assembly lines and an ergonomic risk evaluated through
OCRA index.

As far as materials exposure and picking in an assembly
system are concerned, the contributions taking into account
also ergonomics are not many. [56] study the impact of move-
ments, postures, and forces in picking components in two
alternative kitting configurations, picker-to-material, and ma-
terial-to-picker. [57, 58] highlight the impact of box and
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components characteristics and of workplace layout on the
ergonomic risks of components picking. While the first one
refers to the maximum acceptable weights (MAWs), the sec-
ond one uses the biomechanical loading on operators’ spine
and shoulder. [59] evaluate components’ picking activities
from unit loads (pallets) and from boxes stored on racks by
measuring times and OWAS indexes. On the other side, [60,
61] focus on measuring time and physical workload only on
large containers. Generally, the results of all these studies
show a substantial impact of materials exposure on picking
time and ergonomic risks, with lower times and better ergo-
nomic levels when the material is stored close to the operator
and at a proper height [62].

Considering the impact of ergonomics both on assembly
line balancing and on parts feeding and exposure, recent re-
searches propose to model it with an integrated perspective.
[47, 63] develop an integrated assembly line balancing prob-
lem considering the energy expenditure of assembly and com-
ponents picking, while [12] propose to evaluate the same as-
pects by using REBA method. On the other side, [64, 65]
consider ergonomics for both assembly line design and
balancing, focusing on single- and mixed-model assembly
lines. As it can be seen from the literature review here present-
ed, there are few approaches that consider the impact of ma-
terials’ exposure and components picking on assembly times
and operators’ ergonomics. Moreover, the existing contribu-
tions refer to standard fixed worker assembly systems.
Therefore, the present paper aims at covering this research
gap, by introducing a method to compare the impact of assem-
bly system design on the performances of FW and WW as-
sembly systems. In particular, it allows to evaluate how mate-
rial exposure influence total assembly time and total opera-
tors’ energy expenditure, as shown in the following sections.

3 Mathematical model for FW and WW
comparison

The aim of this paper is to propose an original mathematical
comparison model that, starting from the assembly system
design and balancing, calculates the system total assembly
time and the total energy expenditure considering the potential
storage locations of the components and the related constraints
at the assembly station in terms of number of storable compo-
nents (Fig. 2).

The design process of an assembly system is typically
based on the maximum market demand that has to be satisfied
[66], which determines the maximum system throughput
Ouarget and, then, the maximum number of assembly worksta-
tions (K) and of operators (N,,). In case of maximum system
throughput, the two systems have the same number of work-
stations and of operators, and also, the assignment of the tasks
to the workstations (line balancing) is the same. However,

since FW and WW systems are considered to operate with a
JIT approach if the throughput decreases, they have to be re-
sized accordingly. In FW systems, since there is one fixed
operator for each workstation, the re-sizing requires the de-
crease of the number of workstations as well as of the number
of operators. Moreover, it is also needed to re-balance the line
with the new number of workstations. On the other side, in
WW systems, the number of workstations remains the same
(and it is always equal to the maximum number K) while only
the number of operators decreases according to the system
throughput. Therefore, it is not needed to re-balance the line.

3.1 Assumptions and notations

FW and WW systems are compared in terms of flexibility,
productivity, and energy expenditure; the model is based on
the following assumptions, which can be easily applied to
different contexts:

1. The systems realize one single product (simple assembly
line balancing problem, SALBP)
2. The system has a continuous products flow (there are no
buffers)
3. The product moves between the workstations with an
automatic handling system
4. The considered WW system is the Rabbit Chase case
(RC)
5. The FW system has a linear layout while the WW sys-
tem has a U-shaped layout
6. The distance between workstations is fixed and equal for
all workstations
7. The workstation size and the storage locations (SLs) are
the ones proposed by [12]
8. [Each task refers to one component to assemble and each
component is assigned to only one task
9. Each task includes one single picking activity and one
assembly activity
10. All activities times are deterministic
11. Failures time, waiting time, and set-up time are not con-
sidered in the problem
12.  Workers are male operators, all with the same skill level
13. All workers are able to carry out all tasks in both
configurations
14. Workers’” walking speed is constant
15. The effect of fatigue on tasks’ execution performance is
not considered
16. Since the considered components’ weights are standard,
these do not affect the picking time but only the picking
energy expenditure [12]
17. The initial number of workers and workstations is the
same in both configurations (FW and WW)
18. The changes of the system throughput are propor-
tional to Qiuree/K and directly related to these
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values (i.e., the considered line configurations are
related to the various maximum number of
workstations)

