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DEVELOPMENT OF A LOT-SIZING MODEL
TO PREVENT HEAT STRESS AND WORK-RELATED
MUSCULOSKELETAL DISORDERS

ABSTRACT

Management of heat stress and metabolic cost is vital
for preventing any work-related disorders. In this paper,
we integrated rest time formulations for heat strain and
metabolic cost to develop a new lot sizing model for pre-
venting heat exposure and work-related musculoskeletal
disorders. The effects of heat strain and rest allowance
on the total cost of the production supply process were
investigated. The problem studied in this paper was the
handling of the raw materials placed in boxes by manual
material handling in order to supply the material require-
ment of a production line placed in a production area.
For the realisation of the material handling transactions
between the raw material warehouse and the production
line, Electric Pallet Jack (EPJ) was used. The study cov-
ers the investigation of picking, storing, and carrying
motions for the manual handling of these materials. The
result of the analysis has shown that 8.5% savings were
achieved by using the heat strain and rest time in com-
parison to the total cost of this part of the production line
supply process with the I1SO 7243 maximum metabolic
work limit. Consequentially, the analysis results showed
that the developed method demonstrated the viability of
lot sizing model optimisation with multiple objectives
and complex constraints with regards to the metabolic
cost and heat strain.

KEY WORDS
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cost; occupational heat stress; rest allowance.

1. INTRODUCTION

Many researchers have investigated economic
and environmental sustainability of logistics sys-
tems [1-6]. Economic and environmental aspects of
sustainability in logistics systems have been exten-
sively studied. Inventory models have been extend-
ed with economic (time-varying demand, inflation,

shortages), environmental (CO, emission, environ-
mental cost), and social (human rights, fair labour
practices, living conditions, health, and safety) sus-
tainability aspects [7]. The environmental and eco-
nomic sustainability aspects have particularly been
studied extensively [8—10]. According to Korkulu
and Bona [11], there are few contributions regard-
ing the social sustainability aspect in the logistics
systems [12-25]. Most of the studies have focused
on the human energy expenditure as an ergonomic
aspect. The heat strain recovery time, and integra-
tion of the heat strain recovery and rest time with
human energy expenditure as an ergonomic mea-
sure has not been studied.

Occupational health and safety is one of the most
critical components of socially sustainable logistics
systems. Occupational health and safety implement
strategies and regulations to prevent occupational
and work-related disorders. It has an economic im-
pact as it decreases work-related disorders, which
contributes to a reduction in productivity and an
increase in medical expenses due to disability com-
pensation. The most common occupational and
work-related diseases are work-related musculo-
skeletal disorders and heat-related diseases. Heat-re-
lated diseases are associated with heatstroke, heat
exhaustion, heat cramps, heat syncope, heat rash,
and rhabdomyolysis [26-28]. Work-related mus-
culoskeletal disorders are sprains, strains, soreness,
back disorders, pain, and carpal tunnel syndrome,
which are associated with repetitive motion, pos-
tures, excessive force, the weight of an object lifted,
high static muscle load, and sudden applications of
force. According to the last report of the Interna-
tional Labour Organisation (ILO) [29], 2.3 million
women and men around the world are subject to
work-related diseases every year. The last report of
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the European Agency for Safety and Health at Work
[30] has shown that work-related musculoskeletal
disorders are one of the most frequent causes of the
work-related mortality in the EU-28 (14.66%) and
in the world (14.96%). It leads to the total costs of
work-related musculoskeletal disorders of up to 2%
of GDP in Europe [31].

We suppose that the ergonomic measures can be
effective to prevent work-related musculoskeletal
disorders and heat-related diseases with the sizing
of the handled lots, which considers ergonomic
measures in the material handling process. The in-
vestigation of the literature has proved that there are
few studies that integrate lot sizing and ergonomics.
Particularly, there is no study that integrates both
thermal work limit, rest allowance, and metabolic
cost. To close this research gap, the paper at hand
presents an extension of the ergonomics studies in
the lot sizing [16—19] and development of a new
lot sizing model. The developed economic and er-
gonomic lot sizing model integrated a rest allow-
ance formula developed by Price [32], heat strain
recovery time formulas presented by Rowlinson
and Jia [33] and Brake and Bates [34], and metabol-
ic rate formulas by Garg et. al. [35] for preventing
work-related musculoskeletal disorders and heat-re-
lated diseases.

This paper is structured as follows: the next
section presents a literature review on sustainable
logistics systems with ergonomic measures. Sec-
tion 3 presents the problem in detail and explains
the necessary assumptions. Section 4 presents the
mathematical formulation of the developed lot siz-
ing model with ergonomic aspects, and Section 5
presents the results of a numerical example and a
parameter analysis in the investigated case. Finally,
Section 6 concludes the paper.

