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Preface

Manufacturing can be easily considered the backbone of the European economy
with a total of 2.1 million enterprises employing near 30 millions of people (14.2%
of the total European workforce) and generating EUR 1710 billions of value added
in 2014 (26 % of the European value added).

The competitivity and resilience of the European manufacturing sector strongly
ground on the technical leadership and ability to handle complexity. Manufacturing
is today a complex and highly interconnected value creation process ecosystem
pursuing high-value-added products to compete globally.

Manufacturing is evolving continuously, taking advantage of emergent tech-
nologies and establishing interrelations with many scientific and technological
areas, e.g., computer science, materials research, microelectronics, and biosciences,
moving its scope beyond simple product fabrication.

Italy is one of the main actors in the European manufacturing sector, being the
second largest manufacturing economy in Europe. Moreover, Italy has also a
prominent role as a technology provider for manufacturing, with the machinery and
equipment sector having the largest share of the Italian exported goods in the last
years. Research and innovation also constitute a very relevant area for both Italian
universities and companies, covering different and heterogeneous sectors, ranging
from manufacturing technologies, processes, equipment, systems, as well as
strategical and economical aspects. Italian partners, in fact, reached the second
position in terms of research efforts in European H2020 projects in manufacturing.

AlTeM, the Italian Association of Manufacturing, funded in 1992, is an orga-
nization involving academics, researchers, and industrialists whose main interest is
in manufacturing. Since the foundation, AITeM is the cultural and technological
reference for manufacturing and production systems in Italy, whose aim is pro-
moting research in manufacturing through events, collaborations, research and
industrial projects, as well as disseminating the research and innovation culture to
the general public. AITeM counts today about 300 associates coming from all the
universities in Italy, as well as 30 industrial groups. AITeM is also the largest
network of research laboratories in Italy in the area of manufacturing.

vii



viii Preface

This volume contains a set of selected contributions proposed by young AlTeM
associates and refers to a wide range of scientific and technological areas: additive
manufacturing, advanced and unconventional machining and processes, material
removal processes, foundry and forming, tools and machine tools, assembly/
disassembly, joining materials and material properties, quality metrology and
material testing, manufacturing systems engineering, sustainable manufacturing,
smart manufacturing and cyber-physical systems, education in manufacturing and
human factors, and industrial applications.

This book addresses the multifaceted nature of the research in manufacturing,
capturing, and interconnecting different scientific and technological areas. It also
provides a picture of the vitality of the Italian research community looking toward
the future.

Milan, Italy Tullio Tolio
President of AITEM
Brescia, Italy Elisabetta Ceretti

May 2020 President of the Scientific Committee
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Micro-milling of Selective Laser Melted )
Stainless Steel e

Andrea Abeni, Paola Serena Ginestra, and Aldo Attanasio

Abstract This paper deals with micro mechanical machining process of 17-4 PH
stainless steel samples fabricated by selective laser melting. An analysis of the
material removal behaviour during micro-milling operations for the selection of the
optimal feed rate value was performed on 17-4 PH additive manufactured samples
studying the variation of the specific cutting force as a function of the feed per tooth.
The transition from shearing to ploughing regime was analysed by considering the
variation of the specific cutting forces. The minimum uncut chip thickness was calcu-
lated to identify the transition between the cutting regimes (shearing, ploughing or
their combination) that affects the final product quality in terms of surface integrity
and dimensional accuracy. Moreover, the surface roughness and the burr extension
were analysed as a function of the feed rate.

Keywords Selective laser melting - Micro machining + Minimum uncut chip
thickness

1 Introduction

Differently from conventional machining processes, Additive Manufacturing (AM)
processes produce parts with complex shape by material addition. Depending on the
material charging method, the AM techniques of metals can be classified in: powder
bed fusion, direct energy deposition and wire fed systems. Selective Laser Melting
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(SLM) is the most promising powder bed fusion process where a product is obtained
by the selective melting of metal powders by a laser source. SLM allows the fabri-
cation of products characterized by high structural integrity. On the other hand, the
surface finish is inadequate and with high variability that in some cases can affect the
technical properties and compromise the required tolerances [1]. The final properties
of SLM metals are still under study due to the presence of uncontrolled porosities,
defects and poor surface finishing states [2]. The poor surface quality of the SLM
components resulting from a high surface roughness is mostly due to the partially
melted powder on the outer surface of the manufactured parts collected during the
building process [3]. Post processing is therefore needed for an improvement of the
surface finishing and mechanical properties of the final parts.

Among the traditional processes used to achieve high precision on 3D components,
micro milling is one of the most convenient micro manufacturing processes in terms
of volume and cost ratio [4, 5]. Micro milling can be utilized to mechanically remove
materials using micro tools to obtain complex micro-size features on a wide variety
of engineering materials. However, the efficiency of micro milling introduces critical
issues due to the miniaturization of parts and tools that requires a deep understanding
and optimization of the process. Micro machining operations are characterized by a
chip thickness comparable in size to the cutting edge radius of the mill. The increases
in cutting energy and forces as the undeformed chip thickness decrease is one of the
most significant size effects of micro milling. In particular, when the uncut chip
thickness is lower than a minimum value (i.e. minimum uncut chip thickness), the
cutting process is characterized by an elasto-plastic deformation of the material
known as ploughing. This cutting regime is does not correspond to a correct chip
formation. Thus, the Minimum Uncut Chip Thickness (MUCT) has been identified
as the undeformed chip thickness at which the transition from ploughing to shearing
occurs causing a significant variation of the normalized cutting energy and forces [6].
In order to increase productivity and improve the machined part quality during micro
milling, the ploughing mechanism has to be understood. Moreover, the ploughing
process has a direct impact on the final surface roughness of the treated material
influencing the achievable accuracy of the finished AM components. Furthermore,
the analysis of the dominant deformation regime during micro milling operations
involves the cutting force measurement. The effects of the tool run-out must be
considered to quantify the loads imbalance on the tool flutes during the process [7].

