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ABSTRACT

This article aims to investigate the impact of allowable human energy expenditure
(HEE) of order pickers on the throughput of workers in manual order zone picking
systems MOP. The method used in this research is the Monte Carlo simulation, used
while considering many human and job factors. The results showed that a worker’s
gender and an item’s weight have little effect on the HEE. On the other hand, body
weight, walking speed, distance travelled, and the targeted zone significantly impacted
the HEE, rest allowance, and throughput. For example, male pickers at a weight of 75
kg can move up to speed to 1 m/s and pick up items weighing up to 5 kg without
reaching the allowable HEE rate, equal to 4.3 kcal/min, and, thus, no rest is needed.
Female pickers at a weight of 75 kg reach the allowable HEE rate, equal to 2.6 kcal/min,
at a very low speed of approximately 0.1 m/s when picking up items up to 5 kg, and,
thus, frequent rest is needed, which leads to low throughput. To increase the
throughput of female pickers, they can be assigned to pick up lighter items. Utilising
Monte Carlo simulation to evaluate the HEE in MOP while considering many factors.
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INTRODUCTION

Warehouses form a vital link in the supply chain,
where all types of products can be temporarily stored
until ordered. Upon receipt of an order, the picking

system is required to retrieve the requested items
from the storage areas manually or automatically. The
main objective of the picking process is to fulfil cus-
tomer orders, which is an expensive, labour-based
process that sometimes consumes around 55 % of the
whole warehouse operations. Thus, efficiently man-
aging this process will lead to shorter times for fulfil-
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ment, less cost, and better customer satisfaction. The
process should be efficiently managed to achieve the
best picking process efficiency. Management of the
picking process includes the selection picker speed
and the corresponding rest, the number of items per
trip, the number of orders per trip, and the picking
strategy selection.

There are different picking strategies. First, the
zone-picking strategy has similar items stored in one
section of the warehouse called a zone, and each
picker is assigned to a zone to pick all ordered items
from that zone. Second, discrete picking applies more
to small warehouses. In this strategy, a picker is
assigned to pick up all items in the same order from
the whole warehouse. Third, batch picking has pick-
ers assigned to pick the same item or a group of items
in their vicinity for many orders. Fourth, wave pick-
ing lets pickers pick up only one item per trip. Lastly,
two or more strategies can be applied together as
a new strategy, such as assigning multiple orders to
a picker in the batch strategy and storing the items in
zones in the zone-picking strategy.

As explained, the picking process is labour-based
and mostly manually performed utilising picking
equipment. The Manual Order-Picking process
(MOP) is a crucial sub-process within warehouses,
logistics, and supply chain processes (Al-Araidah et
al., 2021). Therefore, it is important for the MOP to
be managed efficiently to enhance the system’s per-
formance (Petersen, 2002; Marmidis et al., 2008).
According to Tompkins et al. (2010), the time taken
for a picking trip is divided into five components:
setup, travel, searching, picking, and others, with
percentages of 10 %, 50 %, 20 %, 15 %, and 5 %,
respectively. In addition to time, MOP consumes the
physical energy of the picking workers. It is important
to study the combined effect of time and energy
expenditure on the MOP process and the order picker
to maximise efficiency. Another important term
related to the MOP process is throughput, which is
a key performance indicator of the picking process
and is influenced by the picking workers’ time and
human energy consumption. During the MOP, pick-
ers are using one of the routing policies to move
between the locations. Selecting a suitable policy
plays a significant role in minimising the total dis-
tance travelled. Three of the most common policies
are the strict order, first-come-first-served combined
orders, and zone-picking orders (Petersen & Aase,
2004); the latter is the topic of this research.

The picking consumes pickers” energy, denoted
as human energy expenditure (HEE). Many human

and environmental factors affect the HEE, such as
body mass, speed, item mass, warehouse temperature,
etc. Many studies have investigated the HEE with
respect to other factors, e.g., Ocobock (2016) studied
the effect of temperature on the students’ energy
expenditure in different schools. Similarly, Wester-
terp (2017) studied the effect of body size and food
intake on the HEE and rest requirements during
some physical activities. The effect of obesity on the
HEE has been studied by Pontzer et al. (2016) with
respect to different physical activities. Picking opera-
tions have limited studies. For example, Grosse et al.
(2015) have developed a framework based on a litera-
ture review to discover the opportunities for MOP
improvements.