2. LITERATURE REVIEW

In recent years, sustainability aspects in logis-
tics systems have gained attention [36]. Primarily,
researchers extensively investigated the econom-
ic and environmental aspects of sustainability [7].
However, there are few contributions regarding the
social sustainability aspects [11]. Battini et al. [14]
have investigated designing the assembly system
with ergonomics, and they have found that assess-
ing time efficiency in modern industries design of
assembly system and ergonomics should go hand in
hand. Battini et al. [16] developed a new measure-
ment technique, and the model helps to simplify the

ergonomic assessment of the assembly tasks. Bat-
tini et al. [15] developed formulas that considered
human availability and rest allowance. Their model
proved that improvement in the ergonomic condi-
tions has a positive impact on the total cost of the
system. Battini et al. [18] developed a new model
for assembly line balancing that integrates energy
expenditure rate. Battini et al. [19] developed a
mixed-integer model that integrates assembly line
balancing and parts feeding and rest allowances.
Andriolo et al. [13] developed a lot-sizing model
that minimises the cost and the ergonomic risks.
Battini et al. [19] developed a mathematical model
that investigates two different motions (picking and
storing motions) with the metabolic cost for the rest
time assessment. Botti et al. [20] developed a mod-
el to design lean processes for the hybrid assembly
lines with ergonomics. Finco et al. [21] integrated
energy expenditure and rest allowance on the heu-
ristic methods for the assembly balancing problem.
Gholamian et al. [22] developed a mathematical
model that integrated environmental ergonomics
and environmental pollution to minimise the cost
and the environmental pollution. Finco et al. [23]
developed a bi-objective model that eliminates er-
gonomic risks in the assembly line design with vi-
bration exposure. Al-Araidah et al. [12] developed
a Monte Carlo simulation model that considers fe-
male order pickers to estimate fatigue allowance
[32] with the integration of the energy expenditure
formulas of Garg et al. [35]. Finco et al. [22] devel-
oped a mathematical model for assembly line bal-
ancing problems with the smoothness index, which
integrates human energy expenditures as ergonomic
aspects. Tang et al. [25] developed a multi-objective
mathematical model that eliminates the ergonomic
risks for U-shaped assembly lines with the integra-
tion of the OCRA method.

As the literature review indicated, there are in-
ventory models mostly with human energy expen-
diture, OCRA method, and vibration exposure. The
research gap can be described as follows: most re-
searchers have focused on the human energy expen-
diture as an ergonomic aspect and the thermal work
limit as an ergonomic aspect has not been studied.
Moreover, the lot size of the handling materials in
the production line material supply with thermal
work limit, rest allowance, and metabolic cost have
not been investigated. Therefore, the paper at hand
presents the extension of the ergonomics studies in
the lot sizing [16, 18, 19] and the development of a
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new model for determining the lot sizes in the ma-
terial handling with ergonomic aspects to close this
research gap. The developed lot sizing model con-
siders a thermal work limit with rest time and human
energy expenditure for preventing the work-related
musculoskeletal disorders and heat stress to elim-
inate the ergonomic risks, and supports economic
and social sustainability.

3. PROBLEM STATEMENT

The problem studied in this paper is a typical case
of'a production line supply process. In order to inves-
tigate the effects of the ergonomic aspects, the devel-
oped model covers and highlights especially the han-
dling of the raw materials stored in boxes manually.
The boxes are moved from the Electric Pallet Jack
(EPJ) to a flow-rack. The boxes are handled during
the presented process by manual material handling
with picking, storing, and carrying motions when the
logistics operator refills the supermarket.

The supermarket expression is a specific defini-
tion of the storage equipment used in the lean produc-
tion systems and it is installed in the production area
for supporting the storage of the main components
(i.e., raw materials, auxiliary materials) that must be
used in the assembly process of the finished prod-
ucts. In most cases, this equipment can be defined
as a traditional flow rack system which is suitable to
store specific boxes where the materials are placed.
This storage system can be served manually by using
logistics or production operators, and it can be very
useful in cases where predefined quantities of stock
must not be held too far from the production lines.
Using this opportunity, the stock can be easily reach-
able with high availability and not too large operation
time, and it is located next to the production line (see
Figure 1).

The high-level process flow can be seen in Figure 2
and the investigated part of the process is denoted
with a dashed line and in light grey colour.