19. Re-layout costs and re-balancing costs of the FW system
are not considered in case of changes in productivity.

Moreover, workers’ tasks can be classified into three
categories:

*  Assembly activity related to the execution of the task in the
workstation; both the duration and the energy expenditure
of this activity are known.

*  Picking activity of the component needed for the execu-
tion of the task; the time and the energy expenditure of this
activity are related to the storage location (SL) of the com-
ponent that varies according to the considered
configuration.

» Travel activity between workstations (just in the WW sys-
tem); the duration and the energy expenditure of this ac-
tivity depend on the distance between the workstations
and on the worker’s speed.

Table 3 presents the main variables and the notations of the
model.

3.2 FW-WW balancing and comparison model

The comparison of the two systems is carried out by a math-
ematical model with an objective function that considers the
maximum workload of the assembly line. The comparison
requires the application of three subsequent steps:

1. Define the design of the assembly line

2. Balance the assembly line, minimizing the objective func-
tion under the specified constraints

3. Calculate the comparison parameters

3.2.1 Assembly line design
As first, the design of the two configurations is carried out, by

defining the number of workstations (K) and of required op-
erators (N,,). In both cases, the assembly lines are sized based

Table 3  Notations

Notation Description Unit

J = 1...n assembly tasks index -

k = 1...K workstations index -

w =0...W SLs index -

K Maximum number of workstations -

KV Number of workstations for FW when Q < Qtarget (KV<K) -

D Average distance between two workstations m

Cok Maximum capacity of SL w for workstation k& m

Otarget Maximum target throughput of the system pieces/min
PV Production volume flexibility parameter %

Nop Total number of operators -

v Operator walking speed m/s

L; Weight of component of task j kg

L Average of the weights of all components, L = Z’;:]L i/n kg

4 Assembly time of task j s/piece

by w Picking time from SL w s/piece
ATy, Assembly time in workstation & s/piece
PT} Picking time in workstation & s/piece
WL, Workload of workstation & s/piece
Tass Total assembly time of one finished product min/piece
e Assembly energy expenditure of task j kcal/piece
ey, jw Picking energy expenditure for task j from SL w kcal/piece
I Average travel energy expenditure between two workstations kcal/piece
Eos Energy expenditure for the standing posture kcal/s
AE; Assembly energy expenditure in workstation & kcal/piece
PE; Picking energy expenditure in workstation & kcal/piece
Ey Energy expenditure of workstation & kcal/piece
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on the maximum system throughput; i.e., the QOiargec Of the
system is calculated as the maximum market demand in the
considered period.

Knowing the total assembly time (7 ) of the system, needed
to assemble one finished product, it is possible to define K as:

K= [Tws'nget—‘ (1)

Moreover, starting from this maximum number of stations,
it is possible to define PV, which represents the production
volume flexibility parameter. It takes into account how much
the system is used with respect to its maximum threshold
Ouargers Which is also related to the maximum number of sta-
tions K:

No (g5 )

PV =
K

Here, PV = 100% when both systems are working at their
maximum rate (N,, =K for WW and N,,, = K™ =K for FW).
On the other side, when the system throughput is lower than
Ouarger» the number of operators decreases (and, for FW, also
the number of workstations decreases), and PV < 100%.

3.2.2 Assembly line balancing

Two binary variables are defined as:

if task j is assigned to workstation k& (3)
if task j is not assigned to workstation k&

1
Xik = 0
if task j is assigned to workstation & in SL w
if task j is not assigned workstation & in SL w

ol
(4)

The assembly line balancing problem is solved by an ob-
jective function that aims to minimize the maximum workload
of each workstation WL,. It is defined as:

6 = min (max; WLy ) [s/piece] (5)

where WL, is the workload of workstation & that includes the
assembly and the picking activities. It is defined as:

WLy = ATy + PTx = Y0 (xjk - 1) + Zi— 2o ( Zikw - 1paw) [s/piece]

(6)

where AT}, indicates the total assembly time in the workstation
k, while PT}, indicates the total picking time in workstation £.
In particular, ¢ is the assembly time of task ; #,, ,, is the picking
time from the SL w.