Different research techniques can be utilised to
study the relationships between time and human
energy consumption with respect to different human
factors. One of these techniques is the Monte Carlo
simulation (MCS). According to Harrison (2010),
American scientists developed and used the MCS
method for the nuclear field during World War II.
This method was then used in various scientific fields,
particularly intractable problems or experiments
which are extremely expensive or time-consuming.
MCS is used to predict output-based different inputs
in uncertain situations by repeating the calculations
many times.

This study investigates the effects of human and
job factors on the well-being of order pickers and on
the throughput of the MOP system. Studying these
factors helps to better understand the MOP problem,
which leads to the improvement of the process per-
formance by increasing the throughput and minimis-
ing the fatigue level. This work considers many
factors, such as the gender of the pickers, their body
weights, picked item weights, and the speed of the
pickers. The study uses metabolic energy expenditure
equations from the literature to estimate the energy
needs for every single task and uses Predetermined
Time Standards System equations (PTSS) to estimate
the time needed to achieve the work. Consequently,
the HEE and throughput are found, and the moment
when the pickers reach the maximum allowable HEE
is determined. Based on this, rest requirements are
determined for both male and female pickers.

As demonstrated in the next section, gaps in this
field of research can be summarised as little consid-
eration given by most studies to factors, such as
environmental, worker body or picked items, to study
the HEE. Additionally, they mainly use a few calcu-
lated scenarios to evaluate the results. This research
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will consider many worker-related factors and picked
items to evaluate the HEE and throughput. Further-
more, MCS will be used to find the results, covering
most of the possible picking-up scenarios.

The remainder of this article is arranged as fol-
lows. Section 2 represents the research related to this
work. Section 3 fully describes the methodology,
including the model used in this research to generate
the results, the warehouse design, calculations of dif-
ferent factors and outputs, and methodology steps.
Section 4 shows and discusses the obtained results.
Finally, the major outcomes from this research are
given in the Conclusions section.

1. LITERATURE REVIEW

A close literature review showed several studies
on the MOP, zone picking, and human energy
expenditure (HEE). The following review concerns
some articles that addressed the subjects separately or
jointly.

Several researchers investigated the impact of
various warehouse design factors on the performance
of the MOP system. Such factors include the ware-
house layout, the routing policy, the picking strategy,
and the storage assignment (Saderova et al., 2020).
Among others, Petersen et al. (2005) evaluated stor-
age assignment strategies in terms of the time and
distance that pickers need to accomplish orders. The
authors studied the effect of the golden zone concept
on time and distance (i.e, in item storage, the golden
zone is the level between a picker’s waist and shoul-
ders). The results showed that the storage assignment
strategies considering the golden zone significantly
improve the time to fulfil the orders compared to
strategies that ignore this concept. However, the use
of the golden zone concept significantly increases the
distance for the picker to travel. The study used the
Monte Carlo simulation method to get these results.
Ho and Liu (2005) studied the impact of converting

a regular warehouse into a zone-picking warehouse
on the total order-picking travel distance (TTD). The
study used a group of algorithms and route planning
to find the TTD improvements after converting into
the zone-picking method. Roodbergen et al. (2008)
developed an optimisation model to minimise the
distance travelled inside a warehouse with the goal of
providing a suitable layout structure; as found, the
layout that resulted from the model was similar to the
layout that resulted from the simulation packages, but

with a better travel distance by utilising the S-shape
routing. Parikh and Meller (2008) studied the prob-
lem of selecting between the batch-picking strategy
and the zone-picking strategy. The authors developed
a cost-estimation model to compare between these
two strategies from the cost viewpoint. The proposed
model considered several factors and their effect on
the cost. The factors included the pick rate, picker
blocking, workload imbalance, and sorting system
requirements. Moreover, the authors presented a case
study to show the effect of system throughput, order
size, and item distribution in orders on selecting the
picking strategy. Elbert and Miiller (2017) studied the
effect of the dimensions scale of warehouses on the
time needed for MOP at a constant speed and body
weight. The authors also considered the curves/turn
manoeuvres in time and energy calculations. The
study concluded that the time and energy costs could
not be positively affected, particularly in small-scale
warehouses.