In the model, the order picking activities and the
preparation and Kitting processes in the raw material
warehouse have not been investigated because they
are defined as a connected logistics subsystem. The
transportation of the prepared raw materials stored in
the boxes from the warehouse with the use of EPJ
was not considered in the model because there is no
such physical activity in ergonomic terms that must
be realised during this sub-process. Therefore, the
effect and the investigation of the pushing motion
associated with transportation of the EPJ from the

Figure 1 — The representation of supermarket

Generating request
for the
raw material

Production
area

Preparation and kitting
of the raw material
stored in boxes into
a pallet

Order picking of the
raw material stored
in boxes

Raw material
warehouse

Transporting the EPJ
with the raw material
stored in boxes to the
supermarket

;7 Refillingof the
| supermarket by the )
| logistics operator |
\ with the raw material /
\ _ stored in boxes _”/

Production
area

Going back to the raw

material warehouse with
the EPJ

Figure 2 — The “high-level” process flow of the production
line supply process

warehouse can also be eliminated. This thesis can
also be mentioned regarding the case of the going
back activity to the raw material warehouse with the
EPJ. The systematic layout of the examined physical
process can be defined in Figure 3, and the examined
subsystem is denoted with a dashed line and in light
grey colour.

The investigated job cycle consists of picking
raw materials from the EPJ, carrying the raw mate-
rials to the supermarket of the production line, stor-
ing raw materials into the supermarket, and walking
back to the EPJ (see Figure 4). As the study investi-
gates the “light” work, the job cycle starts with the
picking of the raw materials from the EPJ.
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Figure 4 — The examined job cycle

As it can be seen in the figure, 4, is the vertical
height from floor (m) in the case of the picking activ-
ity, and 4, is the vertical height from the floor (m) in
the case of the storing activity. It can be supposed that
the D distance between the EPJ and the supermarket
can be defined as between 1 and 3 meters because the
EPJ can be stopped near the supermarket.

The following further assumptions were made for
developing the model.

The developed model investigates supplying one
kind of raw material with one operator to the pro-
duction line as a Single-Operator-Single-Material
(SMSO) model. Therefore, the model considers only
a single type of raw material. The developed mod-
el covers the rest allowance formula of Price [32],
which suggests that rest time is necessary if the mean
work rate is higher than 300W, i.e., light to moderate
work according to ISO 7243 [37]. Therefore, light to
moderate work metabolic cost is considered in the
model to calculate the heat strain recovery time.

4. MATHEMATICAL MODEL
4.1 Application of the rest allowance

Rest allowance is scheduled break time planned
to allow a worker to retrieve from fatigue. Thus,
planned rest allowance is crucial to prevent work-re-

lated disorders [38]. To prevent work-related
musculoskeletal disorders and heat-related illness,
we integrated the rest allowance equation based
on metabolic cost presented by Price [32] and heat
strain recovery time formulas presented by Rowlin-
son and Jia [33] and Brake and Bates [39] into the
lot sizing model.

Recovery time of the heat strain presented by
Rowlinson and Jia [33] and Brake and Bates [39]
can be defined as follows:

Mwork *twork T Mre.vt lrest = LMR - (twork + trest)

6]
where M, . is the metabolic rate of work, M
is the metabolic rate of rest, ¢, , is the total time
needed for the investigated operation, 7, is the to-
tal resting time and LMR is the Limiting Metabol-
ic Rate for the continuous work. By adjusting the
Equation 1 by M, =MWR (Mean Work Rate), the
following equation can be written:

MWR((]) twork(q)+Mrest : Theatrest(q)

2

=LMR - (twork (q)+ Thea/ VL’S‘l(q)) ( )
LMR‘twor( )‘MWR( )'twor'( )

Theutrest(q): i A({[,~€S;-LMRq oy (3)

It can be seen that some parameters in the
Equation 3 will strongly depend on the lot size (not-
ed as ¢), and this dependence will be denoted with
g in the following. In the Equation 2 the T,, (q)
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is the rest time for preventing ergonomic risks that
occur from heat strain. M is 55 W/m? which
equals 99 W (rest metabolic rate converted from
W/m? to W assuming a body surface area of 1.8 m?)
as suggested by the ISO 8996 [40]. LMR is 165
W/m? which equals 297 W for moderate work in the
case of sustainable continuous work with a thresh-
old value (WBGT - °C) 28°C as suggested by the
ISO 7243 [31].

The rest allowance equation based on the meta-
bolic cost presented by Price [32] can be defined as
follows:

MWR(q)- 300
Te(q)="300-gg  trort(4) )
if MWR(q)>300W, else Trex(g)=0
where,
twork(q )= tp(q )+ ts(q)+tc-(q twh
(@)= tp(g)+15(g) +1.(q) + )
MWR(q):

My (q)-t5(q)+ M(q)-1,(g)+ Me(q)-te(g)+ Mus-tus o - (6)
tp(q)+ts(q)+te(q)+tw :

where RR is the relaxation rate, tp(q) is the picking
time of the handled unit (i.e., a box) from the EPJ,
1(q) is the storing time of the handled unit into the
supermarket of the production line, 7 (¢)is the carry-
ing time of the handled unit, z , is the time of walk-
ing back to the EPJ after storing the unit into the
supermarket, Mp is the metabolic rate of the picking,
M_ is the metabolic rate of the storing, M is the met-
abolic rate of the carrying, and M| , is the metabolic
rate of the walking back activity.