In order to consider the energy expenditure of both
configurations, the energy expenditure of workstation &
E; is defined as:

2979
Ep = Epos - WLi + Yi_ (AEj + PEj;)
= Epos - WL + 27:1 (Xjk . ej)
+ X000 ( 2k - €pyw)  [keal/piece] (7)

where AL is the total energy expenditure of the assem-
bly activity of task j in the workstation k, while PE;
indicates the total energy expenditure of the picking
activity of task j related to workstation k. In particular,
E,s is the standard energy expenditure for the mainte-
nance of the standing posture and it is calculated using

Garg et al.’s formula [67], as:

0.024 - BW

E 0s —
pos 60

[kcal/s] (8)
where BW is the worker’s body weight. The notations
e; and e, ;, indicate the energy expenditure for the
assembly activity of task j and the energy expenditure
for the picking activity of task j from SL w, respective-
ly. They are also calculated deriving an energy expen-
diture per piece from the Garg et al.’s formulas [67],
depending on the components’ weight L, the operators
walking speed, and the characteristics of the various
picking and assembly activities [47, 63].
The constraints of the model are:

YK xp<1 Vj=1..n (9)
KW jzim<l Vj=1..n (10)
zke[E,-,L,-]k Xk <Ygeip 2k X V(i j)EA (11)
Y g <Cu YW =0.. W,k =1..K (12)
Gw<xix Vji=l..nVk=1.KVYw=1.W (13)

" i1 [z - tpow) + (i - ;)] Smax WLk (14)
%-605429 Vk=1..K (15)
WL, >0  Vk=1.K (16)
xe{0,1}  Vj=1..nVk=1.K (17)
Zine{0,1}  Vji=1l.nVk=1.Kv¥Yw=1.W (18)

Constraints (9) and (10) assure that each task j is assigned
only to one workstation & and that each component of task ; is
assigned just to one SL w. Constraints (11) are for precedence
relations, with A set of arcs in the precedence diagram.
Equation (12) is for the capacity constraint of each worksta-
tion £: the number of components stored in each SL w has to
be equal or lower of C,,;, which is the maximum capacity of
SL w in workstation k. Constraint (13) assures a proper as-
signment of the tasks to the available storage locations, while
Eq. (14) limits the cycle time of the assembly line; i.e., the
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total assembly and picking time for every task j must be minor
of the final cycle time. Equations (15) and (16) refer to the
energy expenditure of each station, which has to be lower than
the limit suggested by [68] to avoid the need for rest allow-
ances. Constraints (17) and (18) set the domains of the deci-
sion variables.

3.2.3 Evaluation and comparison of the systems
configurations

In order to evaluate FW and WW systems, some parameters
are defined. First, it is considered the productivity of the sys-
tem as:

3600

= i h 19
0= oy Iieces/] (19)
Then, the total workload for the two configurations 7}, rw

and 7}, ww are calculated with:

Tior,rw = Zf:IWLk [S/ piece] (20)
K D .
Trorww = 2y WLy + K - - [s/piece] (21)
and compared with:
To _Tu
AT — tot, WW tot, FW [%] (22)

TtanWW

Then, if AT >0, the FW configuration is preferable from a
workload point of view; otherwise, if AT < 0, the WW config-
uration is the best one. A similar formulation is defined also
for the total energy expenditures per finished product:

Eonrw = Y1 Ex [kcal [ piece] (23)

Ewrww = Y1 Ex +K - ¢ [kcal / piece] (24)
Erww—En

AE = Dot Ww ™ BtorFW (%] (25)

Etot‘,WW

If AE >0, the FW configuration is preferable from an en-
ergy expenditure point of view; otherwise, if AE <0, the WW
configuration is the best one.