Several researchers studied human energy for
a wide range of household, personal, and work activi-
ties. An early study by Garg et al. (1978) proposed
a new approach to estimating the metabolic energy
for manual handling of materials. The authors
assumed that each job, regardless of its complexity,
can be divided into a set of simpler tasks. The study
yielded a set of equations to calculate the estimated
metabolic energy. Price (1990) investigated a number
of methods for calculating RA for different types of
jobs. The author developed a model to calculate RA
for construction work, which can be used for other
types of physical work. Since human energy is among
the constraints that may impact the MOP system’s
performance, several authors took the HEE into
account. Battini et al. (2016) developed a multi-
objective model to accommodate ergonomics into
the line balancing problem considering the human
energy expenditure and consumed time. The study
provided a predetermined motion energy system
based on Garg et al. (1978) to predict the human
energy expenditure considered as a level indicator of
ergonomics. The authors validated the results with
numerical examples. Cakit (2016) used an energy
expenditure prediction software to estimate the
energy cost of manual waste collection works. The
software used was built based on the equation by
Garg et al. (1978). The study results showed a minus-
cule difference between energy costs predicted by the
software and estimated by the equations from the lit-
erature. Calzavara et al. (2019a) considered different
store layouts and then developed equations to deter-
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mine the cost of picking and the HEE. Calzavara et al.
(2019b) presented an optimisation model to optimise
the time of working and time of resting for manual
order-picking workers. The model is limited to activi-
ties involving the whole body. In the proposed model,
the authors aimed to improve worker productivity by
better scheduling their work and recovery time.
Moreover, the model considers the rate and duration
of activities in addition to the worker’s physiological
factors affecting fatigue accumulation and recovery
time. Sgarbossa and Vijayakumar (2020) developed
an optimisation model for the RA based on the RA
equation developed by Calzavara et al. (2019a). The
model accounted for the ageing factor of pickers,
tasks, and rest combinations in the picking schedule,
aiming to minimise the workers’ fatigue level, reduc-
ing the total work, and accordingly increasing pro-
ductivity. Al-Araidah et al. (2021) studied a manual
order-picking system in a high-demand rate ware-
house. The study investigated the energy expenditure
rate of female pickers and their fatigue allowance,
considering some affecting factors, such as walking
speed, body weight, and throughput rate.

To the best of the authors’ knowledge, no study
accounted for MOP and HEE zone picking, which is
the research gap that will be investigated in this
research, as explained in detail in the introduction
section. Therefore, this work expands the work by
Al-Araidah et al. (2021) to account for additional
warehouse and human factors and picking scenarios.
The methodology and details of the model are pre-
sented in the next section.

2. RESEARCH METHODS

In this section, the proposed model will be
described beside the description of store layout, rout-
ing and picking. Then, the calculations used in this
research will be presented. At the end of this section,
the methodology steps are summarised.

2.1. MODEL DESCRIPTION

This study utilises Monte Carlo simulation to
generate picking routes and computes associated
HEE and throughput of the picking system. The
model relies on multiple sources of data from the lit-
erature, including HEE equations, predetermined
time standards (PTS), human statistics, and job

standards. The model was coded using Excel spread-
sheets.

For the purpose of this study, a traditional ware-
house design with a predefined layout and pre-fixed
dimensions was created. In this design, all storage
cells were identified by their (x, y, z) coordinates, and
hence, the distances between any two cells could be
calculated. The assumed total number of available
locations inside the warehouse zone is 1620 locations/
cells, and each generated location is reserved for one
item only. Statistics on body weights were obtained
from the National Health Statistical Report (Fryar et
al., 2018).