The objective of this paper is to study the material removal behaviour of 17-4
PH stainless steel parts produced by SLM and post processed by micro milling. The
proposed analysis is based on the realization of microchannels with 800 pm width
by using coated tungsten carbide micro end mills on SLM steel samples. The cutting
force was acquired at a high sampling rate in order to avoid any aliasing effects. In
particular, the cutting force has been analysed as a function of the feed per tooth
in order to identify the occurring transition from ploughing to shearing. A proper
analytical model to take into account the tool run-out effects while calculating the
specific cutting forces was applied.
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Moreover, the roughness (Ra) and the burrs dimension of the microchannel were
analysed to relate the surface finishing to the material deformation mechanism during
the process.

2 Experimental Procedure

In this section, the production and machining operations of the SLM 17-4 PH stainless
steel samples are reported. The manufacturing parameters and the experimental plan
followed for the micro milling tests are defined and the model used for the evaluation
of the specific cutting force in presence of the tool run out is described.

2.1 Sample Production

The SLM samples were produced using the laser based powder bed fusion machine
ProX 100 (3D System). The geometry of the samples was designed to allow the
positioning of the samples on the load cell Kistler© 9317C. The samples were printed
as squares with a side equal to 25 mm and a thickness equal to 5 mm with four holes
with a diameter of 4.20 mm on the corners of the squares.

The chemical composition of the 17-4 PH stainless steel powder used as printing
material is reported in Table 1.

The absence of impurities is necessary to avoid negative effects of embrittlement.
Therefore, the laser process is carried out in a Nitrogen atmosphere with a controlled
O, content less than 0.1 vol.%. The optimized parameters for the SLM of 17-4 PH
steel of the process are reported in Table 2.

The as built samples were subjected directly to the micromachining tests without
heat treatment.

Table 1 Chemical composition of 17-4 PH stainless steel powder
17-4 PH C Cr Ni Cu Mn Mo Nb Si
Wt (%) <0.07 16.71 4.09 4.18 0.8 0.19 0.23 0.53

Table 2 Process parameters Process parameter Value
used in the SLM process P
Laser power (W) 50
Spot diameter (jum) 80
Scan speed (mm/s) 300
Hatch spacing (pum) 50
Layer thickness (jum) 30
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2.2 Micro-milling Tests

The machining tests were carried out fabricating twenty channels by using a constant
cutting speed and twenty different feed per tooth (f,) values. Once the cutting forces
were acquired and normalized, the ploughing-shearing transition was determined
through the MUCT quantification. Moreover, the roughness and the burrs were
measured and the data were evaluated as a function of the parameter f,.

The cutting tests were performed on a five axis Nano Precision Machining Centre
KERN Pyramid Nano equipped with a Heidenhain iTCN 530 numeric control.
The loads generated by the interaction between tool and workpiece were measured
through a force acquisition system, as reported in [8]. The precision of the load
cell, the bandwidth and the sampling rate of the measurement system are adequate
for capturing forces in micro milling [9]. The samples were constrained to the load
cell through four bolts. The load cell was blocked to the machine work table. The
experimental procedure consisted in two different milling operations: (i) a roughing
to prepare a planar surface on the workpiece and (ii) micro slot machining, executed
varying the fz at each test. The force acquisition was performed during the micro slot
machining. The roughing was performed through four identical consecutive passes
with a depth of cut of 100 wm for each step. A four-flutes flat-bottom mill with a
nominal diameter of 6 mm was employed to prepare the samples setting a cutting
speed equal to 40 m/min and a feed per tooth of 10 wm/tooth. The microchannels
were produced using a coated two flutes micro mill with a nominal diameter of
0.8 mm. The actual tool geometry was acquired using a confocal microscope (Hirox
RH 2000). Further tool information are reported in Table 3.

The tests were designed with the purpose of identifying the MUCT as a function
of the feed per tooth. On each side of the 17-4 PH stainless steel workpiece, five
cuts were performed moving the tool from the outer to the centre at a constant depth
(ap) of 200 pm. A cutting speed (v.) of 40 m/min was kept constant for each cut.
An actual tool diameter of 789 wm was measured by means of the BLUM laser
measuring system mounted on the CNC machine.

Figure 1 illustrates the machining pattern and the load cell reference systems that
was aligned to the KERN machine tool. Twenty micro channels were machined by

Table 3 Process parameters

used in the micromilling Properties Value
process Nominal (jum) 800
Effective diameter (um) 789 +2
Nominal cutting edge radius (j.m) 5
Effective cutting edge radius (jum) 6.3
Helix angle (°) 20
Rake angle (°) 4
Material Tungsten carbide
Material coating Titanium nitride
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Fig. 1 Micro-slot pattern ‘Y
with the related reference
Systems 1514131211
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using twenty feed per tooth values ranging between 10 and 0.5 pm. The tool wear has
been measured with a digital optical microscope and resulted negligible. Between
two consecutive tests the tool has been properly cleaned to remove any stick material
as confirmed by the optical microscope observations.

The force acquisition system allows to measure the cutting load component along
each direction. The single components were subsequently composed to calculate the
cutting force (F'.) through Eq. (1) directly in LabVIEW, the integrated development
environment for the National Instruments graphic programming code.

Fe =\ (Fo)? + (Fy)? + (F)? ()

LabVIEW code was integrated by a Butterworth 20th order low-pass filter with
a cut-off frequency of 1000 Hz. The tooth pass frequency corresponding to cutting
speed and the tool can be calculated by Eq. (2).

n
Jre = 60 ¢ 2
Considering the number of tool flutes (z = 2) and the spindle speed (n =
15,923 rpm), the tooth pass frequency is equal to 530 Hz and consequently it is
lower than the cut-off frequency. The signal was filtered in order to identify the
cutting force maximum peak on the flutes for each rotation. As shown in Fig. 2, the
maximum peaks of the signal were not substantially altered.