4 Parametric analysis

The parametric analysis of this section aims at showing the
behavior and the comparison of the two systems to derive also
some general insights. Table 4 reports the input values of the
considered parameters; the values are assumed based on
existing contributions and on the authors’ experience. The
picking times from the storage locations #, ,, are calculated
by applying the MOST method [12]. The values of the energy
expenditures have been calculated based on Garg et al.’s
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formulas [67] according to the movements performed by the
operators, to their durations, and to the components’ weights
[47, 63]. The values of the parameter PV are calculated from
the ratio of all the possible combinations of N, and K (Eq.
(2)). For C,,, it has been fixed the value of Cy as reported in
Table 4, while for the other storage locations, it has been
calculated as Cy;= Cop, Cop=Coi/2, and C3=n— K- (Cop+
Cii+ Cop).

The various combinations of all the varying parameters
lead to 265,000 different scenarios. For each scenario, the
factors defined in Eq. (2) and (19-25) are calculated. All the
results have been further analyzed with Minitab v.19 and sum-
marized in the following graphs.

Figure 3 shows the Pareto chart of the standardized effects
of AT and AE. These allow to understand the importance of
various parameters on A7 and AE, and, then, the importance
that they have on the choice between a FW system with re-
spect to a WW one. Here, it can be seen that the most impor-
tant effects are PV and the combination of PV and T, for both
cases. Then, with a decreasing importance, AT is more influ-
enced by the number of tasks and parts 7, by its combination
with PV, T, and Cy, by T, and K. On the other side, AE is
affected by 7, itself and, then, by #, the combination of » and
PV and the combination of n and Cj.

Based on the parameters that are identified as the most
relevant ones, Fig. 4 reports the main effects plots, to show
how AT and AE change according to the values of these pa-
rameters. First of all, it is interesting to see how most of the
values of AT and AFE are lower than 0, with a convenience of
the WW system with respect to the FW one. Moreover, al-
though the values AT and AE are different, their reported
trends are similar. For this reason, the AT and AE as a function
of the investigated parameters will be discussed together. In
particular, with 7, we see that the WW configuration is
always the best one (AT and AE always < 0), but with a con-
venience that decreases with the increase of the total assembly
time. Moreover, the effect of 7,,; on AFE is higher than on AT,
due to the consideration of different energy expenditures ac-
cording to the storage locations and to the weights of the
items. The plots for K show that this parameter does not in-
fluence much the difference between FW and WW. Here, the
FW system is slightly better than the WW one for the low
value of K (K = 2) and for the highest one (K = 10). In fact,
both for K =2 and K = 10, there is a great incidence of the
walking activity (in the WW system) on the assembly process.
This interesting effect highlights how, in case of a low number
of workstations K, the FW system is advantaged, since the
material exposure will be quite the same for FW and WW.
Again, in case of a high number of workstations K, the FW
system is still the best one, due to the impact of the travel
activity of the operators in the WW system. Then, the WW
system turns out to be preferable for intermediate values of the
number of workstations K. In fact, looking at Fig. 4, the best
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Table 4 Parameters and values for the parametric analysis

Parameter Value(s) Unit

n 20, 40, 60, 80, 100 -

K 2,3,4,5,6,7,8,9,10 -

w 0,1,2,3 -

Nop 1,2,3,4,5,6,7,8,9, 10 -

PV 11.1, 12.5, 14.2, 16.6, 20, 22.2, 25, 28.5, 30, 33.3, 37.5, 40, 42.8, 44.4, 50, 55.5, 57.1, 60, %
62.5,66.6,70,71.4,75,77.7, 80, 83.3, 85.7, 87.5, 88.8, 90, 100

Tass 180, 360, 540, 720, 900, 1080, 1260, 1440, 1620, 1800, 1980, 2160, 2340, 2520, 2700, 2880, min/piece

B 3060, 3240, 3420, 3600

L 0.1,05,1,2,4 kg

D 2,3,4,5 m

v 1 m/s

BW 80 kg

Cox 2,4,6,8, 10* parts

1y 0 1.44 s

I 1 2.52 s

ty > 3.60 s

1y 3 5.04 s

“The values of C,,; for SL1, SL2, and SL3 have been calculated according to Co; and n