The Monte Carlo simulation method randomly
generates coordinates of items’ locations inside the
warehouse for a given number of items per order.
Utilising input data and the time and energy equa-
tions from the literature, the model computes the
time and HEE for each movement of each randomly
generated picking tour. Many orders (replicates) are
simulated to obtain the required statistics on through-
put and HEE. For the purpose of this study, the
number of replicates is fixed at 2000 replicates. Com-
puted statistics include the average and standard
deviation of the travel distance, travel time, travel
energy, picking time, and picking energy. Moreover,
time results are accumulated to estimate the number
of orders fulfilled per work shift. Furthermore, results
are manipulated to test the impact of RA on through-
put.

The below sections detail design components and
equations utilised in the proposed model.

2.2. WAREHOUSE DESIGN

Warehouse layout configuration and routing
policy are essential and have a marked effect on order
picking. It affects the duration of the picking tour and
the time needed to achieve the tasks. Accordingly, it
affects the workers’ HEE and throughput. A typical
warehouse design usually starts with identifying the
required area, selecting the suitable racking method,
determining the layout configuration, and finally,
identifying the operating policies (Roodbergen et al.,
2008). Fig. 1 shows the layout configuration of the
warehouse used in this study. The warehouse consists
of four zones, and each zone includes 15 double racks,
as shown in Zone 1. The used layout is compact in
space and assumes less travel (Caron et al., 2000). The
compartments in each rack are given a number to
facilitate the assignment of products to compart-
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Fig. 1. Layout of the warehouse; zones, racks with a sample path of a picking tour and the numbering of cells/compartments

in the first rack

ments. A sample numbering is shown in Zone 2 of
Fig. 1 for the compartments of the first rack. Items are
assumed to be located at the centre of the compart-
ment and close to the opening of the compartment.
Moreover, items are packaged to facilitate one-hand
picking.

2.3. ROUTING AND PICKING

All picking tours are assumed to start from and
end at the pick-up/drop-off station (P/D), which is
assigned a (0, 0, 0) coordinate. The picking tour starts
when the order picker collects the order invoice from
the P/D station. The invoice has n items assumed to
be preordered to expedite picking. The picker travels
to the items’ locations based on the order in the
invoice. To travel from the location of item i to that of
i+1, the picker is assumed to walk in the middle of the
aisle at a constant speed and to choose the shorter
path to the target location. Moreover, the picker is
assumed to use a shopping cart to move the picked
items during the picking tour. The total travel dis-
tance/time is computed as the algebraic sum of the
distances/times between visited locations, including
that from and to the P/D station.

To collect an item from a compartment, the
picker arrives at the position, rotates to face the rack,

searches for the item, performs the pick, rotates back,
stoops to place the item in the cart, and then contin-
ues to the next location. To perform a pick, the picker
is assumed to position oneself at a convenient distance
in front of the compartment. Based on the item’s
height, the picker is assumed to stand to pick items
from upper and middle compartments (z=3 and z=2)
or squat to pick items from lower compartments
(z=1) to facilitate safe reach for the item. Following
this, the picker reaches for, grasps, moves the item
towards their body, reassumes the standing posture
as needed, and then places the picked item in the cart.
By the end of the tour, the picker empties the items
from the cart at the P/D station. The time required to
assume the needed posture (rotate, stand, stoop, or
squat), the time to pick (reach for, grasp, move, and
release) an item, and the time to lower the item into
the cart are estimated using PTS systems, Tompkins
et al. (2010) and Meyers and Stewart (2002). Times
for eye travel and eye fixation are included for locat-
ing the item. It is worth mentioning that the item’s
weight may only impact the time required to move
the item and that gender has no effect on the travel or
the picking times. For convenience, these times are
pre-estimated and are used as fixed inputs in the
model, as shown in Table 1. The total picking time is
computed as the algebraic sum of the time required to
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Tab. 1. PTS picking time calculations