We estimated the above-mentioned main com-
ponents of the total time needed of the operation
based on a y=Ax® power regression model (see
Figure 5), where the A and B parameters have been
estimated based on the methodology of the AIM.
AIM [41] is an abbreviation which means “Any-
agmozgatasi Idésziikséglet Meghatarozas” in Hun-
garian developed by Hungarian researchers in mid-
1960s, and it can be translated as Determination of
Time Needed for Material Handling. So, AIM is a
table-based method for supporting the calculation
of the time necessities of the material handling us-
ing predefined time constants, which values can be
found predefined in the specific tables of the AIM
(See Table 1 below).

Based on the methodology of the AIM, the dif-
ferent time components have been estimated in the
case of different w(q)=q-w, values, where w_ is the
unit weight of the handled raw material in kilograms,
and w(q) is the estimated weight of the handled unit
load (i.e., a box) in kilograms. After the calculation
of these values, we applied the above-mentioned

025
1=0,0523x0-3503
0.20
=0.022404728
0.15 022
et o
I
e 2o
¥ L
0.10 Pl
ol .0
| 7=0,0256x02064
-"..4.
0.057 7=0,0242
P 0 P PR LB P
0.00
0 10 20 30 40 50 60
w(q)

tp(q) [min] t(q) [min] ® ¢ (q) [min] ® ¢ [min]

Figure 5 — The power regression estimation function of the
time needed based on the AIM tables

power regression to determine the suitable function
for the estimation of the time needed for the applied
components of the operation. The results can be
seen in Figure 5, and the equations can be written as
follows:

tp(q) = 0.0523 - w(g)**® R*=0.8532 (7)
te(g) = 0.0256 - w(q)*** R*=10.8522 (8)
ts(q) = 0.0224 - w(q) " R?=0.8952 )

The time needed for walking back (z,,) to the
EPJ is constant and does not depend on the lot size.
Furthermore, in Figure 6 the estimation function of
the total time needed for the operation can be seen.

300.00
250.00
200.00
150.00 .

100.00 "

Total time need [min]

y=237,21x066

0'000 2 4 6 8 10 12

Figure 6 — The total time needed in the function of the lot size
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Table 1 — The applied parts of the AIM tables

Time needed for manual material handling

Unit weight [kg] Weight Time need of movement
From To code [10* min/m]
0.00 2.00 1 1 1.10
2.01 5.00 2 2 1.40
5.01 20.00 3 3 1.70
20.01 50.00 4 4 2.00
Height of picking up / storing [m]| Hej ght Time need of picking up [10? min]
From To code 1 2 3 4 5
0.00 0.70 1 1 8 10 | 11 | 15 | 16
0.71 1.40 2 2 6 8 | 10 | 13 14
1.41 2.10 3 3 010 | 12 ] 13 [ 15 | 17
Unit weight [kg] Weight Time need of storing [10? min]
From To code 1 2 3 4 5
0.00 10.00 1 6 7 8 | 11 12
10.00 20.00 2 2 4 6 8 9 11
20.00 30.00 3 3 8 9 |10 | 11 12
30.00 40.00 4
40.00 50.00 5
Froliqmt weight [k%F]o szliﬁ Additional factor
0.00 2 1 1 0.1
2.01 5 2 2 0.15
5.01 20 3 3 0.25
20.01 50 4 4 0.35
w, (q) =20 10.514-BW-(0.81-h1) +(219+0.62-8-w(g))-(ha-h)] (o 10
t»(q) ( )
Mi(g)— 0.01-[0.511-BW-(0.81 ;Xizlq); 0.701 - w(q) (ha-h1)] for hi < hy <081 (11)
0.01-[(80+2.43-BW-1V*+4.63 - w(q) V*+4.62 - w(q)+0.379 - (w(q)+BW)-G-V)-t.(q)]
M. ( q) = t ( ) (12)
c\q
Ap — 001-[(51+2.54 - BW V240379 BW-G- V) tws] (13)
wh

twh
To express the mean work rate in Watt, MWR

will be multiplied with 1 Watt=69.77 kcal/min as
suggested by the ISO 80000-5 [42]. MWR is calcu-
lated with the metabolic rate equations (kcal/min)
presented by Garg et al. [35] (Equations 10-13) where
BW is the body weight in kilograms, V'is the speed of
walking in m/s, G is the grade of the walking surface,
S is a decision variable based on the gender of the
worker (M/F=1/0).