2.3 Evaluation of the Normalized Specific Force Fc

The experiments allowed to investigate the regime transition as a function of the
process f,. The cutting force can not be directly used in this analysis and it must
be normalized regarding the chip cross-section (S). Equation (3) shows the relation
between chip section and feed per tooth:
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Fig. 2 Comparison between Cutting Force
the original cutting force and
the filtered cutting force

Cutting Force [N]
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Time [s]

Filtered Cutting Force

5 20
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where a, is the axial depth of cut while the chip thickness / can be calculated by
Eq. (4)

h = f, = sin(wt) (@)

In particular, the maximum cross section (wt = 7/2) is expressed by the product
between the axial depth of cut (a,) and the feed per tooth (fz). The decrease of
Jfz between two consecutive test determines a section (S) reduction which has a
considerable effect on the cutting force value. To highlight the dependence of the
cutting force in relation to the deformation mechanism, a specific cutting force must

be calculated by Eq. (5):

F
Fop= — )

where Fc is the cutting force results from the combination of all the force compo-
nents including the cutting edge component. The specific force allows to identify the
MUCT. During ploughing regime, the workpiece material elasto-plastic deformation
determines a load increment. The phenomenon is enhanced by the accumulation of
uncut material against the cutting edge. When shearing regime is prevalent, the correct
chip formation causes the specific loads decrease. A direct correlation between the
regime transition and the specific cutting force must be identified without neglect
the tool run-out effects. The tool run-out causes a difference between the effective
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chip thicknesses on each flute, determining an unbalanced load condition on the
flutes. Considering two flutes, the maximum chip thickness for one flute (/4,,,4,) Will
be greater than the thickness for the other flute (/1p,,,). The asymmetric condition
causes two cutting force peaks (Fcmax,; Femaxg) which should be normalized by
considering the effective thickness (see Fig. 2). Several tool run-out models should be
utilized [8, 10, 11]. The simplest approach is based on the hypothesis of a direct rela-
tion between chip section and force peak. Equation (6) was implemented to calculate
the effective chip thickness for tool flute A:

2xFemaxy

hmax: *7 hmaxzzz_hmax 6
A Fcmaxg + Fcmaxy fo hs f: A ©)

where £emaxstFemaxs ¢ the average force peaks between edge A and edge B (Fcgy).

Supposing that the average undeformed chip thickness is equal to f,, Eq. (6) derived
from the proportion 4 g4y : Fcmaxy = Feg, @ f;. The signal of the Fc was consid-
ered in order to select a uniform portion corresponding to thirty tool rotations. For
each spindle rotation the effective chip thickness /4 4,,,, Was calculated and subse-
quently an average value was obtained. The average value was finally utilized for the
force normalization.

2.4 Roughness and Burrs Evaluation

The roughness was evaluated by means of a Mitutoyo SJ300 profilometer witha2 pm
tip. The width (Wp) and height (Hp) of each burr were measured for each inner and
outer channel side. The burrs width was measured by using a Mitutoyo QuickScope
optical coordinate measuring machine, while the burrs height was measured by using
a Hirox RH-2000 optical microscope (Fig. 3).

The width and the height were combined supposing the absence of curvatures
of the burrs to obtain a unique value of the length (Lp) of the burrs on each side

Fig. 3 Schematic
representation of the : o
geometry of the burrs w

Inner side Outer side
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according to Eq. (7):

Ly =/ (Wp)* + (Hp)* (7)

The collected data were reported as function of the feed per tooth in order to
evaluate the dependence of roughness and burrs in relation to the feed rate.

3 Results and Discussion

In this section, the results related to the evaluation of the transition regime of defor-
mation are reported. Tables 4 and 5 reports the values of the average specific cutting
forces (F'c,) calculated considering both the actual depth of cut (a,.) and the force
peaks (Fcmaxy, Femaxp).

Figure 4 shows the measured cutting force peaks for each flute. The difference
between the force peaks can be related to the tool run-out. It is possible to observe
that when the feed per tooth is higher than 2 pwm, the tool run-out influence slightly
increases as the feed per tooth decreases. In fact, it is evident that the difference
between the force peak of the flute A and the force peak of the flute B increases as
the feed rate decreases. When the feed per tooth is equal or lower than 2 pm, the
difference between the cutting force peaks strongly increases as the feed per tooth
decreases. This behaviour can be related to a ploughing condition involving flute B
that causes an increment of the undeformed depth of cut for flute A. Consequently, the
normalization performed on the resulting cutting force values allowed to investigate
the cutting regime of the AM material by making the tool run out effects negligible.

Observing Fig. 5, the specific cutting force is not constant thorough the tests due
to the presence of different deformation mechanisms. It shows an increase of the

Table 4 Results of the micromilling tests performed at different feed per tooth values ranging
between 5.5 and 10 wm/tooth * rev

n f, (Lm/t) apeff (LM) Fcmaxa (N) Fcmaxg (N) Fc, (N/mmz)
1 10 205.4 18.7 14.1 8016.0
2 9.5 205.7 14.0 9.9 6127.6
3 9 201.3 13.2 9.1 6177.5
4 8.5 203.1 15.1 10.0 7266.7
5 8 203.3 10.4 8.6 5887.3
6 7.5 199.9 12.5 4.2 5595.4
7 7 198.1 11.0 1.9 4684.5
8 6.5 198.3 11.1 2.4 5251.8
9 6 200.7 11.4 2.5 5840.3
10 5.5 203.4 13.0 4.5 7857.1
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Table 5 Results of the micromilling tests performed at different feed per tooth values ranging
between 0.5 and 5 pm/tooth * rev

n f, (pm/t) apefr (LM) Fcmaxp (N) Fcemaxg (N) Fe, (N/mm?2)
11 5 200.5 12.2 4.1 8175.1
12 4.5 199.3 10.5 3.6 7960.0
13 4 198.9 11.7 2.5 9007.8
14 3.5 199.1 11.0 2.1 9515.1
15 3 198.7 10.9 2.1 10,994.4
16 2.5 209.8 10.6 1.6 11,766.8
17 2 206.3 15.2 3.1 22,277.7
18 1.5 200.8 15.6 43 33,253.7
19 1 205.8 17.3 3.0 49,514.9
20 0.5 202.6 17.8 1.9 97,726.5

