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Preface

This Reprint brings together eight peer-reviewed contributions originally published in the

Machines Special Issue “Recent Advances in Smart Design and Manufacturing Technology”.

The collection reflects the rapid evolution of modern manufacturing toward digitally enhanced,

human-aware, and sustainability-oriented production systems. Its scope spans from innovative

approaches in additive and hybrid manufacturing to precision machining, human–machine interaction,

and IoT-driven system optimization.

The aim of this work is to provide researchers, engineers, and practitioners with a concise overview

of current advancements at the intersection of product design, materials processing, ergonomics, and

smart factory paradigms. The contributions demonstrate how emerging technologies, such as 4D

printing, advanced process monitoring, and intelligent scheduling, are reshaping industrial workflows,

enabling more flexible and efficient manufacturing environments.

This Reprint is addressed to academics, industrial R&D professionals, and graduate students

seeking insights into both novel manufacturing techniques and the critical role of human and digital

integration in production. The authors involved represent diverse scientific communities and industrial

perspectives, reinforcing the multidisciplinary nature of today’s manufacturing research.

We would like to acknowledge the valuable work of the authors who trusted this Special Issue for

disseminating their findings, the reviewers for their constructive evaluations, and the editorial team of

Machines for their continuous support throughout the publication process.

As Guest Editors, we hope that this collection will inspire further research, collaboration, and

innovation in the ongoing transformation of design and manufacturing technologies.

Alessandro Greco, Donato Perfetto, and Mario Caterino

Guest Editors
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A 4D-Printed Self-Folding Spatial Mechanism with
Pre-Stressed Response Properties

Wencai Zhang 1 and Duanling Li 1,2,*

1 College of Mechanical and Electrical Engineering, Shaanxi University of Science and Technology,
Xi’an 710021, China

2 School of Automation, Beijing University of Posts and Telecommunications, Beijing 100876, China
* Correspondence: liduanlini@163.com

Abstract: Exploring the transformation of spatial mechanisms from their unfolded to controlled
folding states to meet the requirements of various application scenarios has long been a hot topic
in mechanical structure research. Although conventional spatial mechanisms can be designed to
meet almost any application scenario, the design’s complex and excessive combinations of structural
components, kinematic pairs, and drive units are unavoidable. It introduces many problems, such as
poor reliability, drive complexity, and control difficulties. Based on 4D printing technology, the design
of self-folding spatial mechanisms that use pre-stressed response properties under predetermined
thermal excitation to achieve different shrinkage ratios integrates the control and drive system and the
structural components and kinematic pairs. It brings novel features of self-folding while effectively
avoiding many problems associated with conventional mechanical design. Further, the pre-stressed
response model introduces the self-folding spatial mechanisms’ excitation, morphing, and driving
investigation. Self-folding spatial mechanisms with different shrinkage ratios were prepared via
fused deposition modeling, which verified the theoretical analysis and pre-stress response model
and the design’s correctness and feasibility by experiments. The existing 4D printing technology
lacks a paradigmatic design method in the application field. Contrarily, this work organically
combined the conventional mechanical structure design with materials and fabrication via fused
deposition modeling. A systematic study of self-folding spatial mechanisms from structural design
to morphing control was carried out. This design is expected to introduce a novel paradigm of 4D
printing technology in conventional mechanical design and has considerable application prospects in
spherical radar calibration mechanisms.

Keywords: 4D printing; self-folding; spatial mechanism; pre-stressed; scissor unit; fused deposi-
tion modeling

1. Introduction

Exploring the transformation of spatial mechanisms from their unfolded state to their
controlled folded state to meet the needs of various application scenarios has long been
a hot topic in mechanical structure research. Pinto’s spatial mechanism design with a
scissor unit marked the beginning of subsequent research on constructing a scissor unit-
based spatial mechanism [1–4]. Hoberman improved the conventional scissor units and
proposed angulated scissor units, which were constructed into the most classic Hoberman
sphere and used in architecture [5–8]. The angulated scissor units demonstrate excellent
spatial extensibility and shrinkage ratios in the construction of Hoberman spheres, in
addition to the modularity of the scissor units, simplicity of construction, and low cost.
For these reasons, researchers will maintain a keen interest in such units and mechanisms
over the next few decades, leading to a wide range of applications in aerospace [9,10],
transportation [11], and medicine [12]. Although conventional spatial mechanisms can
be designed to meet almost any application scenario [13,14], the complex and numerous

Machines 2023, 11, 121. https://doi.org/10.3390/machines11010121 https://www.mdpi.com/journal/machines1
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combinations of structural components, kinematic pairs, and drive units in the design are
unavoidable, introducing a slew of problems, such as poor reliability, drive complexity,
and control difficulties [15]. As a result, spatial mechanisms must keep their original
powerful spatial extensibility while remaining structurally simple with reduced control,
drive complexity, and increased reliability. This pressing matter must be addressed.