WW performances are for K from 4 to 7. Looking at the plots
related to the number of parts n, it can be seen that higher
values of n lead to the convenience of the WW system. Of
course, if there are many parts to store in the assembly line, it
is preferable to have them on closer and more ergonomic
storage locations, which is always the case for the WW sys-
tem. In the FW system, since the number of workstations
decreases with the throughput of the line, there are some sce-
narios in which the parts have to be stored in farther and less
ergonomic locations. The plots for the traveling distance D
highlight that this parameter does not have a great influence
on the results. Of course, the higher the distance, the lower the
convenience of a WW configuration. However, it is interest-
ing to see that, based on this parameter, the WW configuration

turns out to be always the best one anyway (A7 and AE < 0).
On the other side, the trends for Cy;, demonstrate that the two
systems are quite similar from this point of view, only with a
more marked preference for FW when Cy, = 2. In fact, if Cyy is
low, it means that there are few spaces for the storage of the
components in front of the operator, and the two configura-
tions are similar from this point of view, with the FW being
better since the operator does not have to travel. For the inter-
mediate values of Cy;, the WW system is better because the
travel activity impacts less with respect to the picking activity.
On the other side, if Cy is high, it means that there is more
space for the storage of the components in front of the opera-
tor, and, then, the convenience of using WW respect to FW
becomes lower. The trend of Cy, highlights the incidence of

Pareto Chart of the Standardized Effects
(response is AT, Alpha = ,05)

Pareto Chart of the Standardized Effects
(response is AE, Alpha = ,05)
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Fig. 3 Pareto chart of the standardized effects of AT (left) and AE (right)
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Main Effects Plot (data means) for AT
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Fig. 4 Main effects’ plots for AT (left) and AE (right)

material exposure and/or of the travel activity on the conve-
nience of the two system configurations. The plots of the
production volume PV confirm its high influence on the
choice between FW and WW systems. Of course, for high
values of PV, the FW system turns out to be the best one,
since, compared to the WW one, it does not require the trav-
eling activity of the operators. On the other side, for low
values of PV, the WW system is better than the FW one,
because, by keeping the same number of workstations, it al-
ways warrants the storage of the parts on the best storage
locations. Finally, on the right of Fig. 4, the plot of L is re-
ported, in which it can be seen that this parameter does not
have a very significant effect on AE. This is probably due to
the fact that the difference in terms of energy expenditure
between FW and WW is also related to the assembly activity
and to the traveling one, which does not depend on the
weights of the components in their studied range, as defined
in the assumption section.

Following the findings of the Pareto charts, some graphs
useful to derive further insights concerning the comparison
between FW and WW systems are proposed. These are

contour plots, showing various convenience areas of FW
and WW based on AT and AE, varying PV, T, and n, which
are the three parameters with a higher influence on AT and AE
(Fig. 3). The red areas indicate the convenience of the WW
configuration, while the green ones refer to the convenience of
the FW one.

Figure 5 reports the contour plots of AT and AE with PV
and 7,,. From a workload point of view, the WW system is
always preferable when PV < 60%, for all values of 7, while
from an energy expenditure point of view, its convenience
area is larger, starting from PV < 85%.

The contour plots of Fig. 6 show the influence of PV
and of the number of tasks n. In the plot on the left of Fig.
6 (referring to AT), for low values of PV (PV < 20%), a
WW system is always preferable; on the other side, for
PV > 20%, it also depends on the values of n. The WW
system turns out to be better when #n is high and PV <
80%; for PV > 80%, the FW system outperforms the WW
one. In the plot on the right of Fig. 6 (referring to AE), the
trend is similar, but with the thresholds of PV = 30% and
PV =90%.

Contour Plot of AT vs Tass; PV
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1500
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Contour Plot of AE vs Tass; PV

wwnoun

Tass

Fig. 5 Contour plots of AT and AE with T, and PV
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Contour Plot of AT vs n; PV

100

20 30 40 S0 60 70 80 90 100
PV

Contour Plot of AE vs n; PV

Fig. 6 Contour plots of AT and AE with n and PV

The four contour plots confirm the high influence of mate-
rial exposure on the workloads and on the energy expenditures
and, then, on the convenience of the WW system.