Maximum Cutting Force

20 —e—Femax A _____

18 —q A&—Fcmax B

16

14 g
2 = i kk/\
3 10
g

6

4 & —— A

a 3 & A A
2 'y Ak &
0
0 2 4 6 8 10

Feed per tooth [pm]

Fig. 4 The maximum cutting force value for each flute versus feed per tooth

normalized cutting force when the feed per tooth decreases from 2.5 to 2 pm/tooth.
This trend allows to set the MUCT value to 2.5 wm/tooth. Considering the deforma-
tion mechanisms, region I corresponds to a ploughing dominated regime extended
to a feed per tooth value of 2.5 pm/tooth according to literature [6], which identifies
the MUCT value as the 20-40% of the cutting edge radius. The identified MUCT
value is also in accordance with the behaviour observed in Fig. 4. On the other hand,
region Il is related to the shearing deformation regime characterized by an indepen-
dence of the specific cutting forces from the feed per tooth values, as visible from the
reported magnification of the specific cutting force. The region II can be identified
as a transition zone between the two dominant deformations mechanism where the
ploughing effects are progressively increasing as the feed per tooth decreases.

The roughness of the as built SLM parts was measured on three replica of the same
samples and resulted in 12.85 £ 0.18 pm. The micro machining tests significantly
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Specific cutting force
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Fig. 5 Specific cutting forces versus feed per tooth

improved the surface quality as required by standard mechanical application. The
effects of the occurring of the ploughing regime are visible on the evaluation of the
roughness trend reported in Fig. 6.

As shown, high average roughness values are also related to the higher sensitivity
to run out of the kinematic roughness at lower values of f,. Moreover, the increased
variability of the results is probably due to the incorrect chip formation mechanism
during ploughing that is responsible of uncontrollable irregularities and accumulation
of material thought the flute path. On the other hand, when the shearing regime is
dominant, the mean roughness values depend on the feed per tooth values according
to the typical trend of cutting tests. Moreover, the reduced variability of the data
demonstrates the transition to a more regular deformation mechanism.

The burr length was considered to evaluate the influence of the ploughing regime
on the feature quality (Fig. 7).

Fig. 6 Average roughness Roughness
versus feed per tooth 2.5
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Fig. 7 Burr length on the inner side (a) and burr length on the outer side (b) versus feed per tooth

As expected, the length of the burrs on the outer side is higher compared to the
length on the inner side.

The burr length on the inner side of the channels is strongly influenced by the
occurring of the ploughing regime as highlighted from an increase of the average
values. As the shearing regime is dominant, the length of the burrs begins to be
dependent on the feed rate as visible from the trend of the data. On the other hand,
the burr length on the outer side is more variable probably due to the instability of
the ploughing regime and the presence of compressed AM material.

4 Conclusion

In this paper, the material removal behaviour of additive manufactured stainless steel
was analysed. The specific cutting force resulting from the production of microchan-
nels on SLM samples was evaluated as a function of the feed per tooth to identify the
transition of the material from ploughing to shearing deformation regime. Moreover,
the roughness and the burrs dimension of the machined workpiece were measured to
investigate the effects of the deformation mechanism on the surface final finishing.
From the results it is possible to notice a ploughing dominated regime at low feed
per tooth values followed by a transition to a shearing dominated regime at higher
feed rates. In particular, the specific cutting forces related to the ploughing regime
resulted ten times higher than the forces calculated when shearing regime is present.
As expected, at the highest feed per tooth values the specific cutting force was found
to be independent on the feed rate value. The results showed a behaviour transition of
the material at the 30-35% of the effective tool edge radius. Thus, the study allowed
to identify an optimal feed per tooth range related to reduced cutting forces with the
aim of minimize the tool damage probability and consequently the tool wear rates.
Furthermore, the highest values of roughness were measured on the surface of the
channels machined at low feed rates. The variability of the data showed a progressive
decrease corresponding to a more dominant shearing regime. The dimension of the
burrs calculated both on the inner and outer channel sides resulted higher at low
feed per tooth values. Therefore, a high value of the feed rate is recommended to
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reduce the extension of the burrs and assure a correct mechanical coupling between
the micro-sizes components.

A further development of this research will be based on the comparison between

the additive manufactured and the conventionally produced components under
machining operations.
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Integrating Machine Scheduling )
and Transportation Resource Allocation e
in a Job Shop: A Simulation Approach

Erica Pastore and Arianna Alfieri

Abstract In scheduling problems with fixed routing, usually the transportation of
jobs among the machines is not considered (i.e., the transportation time between
two stages is negligible, and the number of transportation resources is unlimited).
However, in real contexts, this assumption can be unrealistic, especially when human
supervision is needed for transportation, and hence not considering transportation
can lead to low quality scheduling solutions. This paper considers a job shop in which
transportation resources are limited and free to move among all the machines (no
fixed routes). The aim is the integration of machine scheduling and transportation
resource allocation, i.e., to decide for each machine the job sequence, and for each
free transportation resource the routing. Due to the complexity of the problem, a
Discrete Event Simulation approach is used to compare different scheduling and
transportation resource allocation policies through scenario analysis.

Keywords Job shop - Machine scheduling - Transportation resource allocation -
Discrete event simulation

1 Introduction

In manufacturing systems, different layouts are used to organize machines. Among
them, the job shop allows to achieve the maximum flexibility in the production
process. The job shop can handle a varying mix of products (that can be the result
of the increasing variability in customer orders) to be produced in small batches and
with different production cycles. Every product manufactured in a job shop has its
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own operation sequence and, therefore, its own routing in the system. Moreover, since
transports between machines are hardly automatized in the job shop, the position of
the machines on the shop floor is chosen to limit the time wasted to move a batch
from an operation to the following one. However, due to the variety of production
cycles, many products might have to travel through the entire shop floor to fulfil all
the required operations. For this reason, the job transportation between machines is
a critical issue in the job shop management.