Four-dimensional printing has rapidly changed machinery engineering as we know it,
allowing for more creativity and freedom in structure design, with numerous advantages
over conventional manufacturing [16–18]. The material distribution and geometric param-
eters are changed by fused deposition modeling to impart pre-stressed response properties
under predetermined thermal excitation and construct self-folding spatial mechanisms
(SFSMs) with different shrinkage ratios [19–21]. Applying this new design, an SFSM inte-
grates the control and drive system as well as the structural components and kinematic
pairs into one and obtains self-folding of spatial volume or shape under predetermined
thermal excitation. It brings a novel feature not available in conventional spatial mecha-
nisms while effectively avoiding many problems associated with conventional mechanical
design [22,23]. This work’s main contributions are listed as follows:

1. An SFSM constructed of angulated scissor rod (ASR) and self-folding rod (SFR) was
designed. The construction method and self-folding motion principle were analyzed,
and the mathematical model of the SFSM in the self-folding motion was derived.

2. The pre-stressed response model of the SFSM was investigated, analyzing the ther-
modynamic properties of the material and identifying the response temperature.
According to the design requirements combined with the material thermodynamic
properties, the morphing patterns of the SFR were coupled. The influence of pre-stress
on the folding morphing of the SFR under predetermined thermal excitation was
explored to meet the requisite driving and folding.

3. Two SFSMs were printed and assembled, and the correctness and feasibility of
the design, pre-stress response model, and theoretical analysis were verified
by experiments.

2. Design of Self-Folding Spatial Mechanism

This section contains three subsections. First, the operational mode and composition
of the SFSM are given. Second, the construction method and self-folding motion principle
of the SFSM are analyzed. Finally, the mathematical model of the SFSM in the self-folding
motion is derived.

2.1. Operational Mode and Composition

An SFSM with pre-stressed response properties under predetermined thermal excita-
tion was designed, and its compositions and operating modes are shown in Figure 1. When
no thermal excitation was applied, the SFSM showed an unfolded state. At this moment,
the volume of space reached its maximum value. When the predetermined thermal excita-
tion was applied, the SFSM gradually self-folded under pre-stress. Eventually, the volume
of space reached its minimum value.

Figure 1. Schematic of the design and operating mode of the SFSM.
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The pre-stressed response properties of the SFSM under predetermined thermal exci-
tation were crucial to realizing the change in the volume of space. For this purpose, the
SFR and ASR that constituted the SFSM were designed, as shown in Figure 2a. The ASR
controlled the construction, shrinkage ratios, and morphing patterns of the SFSM based on
a pre-designed structure and geometric arrangement. The SFR enabled the SFSM to obtain
a self-folding feature based on the pre-stressed response properties under predetermined
thermal excitation. When thermal excitation was applied, the SFR changed from an un-
folded state to a folded state according to the pre-stressed response model and drove the
ASR to fold the SFSM during this process.

Figure 2. Schematic of the construction process of the SFSM: (a) the SFR and the ASR, (b) construct
of the SFRM, (c) construct of the SFSM (left to right by order of appearance).

2.2. Construction Method and Self-Folding Motion Principle

As shown in Figure 3, the self-folding ring module (SFRM) was extracted from the
constructed SFSM, and the ASR and SFR were extracted from the SFRM to establish a
rectangular coordinate system. Point e was the hinge point, and point o was the intersection
of a and d with the b and c lines. Two vertical lines from point e to ob and od were made, and
points h and g were the feet of perpendiculars. Combined with Figure 3, we can prove that:

∵ ∠aeb = ∠ced = α
∵ ∠cea is the common angle

∴ ∠ceb = ∠aeb − ∠aec = ∠ced − ∠cea = ∠aed
∵ ce = ed = ae = eb

∴△ceb and△aed are congruent isosceles triangles
∵ The lines eh and eg are the perpendicular bisector of△ceb and△aed

∴△ceh ∼=△beh ∼=△aeg ∼=△deg
∵ ∠ceh = ∠beh = ∠aeg = ∠deg

∴ 2∠ceh + ∠cea = 2∠aeg + ∠cea = α
∴ ∠ceh + ∠cea + ∠aeg = α

∵ ∠ohe + ∠oge + ∠heg + ∠hog = 2π
∵ ∠ohe = ∠oge = π/2
∴ ∠hog = ∠coa = π − α

3
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Figure 3. Schematic of the rectangular coordinate system of the ASRs and SFRs.