ACTIVITY DESCRIPTION Z=1 =2 z2=3 INr:II;:(CE DROP ITEMS

Turn To face the rack 0.020 0.020 0.020 0.02 0.02
) ) ) ) once for all items

Eye Travel Search for the item 0.010 0.010 0.010 0.01 0.01

Eye fixation Locate the item 0.005|  0.005 0.005|  0.005 0.005

Squat (sit) For safe picking from a lower shelf 0.020

Reach 16 inches Reach for the item 0.011 0.011 0.011 0.011 0.011

Grasp Grasp a large item 0.003|  0.003 0.003|  0.009 0.003

Move 16 inches Move the item toward the body or to 0.011 + 25 % for everv 10 Ib over 5 b

the P/D station ) ° Y
Arise from squat (stand) Stand tall 0.020

Move 16 inches To place the item in the cart 0.011 + 25 % for every 10 Ib
over5 |b
Release Release the item into the cart or at
the P/D station 0.000 0.000 0.000 0.000 0.000
Reach (16, 25.6, 45.3 inches |Reach back toward the body 0011 00158 0.02565
forz=1,2,3)
Turn To align with the cart 0.020 0.020 0.020 0.02 . 0.02
once for all items
Total Item weight <5 |b 0.04
0.142 0.1116 0.1313 0.076| + number of items
x 0.03
5< item weight <15 Ib 0.04
0.1475| 0.1183| 0.140463 + number of items
x 0.04275
15< item weight <25 Ib 0.04
0.153 0.125 0.149625 + number of items
x 0.0455
collect the invoice at the beginning of the tour, the Arm lowering
picking times of items, and the time required to (kcal/lower):
empty the items at the P/D station. The total time of
the picking tour is computed as the algebraic sum of AE=10?(0.093 BW (h.- 0.81) + (4)
+(1.02 L + 0.37 S x L) (hz-h;))
2.4. ENERGY CALCULATIONS
Forward movement of the arm while
To estimate the rate of energy expenditure during standing (kcal/movement):
a picking tour, the tour is decomposed into travel and R
AE=10%(3.75+1.23L) X (5)

picking activities. This study predicts the rate of HEE
for each activity using the following equations from
Garg et al. (1978). Other than standing activities, all
computed HEE must be adjusted by adding an HEE
for standing during the activity to account for hold-
ing the body in position (Garg et al., 1978).

Walking on a flat surface (kcal/min):

E=102(51+2.54 BW x V?) (1)
Standing (kcal/min):
E=0.024 BW ()

Standing in a bent position (kcal/min):

E=0.028 BW (3)

Forward movement of the arm while sitting
(kcal/movement):

AE=102(63+271L) X (6)
Squat lowering
(kcal/lower):
AE =102 (0.511 BW (0.81-h,) + (7)
+0701 L (hs-hy))
Squat lifting (kcal/lift):
AE=102(0.514 BW (0.81-h;) + (2.19L + (8)

+0.62 S x L) (hy-hy))
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Stoop lowering (kcal/lower):

AE =102 (0.268 BW (0.81-h;) + 9)
+0.675 L (ho-hy) + 5.22 S (0.81-h)))

Stoop lifting
(kcal/lift):

AE =102(0.325 BW (0.81-h;) + (10)
+(141 L+0.76 Sx L) (hs - 1))

Where:

E: human energy expenditure per time (kcal/min)
AE: human energy expenditure per task (kcal)
BW: body weight of the worker (kg)

hy: vertical height, in metres, from the floor; the
starting (ending) point for the lift (lower)

hy: vertical height, in metres, from the floor; the
ending (starting) point for the lift (lower),
0.81<h;<h,

L: item’s weight (kg)

S: gender (0 female, 1 male)

V: walking speed of the worker (m/sec)

X: horizontal movement (m)

AE=24x10*"xuXxGxLrxD (11)

Where:

: the coefficient of friction between the cart’s
wheels and the floor

Lr: the total weight of the load (kg), including the
weight of the cart

D: distance (metres)

G: gravitational acceleration (9.8 m/sec?)