Although the relevance of the transportation issue, few research works have
addressed the job shop scheduling with transportation resources, with respect to the
amount of job shop scheduling literature in which transportation has been neglected
(the standard assumption is that number of transportation resources is unlimited and
the transportation time is negligible).

Even without transportation resources, the job shop scheduling problem is a very
complex optimization problem and it belongs to the class of non-deterministic poly-
nomial time (NP hard) problems [1]. Due to this reason, many of the approaches
proposed in the literature are heuristic, as exact approaches (e.g., branch and bound
or dynamic programming) can solve only small-scale problems. Just to cite few, not
exhaustive, examples, the most common algorithms are genetic algorithms [2, 3],
tabu search [4], and particle swarm [5, 6].

When transportation is included, the complexity of the scheduling problem
increases, as the complete problem can be seen as the integration of two sub-
problems: a classical job shop scheduling problem and a vehicle routing problem. As
previously mentioned, fewer papers have addressed it [7]. To illustrate some example,
the flexible job shop scheduling problem in a cellular manufacturing environment
has been considered in [8], including intercellular transportation times but omitting
empty transportation times (i.e., the time the available transportation resource takes
to arrive to the machine where there is a job needing to be moved). Also, the problem
of simultaneous scheduling machines and AGVs in a flexible manufacturing system
has been addressed in [9]. The automated guided vehicles do not have to return to
the load/unload station after each delivery, and the problem is solved by an itera-
tive procedure in which admissible time windows for the trip are constructed by
solving the machine scheduling problem, which generates the completion times of
each operation with a heuristic procedure. The flexible job shop scheduling problem
with transportation constraints has been addressed in [10], where a set of identical
transportation resources and empty transportation are considered, and a tabu search
procedure is proposed for its solution. The classical job shop scheduling problem
with transportation resources able to carry more than one task at a time has also been
studied in [11].

From the examples discussed above, it clearly emerges that most of the literature
focuses on the flexible job shop, in which each operation is not associated to a fixed
machine but to a set of machines among which one has to be chosen. Although this
problem can be harder to model and to solve than the job shop with fixed association
among operations and machines (especially with exact solution approaches), the
possibility to choose the machine can simplify the problem from the transportation
resource standpoint. Moreover, to the authors’ knowledge, no work focuses on the
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optimal schedule for the transportation resources, rather they are treated as additional
time to be considered (thus, the objective function includes only the completion time).

In this paper, we consider the integrated job shop scheduling problem with trans-
portation resources, in which the job shop is characterized by fixed routing and fixed
association between operations and machines, and the transportation includes the
empty transportation time. Differently from most of the papers in the literature, the
objective function includes penalties for tardy jobs and transportation resource costs,
with the aim of finding the optimal (from the economic standpoint) number of trans-
portation resources, together with the optimal schedule of jobs on machines and on
transporters.

The integrated job shop machine and transportation resource scheduling is
modeled by a mixed-linear programming model. Due to the complexity of the
problem, a simulation-optimization solution approach is proposed, and a case study
from the textile industry is used to test its applicability in a real context.

The reminder of the paper is organized as follows. In Sect. 2 the problem is mathe-
matically represented as a MILP model and its solution complexity is discussed. The
simulation-optimization approach and its application to the case study are presented
in Sect. 3. Section 4 concludes the paper discussing the limitations of the approach
and future research directions.

2 Problem Description

As discussed in the previous section, the integrated job shop scheduling problem with
transportation resources can be seen as a classical job shop, in which job operations
have to be sequenced on machines, with the additional requirement of scheduling the
transportation activities on the transporters. In the considered problem, the additional
request of finding the optimal number of transportation resources is considered.

Specifically, let N be the jobs to process. Each job i has a set X; of consecutive
operations to be performed. To simplify the notation, it is assumed that operation j
of job i is exactly the jth operation of the job in R;. The route of each job in the shop
floor (i.e., the sequence of machines associated to the operations of the job) could
be partially or entirely different from that of the other jobs.

Job i has a release date rd; and a due date dd;. If the job is not completed before
dd;, a tardiness penalty is paid. The processing time p;; of operation j of job i is
known and fixed, and so is the machine k;; on which it has to be processed. Due to the
limited number of transportation resources and to the not negligible transportation
time between machines, for each job, each operation cannot start immediately after
the end of the previous one, but the job has to be transported to the machine associated
to the next operation. When a transporter becomes available, the next job to be
transported must be decided considering both the completion time of jobs at their
machines and the distance between the current position of the available transporter
and the jobs waiting to be moved.
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The objective is to select the appropriate number of transportation resources (also
referred to as transporters, in the following), and to sequence all the jobs on the
machines and on the transportation resources, in order to minimize the total cost of
the tardiness and of the transportation resources.

Using the parameters and the variables summarized in Table 1, the integrated job
shop machine and transportation resource scheduling problem can be modelled as

follows.