Finally, the total rest time can then be defined as
follows:

{ Ttutal rest ( q ) = Theut rest ( q ),
Trotal rest ( q ) = Trest ( q ),

Theatre’xt(q) 2 Trest (q)
otherwise

(14)

4.2 The mathematical description of the
total cost function

In the presented model we only investigated the
inventories in the production area, especially in the
central supermarket, where the materials for the
continuous line supply must be handled in order to
ensure continuous production. We focused mainly
on the physical side of the line supplying process,
and we integrated an important aspect into the in-
vestigation of the value-creating process which is
ergonomics. The materials needed for the realisa-
tion of the production activities can reserve a huge
space in the production area which can be inter-
preted as waste and leads to high costs. Because of
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this, there are other methodologies that try to sup-
port the reaching of the minimal space needed in
the line supply, for example, with the application
of the pull-principle (see the methods of lean think-
ing), which can be advantageous in terms of the er-
gonomic aspects, but these applications also result
in smaller lot sizes. However, in order to make the
correct decision and decrease the ergonomic risks,
the ergonomic aspects must also be investigated.
Our aim was to build a model which is similar to
the traditional inventory models because this phe-
nomenon in the production lines is very similar to
an inventory process, where stock must be held near
to the production line somewhere in a supermarket
or directly integrated into the line where these ma-
terials will reserve the valuable spaces instead of
ensuring a place for realising any production activ-
ity. In this way, our aim was to describe this phe-
nomenon in a total cost model where the cost of the
stock holding will be used as the cost of the space
reservation. Additionally, it must be mentioned that
the specific cost of the realisation of the line sup-
plying transactions must also be investigated, which
will be described in the cost of the material handling
transactions where the ergonomic aspects can be in-
tegrated as well. As a first step, we investigated a
typical physical line supply activity to discover the
possibilities in this direction in the case of a “Single
Material and Single Operator (SMSO)” model.

As the raw material requirement of the produc-
tion line is quasi constant, which means that no fluc-
tuation in the time and in the quantity dimension
of the raw material usage can be defined, then the
inventory process realised in the supermarket can
be described with the following simple sawtooth di-
agram (see Figure 7).

In this diagram, the ¢ parameter means the so-
called “availability time”. In this interval, the ma-
terial can be available to fulfill the material require-
ments of the production line. The maximum stock
in the supermarket will be ¢, which is equal to the
applied lot size, and ¢/2 average stock must be held
in the supermarket to ensure continuous production.
Consequently, if the frequency of refilling is high-
er, then the average stock level will be lower. If the
frequency of the refilling is lower, then the average
stock level will be higher, and in this case, a larger
supermarket must be planned next to the production
line, and more space must be reserved in the pro-
duction area, which is not too favourable in terms of
the production. Additionally, the ergonomic aspect

N-1 N

o1t]

v

Refilling

Refilling
Refilling
Refilling

T
Figure 7 — Changing of the stock level in the supermarket

can be integrated here, which can be one of the most
significant aspects of this trade-off situation, in ad-
dition to other problems of the logistics operation
that need to be handled.

Therefore, we interpreted the main cost com-
ponents based on the above-presented problem de-
scription, and we extended and developed the exist-
ing studies in literature of Battini et al. [18, 19] with
components beside on the cost of operation and cost
of rest time with the cost function of the stock hold-
ing:

Co(q)=(Cp(q)+Cs(q)+Ce(q)+Cup)

(1 )+ 1) elg)+ 1) | 2] (15)
where,

C)=1g)en | 2] (16)
Cg)=tnlq) e 2] (17)
Clg)=r(g) e | 2] (18)
Corl) =t en| 2| (19)
Ci(q)= taéq '[%]-m: taiq -[I—T;]-m

Q0 g T (20)

) Ch 2 Ch
Cr(q):ﬂotalrest(q)‘cw‘[%l @21)

where Cp(q) is the cost of picking, C(q) is the cost
of storing, C (q) is the cost of carrying, and C,, is
the cost of walking back. C (¢) is the total cost of
the operation, which includes the picking, storing,
and carrying cost of the operation calculated with
the total time needed for the operation and using the
specific cost of the worker wage (c,) which is the