To estimate the HEE during the pushing of the
shopping cart to move the picked items, the model
assumes that the handle of the cart is 1.2 metres in
height and that the worker’s arms make a 300 angle
with the horizontal while pushing the cart. For the
purpose of the study, the weight of the cart is assumed
to be 35 kg (Dc Graves, 2023). The energy consumed
to overcome the friction between the wheels of a cart
and a floor can be computed as follows (Garg et al.,
1978):

Pushing (kcal):

AE=24x10*XuxGxLrxD (11)
Where:

p: the coefficient of friction between the cart’s
wheels and the floor

Ly: the total weight of the load (kg), including the
weight of the cart

D: distance (metres)

G: gravitational acceleration (9.8 m/sec?)

The value of i depends on the type of surfaces
in contact. For the purpose of this study, the cart is
assumed to have nylon or polyurethane mounted
on steel wheels and the floor is assumed to be
concrete; y = 0.06 (Al-Eisawi et al., 1999).

Compared to Zone 1 (Fig. 1), the difference in
the HEE for the different zones can be estimated by
the added HEE due to the travel between the P/D
station and the first item while the cart is empty plus
the HEE due to the travel between the last item and
the P/D station while the cart is full. On the other
hand, the HEE required to travel between items and
to pick items is independent of the zone.

Equation 12 estimates the percentage of RA for
pickers in the case that the rate of the HEE for the
job exceeds the allowable HEE rate based on Price
(1990). This study assumes that the allowable rate of
the HEE is 4.3kcal/min for males and 2.6kcal/min
for females (Price, 1990) and that the picker will

spend their rest time standing.

Rest
Allowance:
HEE — HEE
%RA — work allowable
HEEqiiowable ~ HEErelaxation (12)
100 %
Where:

%RA: percentage of the required rest allowance
HEE,.: rate of energy consumption in a certain
job (kcal/min)

HEE iiowabie: allowable rate of energy consumption
(kcal/min)

HEE ciaxation: Tate of energy expenditure during rest
time (kcal/min)

For high values of %RA, the inclusion of RA in
the picking tour may significantly reduce the
throughput of the picker because the total productive
time of the picker will be reduced by an average of
%RA. This is especially true for picking tours with
high travel distances, pickers with high body weights,
pickers walking at high speeds, and for combinations
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of previous factors. Specific findings of this study are
presented in the next section.

2.5. METHODOLOGY STEPS

The next steps were followed by applying the
methodology. First, items with their mass, location,
and availabilities were stored in an Excel file. Second,
datasets were randomly generated, containing the
number of items per order and the locations of items
based on stored data. Third, routings were generated
as described in Section 3.3, and then, the time needed
to complete the route was calculated as described in
Table 1. Fourth, energy consumed by pickers was
calculated as explained in Eq. 1-10. Fifth, this proce-
dure was repeated many times (replicates = 2000);
different measures were reported and evaluated, such
as travel distance, travel time, travel energy, picking
time, and picking energy.

3. RESEARCH RESULTS

In this study, the Monte Carlo simulation was set
to pick 2000 orders of the same number of items from
different locations within Zone 1 (Fig. 1). Replicates
of the simulation were executed to study the impacts
of various warehouse, human, and trip factors on the
rate of the HEE (kcal/min) and the throughput of the
order picker (orders/shift). The work shift was
assumed to be 480 minutes, excluding rest breaks.
Allowable kcal/min were set at 2.6 and 4.3 for females
and males, respectively. Input parameters are shown
in Table 2. Note that body weights were selected to
ensure that HEErelaxation was less than HEEallowa-
ble. The model was run for the two extremes to esti-
mate the range of kcal/min and throughput for the
assumed order-picking system. Extreme one (male
picker, 120 kg body weight, 1.4 m/s, 10 kg items, and
10 items per tour) yielded an average HEE rate of
about 7.48 kcal/min and a throughput of 141 orders
per tour (1412 items). Extreme two (female picker, 45
kg body weight, 0.3 m/s, 0.5 kg item, and 1 item per
tour) yielded an average HEE rate of about 1.89 kcal/
min and a throughput of 187 orders per tour (187
items). The results showed significant differences in
kcal/min and throughput. Moreover, the difference
between the allowable kcal/min and the work kcal/
min should be closely observed when assigning
orders to workers.