A final analysis is focused on the study of the scenarios
from the energy expenditure perspective, considering the en-
ergy expenditure limit as defined by [68]. On a total of
265,000 scenarios, the FW strategy exceeds the limit of 4.29
kcal/min per operator in 78,760 scenarios (29.72%), while the
WW one in 74,864 of these (28.25%). Then, there are 3896
scenarios in which only the WW is able to respect the energy
expenditure limit. Figure 7 shows how the 74,864 scenarios in

40,000 37,990
35,000

30,000

25,000

20000 19,678

15,000

10,000 $000 8,760

436
0 —
0.5 1

L
40,000
35,000
30,000
25,000
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w7l 4gs ssL a8 D

15,000
10,000
5,000
0
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n

which the limit is exceeded by both systems are distributed
according to the parameters L, Cyy, 1, and T,,. As it could be
expected, it can be seen that most of the scenarios refer to high
values of components average weight L, while the other pa-
rameters have a slighter influence. Moreover, focusing on the
3896 scenarios in which only the FW exceeds the energy
limit, it can be observed that these mostly refer to cases with
the higher number of components » and lower values of 7.
The first result is related to the fact that a higher n leads to a
higher chance of having the components stored in the worst
storage locations for the FW strategy. The second one,
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15,645 15171 14,845 14,659 14,544
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Fig. 7 Distribution of the 74,864 scenarios in which FW and WW systems exceed the energy limit
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Fig. 8 Precedence diagram

instead, is due to the fact that with a lower 7, the picking
time and energy expenditure have a greater impact on the total
time, which is considered in the calculation of the energy
expenditure per minute (Eq. (15)).

5 Case study

The practical example reported in this section deals with a
multinational company located in the north of Italy that pro-
duces and sells water pumps for industrial, agricultural, and
domestic applications. The focus here is on one of its assem-
bly lines, which has a U-shape layout and it is composed of a
maximum of 5 workstations (as in Fig. 1). Each workstation
has 5 different storage locations, displayed as the ones of Fig.
2 (SLO, SL1, SL2, SL3, SL4). Figure 8 reports the precedence
diagram of the finished product, which needs 31 tasks to be
assembled (29 real tasks and 2 dummy ones). Table 5 sum-
marizes some characteristics of the analyzed case, which have
been used as input values of the comparison model. Table 6
shows the input data referred to the 31 assembly tasks: weight
of the part, assembly time and energy expenditure, picking
times, and energy expenditures for each storage location.
The model for balancing the system and for assigning
the parts to the storage locations has been solved with

Table 5 Characteristics of the assembly system of the case study
Parameter Value(s) Unit
n 31 -

K 5 -

w 0,1,2,3,4 -
Nop 1,2,3,4,5 -
PV 20, 40, 60, 80, 100 %
D 3 m

v 1 m/s
BW 80 kg
Cor 2,2,3,4,n=%>_ Coi /K™Y parts
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IBM Cplex v12.8. The obtained objective functions 6,
referring to the 5 different levels of PV, are reported in
Table 7. The comparison of the two possible configura-
tions FW and WW has been done through the calculation
of Toor, rws Tior, wws AT, Evor, Fws Eror, ww> and AE, re-
ported in Table 7. Negative values of AT and AE indicate
the convenience of the WW configuration. Figure 9 high-
lights how the FW configuration turns out to be the best
one when PV = 100%. On the other side, decreasing PV,
the WW configuration is preferable (PV < 70% for time
and PV < 85% for energy), since it warrants better time
and energy performances. In particular, since the number
of workstations is always the same for the WW configu-
ration, it allows to store all the needed material always in
closer and more ergonomic storage locations. This advan-
tage is able to cover the time and the energy expenditure
needed for the travel activity between workstations.

6 Implications of the presented model

As shown in the previous sections, the introduced model
allows to do an interesting comparison between FW and
WW systems from two different perspectives, i.e., time
and energy expenditure. The model itself shows its ease
of application, which guarantees its usefulness both for
researchers and practitioners. In fact, the model can be
applied to understand which configuration between FW
and WW is the best one for a certain production setting,
as shown in Section 5.