Promet — Traffic& Transportation, Vol. 33, 2021, No. 6, 871-882

877




Korkulu S, Béna K. Development of a Lot-Sizing Model to Prevent Heat Stress and Work-Related Musculoskeletal Disorders

way to calculate the ergonomical risks effect on total
cost of the operation based on the study of Battini et
al. [19]. C{(q) is the total inventory holding cost cal-
culated with the availability time of the stock in the
production line (z ) and using the specific cost of the
stock holding (c,,). Finally, C (q) is the total rest time
cost calculated with the total rest time for prevent-
ing ergonomic risks that occur from the heat strain
and metabolic cost and using the specific cost of the
worker wage (c, ). In any case, it can be supposed
that the total number of cycles needed for handling
the total O request of the production line in the case
of the investigated raw material can be estimated
with [% or [%]

The objective function of the C(q) total cost can
be defined as follows:

C(q):(tp(q)+ts(q)+tc(q)+twb)'c“"[%l (22)

T
+ qz 'C‘h+n17tul;‘e.vz(q)'|%l'C1¢'

We integrated the heat strain recovery time cost
and metabolic cost, as it is a manual material han-
dling process that is a human activity. In this way,
it becomes possible to decrease the heat-related and
work-related musculoskeletal disorders risk of the
logistics operator. The rest times are based on the
metabolic cost or metabolic rate of the operator,
which is the body's energy expenditure per unit of
time for the chosen motion, such as picking, storing,
and carrying. It can be said that the optimum solu-
tion calculated using this objective function is based
on both minimising the ergonomic risk and the total
cost of the process. As the model considers two dif-
ferent rest allowance formulas which are aimed to
prevent work-related musculoskeletal disorders and
heat-related disorders, there are two different total
cost formulas for the optimal lot size based on the
rest allowances.

Firstly, it 7, . (q)>T, (q) then the total rest al-
lowance equals T, . (¢)=T,,., ,..{4)- In this case,
the total cost function could be written as Equation 23.

In the second case, if T}, .. Aq)=T,.(q) then the

total rest time will be equal to T, ., (¢)=T, (q).
The total cost function of this case could be written
as Equation 24.

To find the optimum lot size (¢*), where the total
cost (C(g)) will be minimum, we use the following

formal enumeration algorithm for discrete ¢ values,

where ¢max = [%J based on the maximum met-

abolic rate limit (200 W/m?) for light to moderate
work according to the ISO 7243 [37] Hot Envi-
ronments — Estimation of the heat stress on work-
ing man, based on the WBGT-index where MWR
equals 360 W.

Forg=ltogq,,.

I8 T s> T (@) then Ty o (D=T el

Calculation of 7}, ,..(q)
If MWR(q)=LMR then calculation of 7, . .(q) else T}, .. (9)=0
If Thﬁdt rest(q)STrest(q) then Ttoml rL’A‘f(q): Trext(q)

Calculation of 7__(q)

rest

If MWR(q)=300W then calculation of 7, (q) else T, (¢)=0
Calculation of C(q)=C (¢)+C{(q)*+C,(q)
If C(q)<Min(C(q)) then

Min(C(¢))=C(q)

q*=q
Next g

5. RESULTS AND DISCUSSION
5.1 Numerical example

We apply a numerical illustration where O equals
1200 pcs, LMR equals 297 W, RR for standing equals
130 W [32], ¢, equals 0.05 $/pcs/h, ¢, equals 18 $/h,
BW equals 80 kg, S equals 1, G equals 5%, T equals
480 min, V equals 1 m/s, A, is 0.4 m, £, is 0.8 m
and w, is 6 kg. The model we examined considers the
moderate work, which has LMR equal to 297 W for
moderate work for sustainable continuous work of the
heat strain, and it is less than 300 W which is the limit
value of the rest allowance equation of the metabolic
cost. Thus, it is the case of 7, (¢)>T  (q) and
Tt reskl@=Thons 1os{@)- The total cost of opera-
tion is C(q)=$17.82 where the rest time cost equals
C (q)=0 for preventing any ergonomic risks regard-
ing heat strain and extreme energy expenditure,

C(q)=(tp(q)+ts(q)+tc(q)+twb)'Cw'[%l+ qiT ch
+((Mp(q)-zp(q)+Ms(q)<ts(c1)+ML-(c1)-tc(q)Mwb»twb)-69.77-LM1'3‘(tp(qr)+ts(q)ﬂc(q)”wb) HQ] 3)
LMR - M g1
C(q):(tp(q)+ts(q)+tc(q)+fwb)‘Cw‘[%]+ qiT ch
(24)

+((MP(Q)'[P(9)+MV((])'tS(‘])+MC(‘])'10((])Mwb'twb)'69-77‘300'(tP(Q)+ls(q)+lc(q)+l‘wb))[g}‘c‘v

300 - RR

q
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and the ergonomic lot size ¢"=8 pcs. We calculated
the total cost of the maximum metabolic rate limit
(200 W/m?) for light to moderate work according
to the ISO 7243 Hot Environments — Estimation of
the heat stress on working man [37], based on the
WBGT-index, where MWR equals 360 W for the pro-
duction supply process under study. According to this
limit, the lot size g=11. The total cost C(¢)=$19.48
and C (¢)=$4.27. The saving of our model from using
the ergonomic rest time for heat strain and work-re-
lated musculoskeletal disorders with metabolic cost
equals 8.5% which is calculated based on the com-
parison to the total cost of the production supply pro-
cess under study with the application of the ISO 7243
[37] maximum metabolic work limits.