Let m be the number of rod groups (containing 2m SFRs and 2m ASRs) required to
construct the SFRM.

∵ γ = ∠hog = ∠coa = 2π/m

We know that:
α = π − 2π

m
∧ (m = 4k + 4 ∧ k ∈ Z) (1)

Based on the above proof, it is known that the angle γ in a circular segment (such as
angle dob) corresponding to each group of ASRs is always constant, and its value is only
related to m. The value of m also determines the top angle α of the ASR. An SFRM can thus
be constructed using m rod groups.

The construction method is as follows: the ASR is hinged, and the SFR adheres to the
ASR. The serially connected SFRs and ASRs construct the SFRM in the two-dimensional
plane, as shown in Figure 2b. As shown in Figure 2c, the paralleled adhered SFRMs con-
struct the SFSM in three-dimensional space. Table 1 lists the SFRMs and SFSMs constructed
at different values of m.

The previous paragraph detailed the SFSM’s construction method. On this basis, the
principle of self-folding motion was explained. In order to explain this principle, it is
necessary to identify the motion features of the SFSM.

The SFRM motion features are first discussed. The ASR’s relative rotation caused by
the SFR’s self-folding realizes the SFRM’s self-folding. The SFR drives the ASR motion, and
the hypothesis is that the motion is created by face contact between the ASRs extending at
both ends. As a result, the SFR can be thought of as a planar revolving pair.

4
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Table 1. Construction of SFRMs and SFSMs at different values of m.

m Theoretical Shrinkage Ratio
Folded
SFRM

Unfolded
SFRM

Unfolded
SFSM

4 1

 

8 0.71

 

12 0.5

16 0.38

As shown in Figure 4, an SFRM was used with an m value of 12 to cut and expand
into a plane kinetic chain along the line connecting points o and d.

Figure 4. Plane kinetic chain with m value of 12.

Applying the loop connectivity matrix (LCM), we know that:

FLCM =

1 1 0 0 0
0 1 1 0 0
0 0 1 1 0

0 0 0
. . . 1

0 0 0 0 m

(2)

Let F be the degree of freedom. According to Equation (2), we concluded that the
SFRM has a single degree of freedom.

The SFSM motion features are discussed next. The SFSM can be regarded as a three-
dimensional structural combination of SFRMs perpendicular to each other, overlapping
in the center of a circle. Li [24] analyzed similar mechanisms using screw theory and
demonstrated that when the sub-kinetic chain has a single degree of freedom, the spatial
mechanisms composed of the sub-kinetic chain have zero degrees of freedom in the fully
expanded and contracted state and have a single degree of freedom during the motion.
Thus, the SFSM also has similar degrees of freedom. As shown in Figure 5a, the SFR
folds under predetermined thermal excitation, and the folding angle change process is
τ1→τ2→τ3. SFR midpoints b and c move along the line ob, which drives the hinge point e
between the ASR along the line eo movement. As shown in Figure 5b, the above process is
presented as a contraction of serially connected SFRs and ASRs around the center of the
SFRM’s circle under predetermined thermal excitation. As shown in Figure 5c, the above

5
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process is presented as a contraction of mutually perpendicular SFRMs around the center
of the SFSM’s sphere under predetermined thermal excitation.

Figure 5. Schematic of self-folding: (a) SFR and ASR self-folding, (b) SFRM self-folding, (c) SFSM self-folding.

2.3. Mathematical Model

As shown in Figures 3 and 5, let the length of lines ae, ce, be and de be B. The angle fbe
is defined as folding angle τ.