N T
min Y cra - TAi + Y grpdi (1)
i—1 =1
s.t. Ci; > rd; + b + diiiz Vi 2)
Cj = Cig—iy + pjj + dijig+n VL J=2,.... (3)

Table 1 Parameters and decision variables of the mathematical model

Parameters

CTA Unit cost of tardiness

8TR Unit cost of transportation resources

rd; Release date of job i

Dij Processing time of operation j of job i

kij Machine associated to operation j of job i

n; Number of operations of job i

dijir jr Distance (expressed in time units) between machines k;; and k; j/

dd; Due date of job i

T Upper bound on the number of transportation resources

M Large positive number (the so-called big-M)

Decision variables

(o7 Completion time of operation j of job i

TC; Total completion time of job i

WTyyije Time at which transporter t is available to transport job i at operation j if it
had previously transported job i’ at operation j’

TA; Tardiness of job i

Biji'y Binary variable equal to 1, if operation j of job i is scheduled before
operation j’ of job i’; 0, otherwise

ot Binary variable equal to 1 if, if operation j of job i is assigned to transporter
t; 0, otherwise

Yiji'j't Binary variable equal to 1, if operation j of job i is assigned to transporter t
before operation j’ of job i’; 0, otherwise

8¢ Binary variable equal to 1 if transporter t is used; O otherwise
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The objective function (1) minimizes the total tardiness penalty and the transporta-
tion resource cost. Constraints (2) state that the first operation of each job cannot be
completed before its release date rd; plus the first operation processing time and the
time needed to move the job to the next machine. Constraints (3) and (4) ensure the
precedence between consecutive operations of the same job. Specifically, constraints
(3) represent the technological precedence while constraints (4) are needed as jobs
are not always transferred to the next operation as soon as they are ready to be trans-
ported, as the transporters could be already busy in other transports. Constraints (5)
and (6) guarantee that at most one part is processed by each machine at the same
time. They are the classical disjunctive constraints and are used to sequence opera-
tions of different jobs requiring the same machine. Constraints (7) and (8) schedule
the transporters and set their availability time. These constraints are only relevant
when operation j of job i and operation j* of job i’ are both assigned to the same
transporter ¢ (i.e., o, = oy j; = 1). Constraints (9) assure that each transport is
performed by a single transporter. Constraints (10) and (11) define the completion
time of the last operation of job i and its tardiness, respectively. Constraints (12)
link the binary variable used to assign each job to a transporter with the one used
to schedule the transports assigned to every transporter. Constraints (13) are used to
assess if a transporter is used. The number of used transportation resources is then
given by ZzT=1 d;. Finally, variable domains are set by constraints (14)—(21).

Due to the huge number of binary values and big-M constraints, the proposed
model is hard to solve with standard approaches or commercial solvers (e.g., ILOG
Cplex). In such a case, two alternatives are usually available: (1) to develop exact ad-
hoc methods, mainly based on decomposition into sub-problems, which, however,
can hardly address very large instances; (2) to use heuristic or meta-heuristic
approaches, which can easily treat very large problems, but without any guarantee
on the solution quality. In both cases, however, it is difficult to address the variability
of processing times and of due dates (i.e., customers’ orders).

To efficiently take the variability into account, in this paper the problem is solved
by a simulation-based optimization procedure, implemented within a commercially
available software. Specifically, Rockwell Arena simulation software is used to
develop a Discrete Event Simulation model to replicate the job shop scheduling with
transportation resources and to evaluate the performance of different scheduling and
transportation policies with a fixed number of transporters; the commercial opti-
mization tool OptQuest is used to vary the number of transporters to find the optimal
one.

This approach is heuristic, as OptQuest adopts heuristic algorithms to solve the
optimization problem, and the machine and transportation scheduling are both based
on “rules” (e.g., maximum priority, minimum distance, etc.). However, it has the
flexibility to easily address very different scenarios and, hence, to find bounds that
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could be further used in optimization approaches. For this reason, various operational
problems are usually evaluated through simulation-optimization using commercially
available softwares [12—14].

As the proposed approach is based on a simulation model, which is case-
dependent, the case study will be presented before the discussion of the simulation-
optimization model.

3 Case Study

As an example of integrated job shop machine and transportation scheduling,
the finishing department of a textile company (that will remain anonymous for
confidentiality reasons) has been considered.

The finishing department is the last phase, and one of the more complex depart-
ments, of the textile production. It includes very different processes made on many
different product types, to assure that every manufacturing process can be properly
completed. More than one thousand different items need to be finished in this depart-
ment. They can be divided in two main families, worsted (used to make coats) and
woollen fabrics (used to produce suits). The pieces of fabrics are often grouped in
small lot sizes due to the large demand variety. Although all the final products are
pieces of fabric, the sequence of the operations varies from item to item. For instance,
at the beginning of the production process, worsted fabrics must be singed, to obtain
an even surface by burning off projecting fibers, while woollen fabrics have to be
carbonized, to remove vegetable fibers from wool in an acidic treatment. Moreover,
within the same operation, a lot of differences can arise, as every piece of fabric can
be washed and fulled in many ways (depending on the final aspect the product must
have), thus resulting in very different processing times.

The fabric production cycles are often very long, as they include both wet and
dry finishing operations, and a lot of transports are necessary to move every batch
from a machine to the next one, especially when operations of the wet and dry
finishing are done alternatively, and this usually takes a long time. The transportation
issue becomes very critical in high demand periods, as the shop floor is almost
100% saturated and buffers are full. Currently, when the machine operator finishes
processing a batch, she has to stop the machine and to transport the fabrics to the
machine where the successive operation has to be done. Therefore, some machines
risk being idle even if there are jobs to work, thus risking inefficiency in the system
(e.g., lower service level). For this reason, the Company is evaluating the possibility
of introducing some new operators to manage the fabric transportation, thus avoiding
that the machine workers stop their processes.

In this context, the proposed simulation-optimization approach has been applied
to quantify the impact of shop floor transportation on the global performance of the
shop floor. Specifically, a simulation-based optimization model has been created to
solve the cost optimization problem modeled in Sect. 2, and, hence, to identify the
optimal number of transportation resources the Company should have.
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3.1 The Simulation-Based Optimization Model

Simulation-based optimization procedures are usually exploited to solve complex
optimization problems. They are traditionally composed of two detached modules
that work iteratively until the optimal solution is found, or a defined stopping condi-
tion is met [15]. The optimization module gives as output a system configuration that
is given as input to the simulator. The system performance of the proposed configu-
ration is evaluated with the simulation, whose performance measures are given back
to the optimization module [16].