5.2 Parameter analysis

We applied different parameter values to anal-
yse the flexibility of our model for different indus-
trial practices and circumstances. As can be seen in
Figure 8, we applied different lot sizes where w is 5
kg, O equals 1200 pcs, LMR equals 297 W, RR for
standing equals 130 W [32], ¢, equals 0.05 $/pcs/h,
c,, equals 18 $/h, BW equals 75 kg, S equals 1, G
equals 5%, Vequals 1 m/s, 4, is 0.4 m, and 4,15 0.8 m
to analyse the effect on the costs of the operation, the
inventory cost, the rest time cost, and the total cost.

The results show that the increase in the lot size
will lead to an increase in the rest time cost because
the higher the kg value of the load, the higher the rest
time necessary for preventing the ergonomic risks.
On the other hand, the increase in the lot size will

100.00
90.00
80.00
70.00

60.00t

50.00 °

Cost ($)

40.00°

30.00

Lot size (pcs)
- C(S)
> C, (8

S0 e 0O

. C.(9)

¢ 3

Figure 8 — Cost curves for alternative lot sizes where the
weight of the item is 5 kg

lead to the decrease of the operational cost for the
picking, storing, and carrying motions, and an in-
crease in the inventory cost as it increases the stock
on the production line.

We calculated the savings gained by using our ap-
proach for different weights of the item. The calcu-
lation of the savings based on the comparison of our
model and the total cost of the maximum metabolic
rate limit (200 W/m?) for light to moderate work ac-
cording to ISO 7243 Hot Environments — Estimation
of the heat stress on working man [37], based on the
WBGT-index values. As can be seen in Figure 9, our
new model has higher or lower savings compared to
the maximum metabolic rate limit (200 W/m?) for
light to moderate work results.

35.00
30.00 o
25.00 %0
20.00
15.00
10.00 °

5.00 °

0.0
0.00
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

w [ke]

Figure 9 — Savings in the case of different weights of the item

Savings (%)
@
(2]

®
o0 9 0o.9

We applied different weights of the item, which
changes between 0.9 and 9 in step 0.3 kg, to under-
stand the effect of the weight of the item on the lot
size.

The higher item weight leads to smaller optimal
lot size as it increases the kg value of handled unit
load (see Figure 10). Therefore, we need to decrease
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Figure 10 — Optimal lot sizes for different weights of the item

Promet — Traffic& Transportation, Vol. 33, 2021, No. 6, 871-882

879




Korkulu S, Béna K. Development of a Lot-Sizing Model to Prevent Heat Stress and Work-Related Musculoskeletal Disorders

50.00
45.00
40.00
35.00 . .
30.00 5 °
25.00 o
20.00 .
15.00 o
10.00 °
5.00 °

0.00 L
00 10 20 30 40 50 60 70

Rest time cost ($)

Vertical height for picking and storing [m]
o h o h

1 2

Figure 11 — Rest time cost for different vertical heights of
picking and storing
the kg value of the unit load or, for a heavier load,
decrease the lot size to prevent any ergonomic risks
from extreme energy expenditure and heat strain.

We applied different vertical heights (4,,h,) for
the picking and storing motions to calculate the ef-
fect on the rest time of the operator. The 4, and 4,
changed between 0.1 to 0.7 m where h,<h,<0.81
constraint is considered and w, is 10 kg, O equals
2400 pcs, LMR equals 297 W, RR for standing
equals 130 W [32], ¢, equals 0.05 $/pcs/h, ¢, equals
18 $/h, S equals 1, G equals 5%, V equals 1 m/s, and
BWis 75 kg.

As can be seen in Figure 11, higher vertical height
lowers the rest time requirement in the case of the
h, parameter, which is the vertical height from the
floor (m) in the case of the picking activity. The
higher vertical height from the floor higher the rest
time requirement in the case of the %, parameter,
which is the vertical height from the floor (m) in the
case of the storing activity.