The results obtained through the parametric analysis and
from the case study help the closing of the research gap intro-
duced in Section 2, but they can have an impact also for
practitioners. In fact, they demonstrate that, in general, WW
turns out to be preferable when the assembly system is not
working at its maximum pace and that this configuration is not
worse from an energy expenditure point of view. Then, these
findings can promote new and wider practical applications of
WW systems instead of FW ones.
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Table 6 Characteristics of the assembly tasks of the case study

Task L 4 Ip.o I 1 b2 I3 Ip, 4 ¢ €. 0 €. 1 €. 2 €. 3 €. 4
A 0.38 24 1.44 2.52 3.60 5.04 7.20 1.30 0.13 0.24 0.55 0.55 0.66
B 0.62 46 1.44 2.52 3.60 5.04 7.20 322 0.16 0.29 0.62 0.56 0.66
C 0.15 13 1.44 2.52 3.60 5.04 7.20 0.50 0.10 0.19 0.49 0.55 0.65
D 0.10 7 1.44 2.52 3.60 5.04 7.20 0.26 0.10 0.18 0.48 0.54 0.65
E 0.52 25 1.44 2.52 3.60 5.04 7.20 1.59 0.14 0.26 0.59 0.56 0.66
F 0.43 15 1.44 2.52 3.60 5.04 7.20 0.88 0.14 0.25 0.57 0.55 0.66
F 0 0 0 0 0 0 0 0 0 0 0 0

G 0.20 1.44 2.52 3.60 5.04 7.20 0.23 0.11 0.20 0.50 0.55 0.65
H 0.46 38 1.44 2.52 3.60 5.04 7.20 224 0.14 0.26 0.58 0.55 0.66
I 0.70 11 1.44 2.52 3.60 5.04 7.20 0.86 0.17 0.30 0.64 0.56 0.66
J 0.65 80 1.44 2.52 3.60 5.04 7.20 5.75 0.16 0.29 0.62 0.56 0.66
K 0.49 85 1.44 2.52 3.60 5.04 7.20 5.14 0.14 0.26 0.58 0.56 0.66
K’ 0 0 0 0 0 0 0 0 0 0 0 0 0

L 0.75 25 1.44 2.52 3.60 5.04 7.20 2.00 0.17 0.31 0.66 0.56 0.66
M 0.34 60 1.44 2.52 3.60 5.04 7.20 3.01 0.13 0.23 0.54 0.55 0.66
N 0.50 65 1.44 2.52 3.60 5.04 7.20 3.99 0.14 0.26 0.58 0.56 0.66
(0} 0.22 45 1.44 2.52 3.60 5.04 7.20 1.89 0.11 0.21 0.51 0.55 0.65
P 0.64 95 1.44 2.52 3.60 5.04 7.20 6.75 0.16 0.29 0.62 0.56 0.66
Q 0.47 16 1.44 2.52 3.60 5.04 7.20 0.98 0.14 0.26 0.58 0.55 0.66
R 0.32 40 1.44 2.52 3.60 5.04 7.20 1.96 0.12 0.22 0.54 0.55 0.66
S 0.25 25 1.44 2.52 3.60 5.04 7.20 1.12 0.12 0.21 0.52 0.55 0.66
T 0.16 15 1.44 2.52 3.60 5.04 7.20 0.59 0.10 0.19 0.50 0.55 0.65
U 0.12 12 1.44 2.52 3.60 5.04 7.20 0.45 0.10 0.18 0.48 0.55 0.65
v 0.18 18 1.44 2.52 3.60 5.04 7.20 0.73 0.11 0.20 0.50 0.55 0.65
W 0.35 52 1.44 2.52 3.60 5.04 7.20 2.65 0.13 0.23 0.54 0.55 0.66
X 0.59 37 1.44 2.52 3.60 5.04 7.20 2.52 0.15 0.28 0.61 0.56 0.66
Y 0.41 21 1.44 2.52 3.60 5.04 7.20 1.18 0.14 0.24 0.56 0.55 0.66
Z 0.31 65 1.44 2.52 3.60 5.04 7.20 3.12 0.12 0.22 0.54 0.55 0.66
a 0.49 8 1.44 2.52 3.60 5.04 7.20 0.52 0.14 0.26 0.58 0.56 0.66
b 0.26 13 1.44 2.52 3.60 5.04 7.20 0.61 0.12 0.22 0.52 0.55 0.66
c 0.18 21 1.44 2.52 3.60 5.04 7.20 0.84 0.11 0.20 0.50 0.55 0.65