In this paper, the simulator (implemented in Arena) evaluates the performance of
different scheduling and transportation policies, given a fixed number of transporters
(and fixed transportation and tardiness costs) as input. Referring to the mathematical
model in Sect. 2, the simulator addresses all the constraints related to the scheduling
and transportation dynamics, i.e., Egs. (2)—-(12). The optimization tool (OptQuest),
instead, let the model vary the number of transportation resources. More generally,
the optimization is used to define the scenarios to evaluate with the simulator, and to
choose the optimal one. The objective function in Eq. (1) is evaluated, and various
values of transportation resources are identified and given as input to the simulator.
Figure 1 summarizes the simulation-optimization iterations, and the information
given as input to the two modules.

The simulation module replicates the operations of the finishing department of
the Company. As more than 1000 items are processed in the finishing department,
to reduce the complexity of the simulation, they are grouped in 12 fabric categories,
each one including items characterized by similar production cycles, and the finishing
processes of these categories have been simulated (i = {1, ..., 12}). For each cate-
gory, the due date distributions have been fitted from historical data (provided by the
Company), and the same holds for the processing times of each operation. For each
category, the set X; of consecutive operations to be performed is given as input, and
all the machines that perform the operations are modelled in the simulation envi-
ronment. The set &; contains from 8 to 20 operations for each fabric category. Each
machine picks a job from its queue and processes it. To assure the minimization of the
tardiness, the machines always pick the job with the closest due date. The machines
process the fabrics in batches, whose size varies according to the specific fabric

Fig. 1 Simulation-based T4;
optimization scheme | l

Simulation Optimization
(Arena) (OptQuest)

[ : |
2.0
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category. When a job finishes to be processed in a machine, it waits for an available
transporter to be delivered to the next operation. When a transporter becomes idle,
it moves to the closest machine with a job waiting to be moved. The total number of
transporters per working shift is given as input from OptQuest.

Using as input the tardiness of the jobs given by the simulator, the optimization
module finds the optimal number of transporters (i.e., the one that minimizes the
objective function), and so on until no new solution is found by the optimization
module.

3.2 Experimental Design

The simulation-optimization experiment has been designed as follows. The simulator,
for each given number of transporters, performs 15 replicates of one year (i.e., the
length of each replicate is 1 year of simulated time). This number of replicates has
been chosen through the two-step method [15], and it leads to a reliable confidence
interval of the throughput of the bottleneck machines (which is a critical performance
measure for the considered production system).

To compute the objective function in (1), the unit cost of transporters and the unit
cost of tardiness are needed (they are given as input to the optimization tool). The cost
of the transporter g7z has been estimated by the Company and it includes, in addition
to the salary, all the training courses constantly done, the medical assurance provided
by the Company, the subsidy for the meal in the canteen, the medical examinations
each worker has to do periodically and their necessary equipment. The estimated
transporter cost is not reported in the paper for confidentiality reasons. The cost of
the tardiness, instead, is more complex to estimate. For some fabrics it is negligible,
for others it might depend on the length of the delay, and sometimes tardiness might
even cause the cancellation of the order and might contribute to the loss of a customer.
For this reason, different levels of cost were considered. Thus, the daily unit cost of
tardiness has been varied from 0 to 1000 €/(pcs * day) with a step of 5. Moreover,
two different speed values have been considered for the transporter movements: 40
and 60 m/min.

3.3 Numerical Results

Figure 2 shows how the optimal number of transporters varies with different values
of tardiness cost and transporter speed. With low speed (40 m/min), one trans-
porter per working shift is the optimal solution if the daily unit tardiness is below
30 €/(pcs * day); two transporters per working shift are needed when the cost of
tardiness increases above 30 €/(pcs * day). In this case, even increasing the tardiness
penalty to unrealistic values, more than two transporters per working shift are never
necessary. This is explained by the high cost of transportation resources together
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with the small reduction in the total tardiness that an additional transporter would
allow to reach. In other words, the saving in tardiness cost does not offset the cost of
additional transporters.

Similar results are obtained for the case of transporters moving with high speed
(60 m/min). In this case, two transporters are needed when the cost of tardiness
is greater than 120 €/(pcs * day). The boundary unit tardiness cost increases with
respect to the previous case because, as the transporters are faster in their movements,
the total tardiness is smaller (being transported in a short time, the jobs will have
a smaller completion time and hence a smaller tardiness, all the rest being equal)
and one more transporter per working shift becomes necessary for larger costs of
tardiness. Also in this case, however, three transporters are never necessary.

As no more than two transporters are required for each value of the tardiness cost,
for readability reasons, Fig. 2 shows only values lower than 200 €/(pcs * day).

The above discussed system behavior can be more deeply analyzed by considering
the low-speed case (as it is the most critical one). As reported in Table 2, with low
speed, Ci, = 40 €/(pcs * day) and two transporters per working shift, 8.87% of the
total fabrics produced in one year are delivered to customers with a delay, whereas
the 9.33% of produced fabrics are late if only one transporter per working shift is
used. With three transporters per working shift, no improvement can be appreciated,
meaning that, when three transporters are available, the transporters are no longer
the bottleneck of the process. Moreover, it appears that transporters can reduce the
number of late jobs but not the average delay. This can be related to the naive priority
rule approach in the management of machine and transporter queues; however, it
gives an indication on the severity of the bottleneck and how it can move from
transporters to machines, depending on the system conditions. This is also confirmed

Table 2 System performance

o Number of Percentage of fabrics | Mean days of delay
with different transporters, transporters with a delay (%)
speed = 40 m/min
0 9.37 13

1 9.33 13
2 8.87 13
3 8.87 13
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by the comparison with the current situation with no transporter: the introduction
of transporters is able to reduce the late jobs but not the average delay. Notice that,
although the variation of the percentage of fabrics with delay is small, the savings of
adding one more transporter can be relevant depending on the total yearly number
of orders. For instance, in the case of 20,000 orders per year, switching from 0 to
1 transporter would decrease the number of fabrics with delay from 1874 to 1866
delayed fabrics. If the cost of tardiness is 40 €/day * pcs, then 4160 €/year are saved.
If the tardiness is a relevant penalty (for instance, 125 €/pcs * day), then moving
to 0—1 transporter would let the Company save 13,000 €/year. The yearly savings
should be considered as part of a trade-off with the cost of hiring one more transporter
and with the target customer service level the Company aims at achieving. The results
for higher speed are similar, and for this reason, they are not reported in the paper.