6. CONCLUSIONS

The work-related musculoskeletal disorders and
occupational heat strain problems for workers are
investigated in this paper in the case of a typical
production line supply process. A new mathematical
model is introduced by considering the preventing
ergonomic risks associated with the excessive meta-
bolic cost and heat stress. As most kinds of research
topics have focused on the human energy expendi-
ture as an ergonomic aspect, our model integrated
for the first time the thermal work limit, the rest al-
lowance, and the metabolic cost as ergonomic as-
pect. The extended new model integrated the rest
allowance time to decrease the ergonomic risk. The

rest allowance is determined by the metabolic cost
and the heat strain, which is based on the handled
weight and number of the items. The rest time is
the time necessary for preventing fatigue risk asso-
ciated with load values higher than the optimal lot
size. The new model aimed to minimise both the
total cost of the production line supply process and
the ergonomic risks. The case study based on our
developed model presented in this paper investigat-
ed the supplying of one type of raw material with
one operator to the production line as a so-called
“Single Material — Single Operator” (SMSO) mod-
el. The analysis results have shown that the new
model increases productivity and decrease the ergo-
nomic risk related to heat stress and metabolic cost
of the worker. The developed mathematical model
can support the decision-making in the planning of
the production logistics, where intensive manual
material handling activities must be realised. It will
decrease high costs associated with work-related
musculoskeletal disorders and heat-related illness-
es such as absenteeism, heatstroke, heat exhaustion,
heat cramps, heat syncope, heat rash, rhabdomy-
olysis, lost productivity, and increased health care,
disability, and worker's compensation costs. The
developed approach can help the managers to evl-
uate lot sizes depending on the vertical height of
the movement from the floor (%,4,) in the case of
the picking and storing motions which help to pre-
vent the ergonomic risk. Our model can also help
the managers with the decision-making in the work-
rest time schedule. The results of this study have
demonstrated the viability of the lot sizing model
optimisation with multiple objectives and complex
constraints with regard to the metabolic cost and
heat strain. Using the above-mentioned aspects, it
has also accommodated the social and economic
sustainability in the production line supply.

When it comes to further research direction, it
can be said that the investigation of the extension
possibilities of the proposed new model with dif-
ferent motions such as pushing and pulling would
be very useful. In this way, the further connected
physical logistics activities would also be exam-
inable and would become integrable into the core
line supplying activities. Another direction can be
the improvement of the model with the rest allow-
ance for light work and an extension of the mod-
el for the moderate, heavy, and very heavy works
that would be a valuable extension of this research.
The basic model can also be improved with the
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extension of the number of simultaneously handled
materials and the extension of the number of the
applied logistics operators to investigate the effects
of the ergonomic aspects on this kind of complex
system.
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ISI STRESI VE ISE BAGLI KAS-ISKELET
BOZUKLUKLARINI ONLEMEK ICIN PARTI
BUYUKLUGU MODELININ GELISTIRILMESI

OZET

Ist stresi ve metabolik maliyetin yonetimi, isle ilgili
herhangi bir rahatsizligi énlemek i¢cin hayati dnem tasr.
Bu makalede, 1siya maruz kalma ve isle ilgili kas-iskelet
bozukluklarini dnlemek i¢in yeni bir siparis boyutlandir-
ma modeli gelistirmek i¢in 1s1 gerilimi ve metabolik
maliyet i¢in dinlenme zamani formiilasyonlar: entegre
edildi. Ist gerinimi ve dinlenme paymn iiretim tedarik
stirecinin toplam maliyeti iizerindeki etkileri aragtirild.
Bu ¢alismada incelenen problem, bir iiretim alanina yer-
lestirilen bir iiretim hattinin malzeme ihtiyacim karsila-
mak i¢in kutulara yerlestirilen hammaddelerin el ile
tasinmasidir. Hammadde deposu ile iiretim hatti arasin-
daki malzeme tasima iglemlerinin gerceklestirilmesi icin
Elektrikli Palet Jack (EPJ) kullanmilacaktir. Calisma, bu
malzemelerin elle tasinmasi i¢in toplama, depolama ve
tasima hareketlerinin arastirilmasini  kapsamaktadir.
Analiz sonucu, ISO 7243 maksimum metabolik is limiti
ile diretim hatti tedarik siirecinin bu boliimiiniin toplam
maliyetine kiyasla 1si1 gerilimi ve dinlenme siiresi kul-
lanilarak %8,5 tasarruf saglandigini gostermistir. Sonug
olarak, analiz sonuc¢lari gelistirilen yontemin metabolik
maliyet ve 1s1 gerilimi ile ilgili olarak ¢oklu hedefler ve
karmagik kisitlamalar ile siparis boyutlandirma modeli
optimizasyonunun uygulanabilirligini géstermigtir.

ANAHTAR KELIMELER

ergonomi, elle malzeme tasima, metabolik maliyet,
is isi stresi; dinlenme zamani.
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