Tab. 2. Input parameters

PARAMETER NAME VALUES / RANGE OF VALUES

Gender of a worker 1 for male, O for female

45 to 105 kg for female
45 to 120 kg for male

Worker’s body weight

Walking speed 0.3to 1.4 m/sec

Weight of the item 0.5to 10 kg

1to 10

Number of items per order

Fig. 2 shows the impact of each studied factor on
the HEE rate and the throughput of the picker with-
out RA. Fig. 2a shows the impact of the picker’s gen-
der (F/M) and the walking speed (m/s) on the HEE
rate (kcal/min). No significant effect of gender could
be observed, <0.75 % and the significant impact of
walking speed was highly recognisable. Therefore, the
picker could significantly decrease their HEE rate by
assuming a slower pace. Accordingly, warehouse
management should keep their workers safe and not
encourage rapidity. Since no significant impact of
gender was observed, the rest of the experiments
were performed assuming a male picker. Fig. 2b
illustrates the significant impact of the picker’s body
weight on the HEE rate. It is obvious that body weight
is not totally controllable; even if management
insisted on hiring workers with lower body weights,
they could not guarantee that weight would not build
up over time. The picker is expected to drain their
energy early in the shift when combined with faster
walking speed. Therefore, management may encour-
age workers with higher body weights to assume
a slower pace to avoid negative consequences. Figs. 2c
and 2d show the impact of the number of items and
the item weight on the kcal/min. Combining these
impacts with those of other factors may add up and
make the total kcal/min far above the allowable. In
the traced scenario in Fig. 2¢, e.g., the average kcal/
min for picking one item at a time is about 4.15, less
than the allowable kcal/min, while it equals 4.53,
greater than the allowable kcal/min, for picking ten
items. Moreover, Fig. 2d shows that picking five items
of 0.5 kg each consumes around 4.2 kcal/min com-
pared to about 4.7 kcal/min when the item weight is
10 kg. Fig. 2e shows no significant change in the out-
put when the simulation is repeated. In summary,
Fig. 2 shows that body weight and walking speed have
the most significant impacts on the HEE rate. The
rate is further increased by increasing the number of
items picked per tour and by the increase in the item
weight.
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Fig. 2. Effects of human and picking factors on the HEE (kcal/min) of order pickers with no rest allowance

Fig. 3 shows the impact of the factors that con-
tribute to increasing the tour time, which in turn
impacts the system’s throughput. Fig. 3a shows
a slight decrease in the number of orders fulfilled per
work shift. The slight drop, about four orders per
weight group, in the number of orders is due to the
increase in picking times: 25 % for every 10 lb above
5 Ib of item weight, contributing to a few added sec-
onds per pick. On the other hand, Fig. 3b shows
a significant decrease in the number of orders fulfilled

per work shift due to the added travel time. Although
the number of orders decreases, the total number of
items picked per tour increases as the order size
increases. Therefore, management may consider the
number of picked items instead of the number of
orders fulfilled per work shift as a key performance
indicator to balance work among pickers. Fig. 3c
illustrates the significant impact of the walking speed
of the picker on the number of orders fulfilled per
work shift. Although faster pace means less travel
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Fig. 3. Effects of human and picking factors on the throughput (orders/shift) of the order picking system with no rest allowance

time and more output, it also means higher HEE
rates, as seen in Fig. 2a. This calls for a balance
between the two contradicting goals: to maximise
throughput while keeping the HEE rate below the
allowable.