7 Conclusions

The present paper has reported a mathematical model to compare
the FW assembly strategy and the WW one, by taking into ac-
count the impact of their differences both in terms of performed

activities during assembly and of material exposure at the assem-
bly workstations. The detailed parametric analysis and the pro-
posed case study highlight that the FW is the best one when the
system is working at its maximum throughput, while the WW
strategy turns out to be preferable for the lower values of market

Table 7  Results of the case study

K K™ Nop PV (%) 0 0 Toor, Toor, ww AT (%) Ey, rw E oy, ww AE (%)
5 5 5 100 213.12 16.89 1059.04 1074.04 1.40 65.95 67.07 1.66

5 4 4 80 272.84 13.20 1065.88 1074.04 0.76 67.50 67.07 —-0.65
5 3 3 60 366.80 9.82 1082.44 1074.04 —-0.78 68.90 67.07 —-2.74
5 2 2 40 557.24 6.46 1112.32 1074.04 —3.56 70.78 67.07 —-5.53
5 1 1 20 1152.64 3.12 1152.64 1074.04 —-732 73.46 67.07 —-9.54
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Fig. 9 Comparison of FW and WW configurations from time and energy perspectives

demand, both from a time and an energy expenditure perspec-
tive. As far as the time performances are concerned, the WW
system performs better than the FW one when the production
volume flexibility parameter PV is lower than 100%, since in the
FW configuration, there are fewer workstations and, then, a
higher employ of the farthest storage locations for the compo-
nents. A similar result can be seen also with energy expenditures.
Moreover, the WW system becomes better than the FW one
before from the energy expenditure point of view and later also
from the time performance point of view. This is shown by the
contour plots of Figs. 5 and 6, where the red areas are larger
when considering the percentage difference of the energies AE
with respect to the percentage difference of the times A7, but also
by the plots of Fig. 9, in which the intersection of the two curves
of the total energy expenditures per finished product E,, sy and
E.or. ww 1s for higher values of PV with respect to the one of the
curves of the total workload T}, sw and T,,; ww, With a conse-
quent higher convenience area of the WW system. Therefore,
there are some cases in which the WW assembly strategy turns
out to be better than the FW one from the energy expenditure
point of view even if it is not from the time point of view. In other
words, if the WW configuration is the best one from the energy
expenditure point of view, it could not be from the time one,
while if the WW configuration is the best one from the time point
of view, it is also from the energy expenditure one. On the other
side, if the FW configuration is the best one from the time point
of view, it could not be from the energy expenditure one. Finally,
from the parametric analysis, it has been derived that the WW
strategy is able to satisfy the operators’ energy expenditure limit
[68] for a higher number of scenarios than the FW one: the travel
activity of the walking operators has a lower impact on the over-
all performances than the components picking activity of the
fixed operators.

Although the proposed model presents some benefits and
has led to interesting outcomes, it also has some limitations.
These are mainly related to the assumptions introduced in
Section 3.1, but, according to the authors, they do not lead
to a loss of generalizability of the obtained results. For exam-
ple, the model is based on deterministic assembly and picking

@ Springer

times, with the latter ones which do not change according to
the part weight, on the consideration of male operators, all
with the same skill level and on the neglecting of the effect
of fatigue on tasks’ execution performance. For sure, it would
be interesting to extend the current model by removing one or
more of these assumptions or by considering different
applications.

In this direction, future research in this field could further
investigate the differences between the two systems by con-
sidering also different assembly times, with FW being faster
since generally more focused on fewer assembly tasks. This
could be modeled through the consideration of the learning
curves and of the learning and forgetting principles [69].
Moreover, it would be interesting to integrate also the avail-
ability of the operators according to their different energy
expenditures [70] as well as to include ergonomics evaluations
both in the line balancing and in the comparison model, for
example using motion analysis systems [71]. Another per-
spective of evaluation could be the modeling of the economic
impact of the two strategies, considering all the possible
emerging costs. Finally, although similar approaches have al-
ready been introduced for the study of other systems, such as
standard assembly systems or warehouse picking systems [47,
59], the present model can be extended and used to compare
also other kinds of assembly systems, such as the fishbone
ones [9].
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