The results discussed above depend on the numbers of jobs (i.e., of customer
orders) that have to be processed and, since the fabrics produced and sold by the
Company are affected by seasonality, the possibility of hiring a second seasonal
transporter only for the months with larger demand must be evaluated. With larger
demand, the machines are highly saturated, possibly causing some delivery delays.
In this case, having more transportation resources available can assure a continuous
and fast supply of every machine to prevent additional delay. To study this situation,
the mean percentage of fabrics with delay and the mean delays have been considered
separately for each month. The case of transporter speed = 40 m/min is reported in
the following, but similar results hold for the case of higher speed.

As shown in Table 3, the months with larger production volumes correspond
to the months with larger mean days of delay and percentage of delayed fabrics.

Table 3 Monthly system performance measures (speed = 40 m/min)

Month One transporter Two transporters
Mean days of delay | % of entities with a | Mean days of delay | % of entities with a
delay delay

January 12 0.51 12 0.49
February |13 0.67 13 0.63
March 14 0.86 14 0.85
April 14 0.97 14 0.91
May 14 1.13 14 1.01
June 13 0.93 13 0.84
July 13 0.75 13 0.70
August 13 0.70 13 0.68
September | 12 0.58 12 0.58
October 12 0.72 12 0.70
November | 12 0.73 12 0.71
December | 12 0.78 12 0.77
Total 9.33 8.87
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During May, which is the month with the most critical delay (i.e., 1.13% of the
annual produced fabrics are delayed in May), 0.12% of the annual produced fabrics
on average are delivered on time by adding one transporter (i.e., an improvement of
10.5%). However, no improvement in the mean days of delay can be appreciated. The
investment in hiring another transportation resource would be justified only if the
cost of tardiness was very high compared to the cost of the transportation resource.

From the results, it clearly appears that the transportation is not always the bottle-
neck process of the finishing department. By analyzing the utilization of the machines,
some of them can reach 100% utilization, especially in the peak-periods, and this is
the main cause (in the current configuration of the finishing department and for the
number of jobs causing these saturation levels) of the delays in the deliveries. If these
bottlenecks were eliminated, by varying the number or speed of the machines, the
schedule of every operation on each machine would surely change, and this change
would possibly impact on the need for transportation resources of hiring more than
one transporter per working shift.

4 Conclusions

Nowadays, customers demand a large variety of products in very short times, thus
companies need to be flexible to respond as fast as possible to customers’ orders.
Managing thousands of different articles (characterized by different production
cycles) and avoiding delays in product delivery to the customers (maintaining a
high service level) are crucial issues for firms.

When the large variety of final products corresponds to a low production volume
of each of them, to achieve the maximum flexibility, manufacturers usually design the
shop floor as a job shop. However, due to the variety of production cycles, products
travel all around the shop floor to fulfil their operations. As a consequence, managing
together the job shop scheduling and the transportation among machines is a very
relevant and critical issue.

This paper dealt with the integrated job shop machine and transportation resource
scheduling problem in which also the optimal number of transporters to be included
has to be chosen. A mathematical model that includes the job shop scheduling and the
transportation routing was developed. By minimizing the cost of late deliveries (i.e.,
the cost of the total tardiness) and the cost of the transportation resources, the model
optimizes both the scheduling of jobs on machines, the number of transportation
resources needed in the shop floor per working shift, and the scheduling of jobs on
transporters.

The solution procedure for the resulting mathematical model is highly complex
and time consuming, thus a simulation-based optimization procedure was developed.
The simulation module is used to evaluate the performance of naive scheduling
and transportation policies, given a fixed number of transporters. The optimization
module finds the optimal number of transporters, given the unit tardiness cost and the
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unit transportation resource cost. The two modules iterate exchanging the respective
output until no new solution is found.

The simulation-based optimization procedure was tested in a real case study of the
finishing department of a textile company. More than one thousand different prod-
ucts need to be finished in the department, each of them with a specific sequence of
operations, performed in tens of different machines within the shop floor. Currently,
the machine operators move the jobs from one machine to the other, causing ineffi-
ciency and large delays. The model developed in the paper and the simulation-based
optimization solution procedure were used to find the optimal number of transporters
per working shift to be hired by the Company.

The solution procedure was implemented using Rockwell Arena and OptQuest
softwares, and various scenarios of tardiness cost and transporter speed were eval-
uated, whereas the cost of the transporter was considered as fixed. Results showed
that two transporters are enough to minimize the delays related to the transporta-
tion. In fact, when the number of transportation resources is larger than 2, some of
the machines become the bottleneck of the department, which are 100% saturated
independently from the number of transporters in the job shop.

Although the interesting results, which highlight the importance of correctly
and efficiently managing transportation in complex shop floors as job shops, due
to the interaction between transportation and machine utilization, the simulation-
optimization approach developed in the paper is a heuristic approach, and, hence,
give no assurance about the quality of the solution. Future research will address
the development of an exact algorithm able to solve the job shop scheduling with
transportation model, which has been formalized in the paper. Due to the complexity
of the complete model, the exact algorithm should exploit some properties of the
system. For instance, as the problem includes both a job shop scheduling and trans-
portation issues, approaches based on a decomposition of the problem in these two
aspects could be considered. In this case, attention must be paid to the coordination
between the two sub-problems. Possible schemes are Bender [17] or Dantzig-Wolfe
[18] decompositions.
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