The mathematical model of the SFSM in the self-folding motion was derived:
The length of line bd is:

bd = 2B sin(
β

2
) = 2B sin(

γ + τ

2
) = 2B sin(

π

m
+

τ

2
) (3)

For the triangle bod, according to the law of cosines, we know that:

bd2 = ob2 + od2 − 2ob · od cos γ (4)

In the triangle bod, it is easy to know that ob is equal to od; bringing Equation (4), we
know that:

bd2 = 2ob2(1 − cos
2π

m
) = 4ob2 sin2(

π

m
) (5)

Letting Equation (3) equal Equation (5), we can solve the following:

ob(τ) =
B sin( π

m + τ
2 )

sin( π
m )

(6)

τ = 2arcsin(
ob
B

sin
π

m
)− 2π

m
(7)

When the folding angle reaches a minimum value, the SFSM is folded. Let Rmin be
the minimum circumscribed circle radius. Let τmin be the minimum folding angle. In the
triangle bod, it is easy to know that Rmin is equal to ob and od; bringing Equation (7), we
know that:

τmin = 2arcsin(
Rmin

B
sin

π

m
)− 2π

m
(8)

In the triangle obe, it is easy to know that:

cos∠boe =
Rmin

2
B−1 =

π

m
(9)

6
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Bringing Equation (9) into Equation (8), we know that:

τmin = 2arcsin(sin
2π

m
)− 2π

m
=

2π

m

The length of the line oe is:

oe = oi − ei =
bd
2

cot(
γ

2
)− B cos(

γ

2
+

τ

2
) (10)

Bringing Equation (4) into Equation (10), we can deduce:

oe(τ) = B cot(
π

m
) sin(

π

m
+

τ

2
)− B cos(

π

m
+

τ

2
) (11)

τ = arcsin(oe sin
π

m
B−1) (12)

When the folding angle reaches a maximum value, the SFSM is unfolded. Let Rmax be
the maximum circumscribed circle radius. Let τmax be the maximum folding angle. In the
triangle obe, it is easy to know that Rmax is equal to oe; bringing Equation (12), we know that:

τ = arcsin(Rmax sin
π

m
B−1) (13)

In the triangle obe, it is easy to know that:

sin∠boe =
B

Rmax
=

π

m
(14)

Bringing Equation (14) into Equation (13), we know that:

τmax = 2arcsin(1) = 2π

Its structural shrinkage ratio is:

χ =
Rmin

Rmax
=

ob(τmin)

oe(τmax)
= sin

(
2π

m

)
(15)

From the above proof and calculations, we concluded that the m value not only
controls the construction and shrinkage ratio of the SFSM but also controls the morphing
patterns of the SFSM based on the folding angle τ. As a result, the ASR controls the
construction, morphing, and shrinkage ratio of the SFSM by geometric arrangement based
on a pre-designed number of m rod groups.

Conventional mechanical design methods considering only a single geometric feature
and topology are not feasible for SFSM because of the pre-stressed response properties
of controlling structural transformations under predetermined thermal excitation. This
type of structure’s design is not to be considered only in terms of construction methods
and the principle of self-folding motion. Further research on the pre-stress response
model based on 4D-printed materials and fabrication is needed to enable SFSM to obtain
self-folding features based on the pre-stress response properties under predetermined
thermal excitation.

3. Pre-Stressed Response Model

In this section, we began researching the pre-stressed response model of the SFSM.
The SFR was a component with an integrated motion actuator and driver, which enabled
the SFSM to obtain a self-folding feature based on the pre-stressed response properties
under predetermined thermal excitation.

This section contains three subsections on the pre-stressed response model. First,
the thermodynamic properties of the 4D-printed materials used to make the SFR were

7
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characterized. Second, the morphing patterns of the SFR were coupled by the combination
and design of multi-material prefabricated components according to the self-folding design
requirements of the SFSM and the characterization of material thermodynamic properties.
Finally, in order to achieve the required driving and folding of the spatial mechanisms as
much as possible, research on the folding morphing influences based on the pre-stress was
carried out.

3.1. Characterization of Material Properties

The thermodynamic properties of different materials might be utilized to print
and control the SFR. In addition, this work used predetermined thermal excitation as
a means of self-folding activation. As a result, material property tests were conducted to
characterize the material’s thermodynamic properties and provide a relevant basis for
subsequent research.