Mini breaks, Eq. 12, can be introduced to reduce
the kcal/min for a worker. This study assumed that
the worker spends the break standing. Fig. 4 shows
the impacts of introducing the mini-break on the
kcal/min and the throughput of the picker for the
given scenarios. Figs. 4a and 4b illustrate the impact
for a male picker and Figs. 4c and 4d illustrate the
impacts for a female picker. The figures provide the
optimal walking speed for the picker that maximises
their throughput while preserving energy. It can be
clearly seen that walking speed is significantly lower
for female pickers since they have lower allowable
kcal/min. It is worth reminding that the allowable
kcal/min for individuals may vary with age and health

conditions. Therefore, management has to encourage
workers not to force themselves beyond their capa-
bilities to avoid injuries in the short and long term.
By layout symmetry (Fig. 1), the HEE rate and
the throughput of the picker are similar for Zones 1
and 3 and are similar for Zones 2 and 4. Given the
same sequence of items used before, a male picker of
75 kg body weight is walking at 1.0 m/s to pick five
items each of 5 kg per the tour. The results obtained
for picking from Zone 1 yielded an average travel
distance of 85.23 metres, a HEE rate of about 4.43
kcal/min, and a throughput of 196.86 orders/shift. To
estimate the effect of the zone on the HEE rate and
the throughput of the picker, the model was executed
for picking the locations; only the y-coordinate of the
items was adjusted so that all items would be located
in Zone 2. The obtained results yielded an average
travel distance of 145.23 metres, a HEE rate of about
4.47kcal/min, and a throughput of 139.60 orders/
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Fig. 4. Estimate of optimal average walking speed for a given combination of human and picking factors

shift. Although the travelled distance and the
throughput were significantly different between the
two zones, the kcal/min did not change significantly.
This can be explained by the added time, a total of
one minute, due to travel, which in turn prevented
a significant increase in the average HEE rate.

CONCLUSIONS

In this work, the effects of five factors on the
human energy expenditure (HEE) and, consequently,
the throughput of the picker are investigated for male
and female pickers by utilising the Monte Carlo simu-
lation. These factors are the worker’s gender, body
weight, walking speed, item weight, and the number
of items picked per tour.

The results show that with no allowable rest, the
HEE rate can be independent of the picker’s gender
for selected scenarios of low-weight items. Moreover,
increasing the speed of a picker will significantly
increase the HEE for both male and female pickers.

Fixing all other factors, the HEE rate increased
approx. from 2.9 to 5.3 kcal/min for the speed of 0.25
to 1.4 m/s. The male picker’s body weight significantly
affects the HEE, while the number of items and the
weight of items have an insignificant effect on the
male picker’s HEE. To test the robustness of the
Monte Carlo simulation, the output of each run was
recorded, and a consistency was obtained in the
results. Similarly, for the throughput, it is found that
increasing the item’s weight will slightly decrease the
number of orders that are executed during the shift
for male pickers. Additionally, for male pickers,
increasing the number of items per order will signifi-
cantly decrease the number of orders per shift, and
increasing the speed of pickers will significantly
increase the number of orders per shift. To reduce the
HEE and keep it below the allowable rate, mini-breaks
are allowed, and pickers are assumed to spend them
standing. As results show, a speed of around 1.0 m/s
for a given scenario will keep the HEE below the
allowable rate for male pickers. So, considering the
speed greater than this value should be incorporated
with rests, leading to less throughput. The allowable
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HEE rate is notably less for female pickers than the
males’ rate. Thus, rest allowances should be consid-
ered at low picking speeds to avoid injuries. Conse-
quently, the throughput of female pickers will be low
compared with the throughput of male pickers for the
given scenario. Female pickers might be assigned to
pick up lighter items to avoid such low throughputs.

Implications of this research were theoretical,
which is the lack of equations that can be used in the
calculation step. For example, it was found that all
research depended on an equation published in 1978
to calculate the cart pushing energy. The following
limitations of this work can be indicated. First, the
model is limited to the zone-picking type, which
makes the results invalid for other types, such as dis-
crete and batch picking. Second, mass ranges are used
to cover most of the common items, but rare items
can be out of this considered range. Third, some fac-
tors were not considered in this research, although
they can be significant, i.e., the picker’s age.

This work can be extended in the future by apply-
ing the same concept for different store layouts, con-
sidering picking items with different weights in the
same tour and investigating other factors, such as the
picker’s age.
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