We selected four commercial elastomer materials based on thermoplastic polyurethane
(TPU) (Dake, China) and one polymer material, polylactic acid (PLA) (Raise Premium,
China). The dynamic thermodynamic properties of these five materials were analyzed
using a dynamic thermo-mechanical analyzer (DMA-Q800, United States) in selected
tensile mode. The practical test length of the PLA and TPU printed filaments was 10
mm, and the diameter was 1.75 mm. The test loading temperature range was 25 ◦C to
90 ◦C. The accuracy of the temperature loading was ±0.2 ◦C. The temperature rise rate
was controlled at 2 ◦C/min during the test. The dynamic axial stretching rate was 1 Hz.
The dynamic thermo-mechanical analyzer (DMA) test results included the changes in the
storage modulus G and dielectric loss angle Tanδ with temperature T, as shown in Figure 6.
The Ti, Tg, and Th of PLA were 61.96, 68.02, and 73.57 ◦C, respectively. The G values for
PLA corresponding to the three temperatures were 2458.76, 1375.28, and 637.75 MPa. The
subscripts i, g, and h represented the beginning, transition, and end of PLA’s glass transition
phase. Similarly, the DMA test results for TPU showed that the Tg of TPU was below room
temperature, and G values of TPU decreased slowly with the increasing temperature.

Figure 6. DMA test results: Storage modulus and dielectric loss angle of PLA (left) and storage
modulus of TPU (right).

3.2. Coupling of Morphing Patterns

The SFR drove the SFSM to self-fold by bending patterns based on the pre-stressed re-
sponse properties under predetermined thermal excitation. Therefore, this section discusses
how to couple the SFR to produce bending by combining and designing multi-material
prefabricated components according to the design requirements of the SFSM and the
characterization of material thermodynamic properties.

As shown in Figure 7, the SFR was designed and printed utilizing TPU and PLA
material by fused deposition modeling. This structure consisted of six layers, four of which
were continuous and two that were split. The separation layers were designed to control the
deformed part’s width and compensate for the edge bending generated by the PLA layer.

8



Machines 2023, 11, 121

Figure 7. Schematic of the manufacturing process of the SFR.

First, how the SFR obtained the pre-stress response properties under predetermined
thermal excitation was explained. Heating and squeezing the PLA filament during the
printing process caused the polymer chains to stretch and align in the direction of that
path and subsequently generate stress. They were stored in the printed material due to
the constraining effect of the printing platform or previous layer. They were fixed layer by
layer as the printing process cooled. When each PLA layer was removed from the printer
and reheated above its glass transition temperature Tg, the pre-stress stored in the PLA
layer was released and shortened along the printing direction while expanding slightly
along the other two directions.

Second, it was explained how to couple the SFR to produce bending by combining and
designing multi-material prefabricated components in accordance with the SFSM design
requirements and the characterization of material thermodynamic properties. PLA layers
with unidirectional filling patterns exhibit anisotropic morphing behavior, resulting in more
significant anisotropic morphing behavior than multidirectional filling patterns [25,26].
For this reason, all PLA layers in this work were always printed in the same orientation.
However, only single-layer PLA structures were used, which could produce unpredictable
flex-torsion. The DMA test found that the glass transition temperature of TPU was generally
lower than room temperature. The TPU elastic modulus was relatively stable over the Th
temperature range from room temperature to PLA, and it was assumed that it could not
contract; it could only bend and slightly elongate. These properties were used, combining
PLA and TPU in layers to print the SFR, which coupled the unpredictable morphing of PLA
into bending. Although the TPU only played a restricted role in the SFR, its filling patterns
still influenced bending. In order to investigate the influence of TPU filling patterns on
morphing, the separation layer of SFR was removed. TPU filling patterns had a more
noticeable influence on morphing when the separation layer was removed. As shown in
Figure 8, another of our experimental results revealed that when the filling patterns of the
TPU layers were perpendicular to the PLA layers and there was no separation layer, the
structure exhibited the best bending.

3.3. Morphing Influence Based on Pre-Stress

Following the SFR-coupled bending, the influence of pre-stress on the SFR’s folding
under predetermined thermal excitation was investigated in this section to fulfill the
requisite driving and self-folding. The previous discussion showed that storing and
restricting pre-stress in the SFR influences bending. Therefore, if the morphing influence of
the SFR was to be obtained, it was necessary to research the influence of the pre-stressed
restricting capability of the TPU and the pre-stress storage capability of the PLA on the
change in its folding angle τ.

9
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Figure 8. Experiments on the effect of different filling patterns of TPU layer on bending: (a) TPU ma-
terial 90◦ cross alignment, (b) TPU 90◦ side-by-side alignment, (c) TPU material 45◦ cross alignment,
(d) TPU 180◦ side-by-side alignment.

First, the pre-stressed restricting capability of the TPU is discussed. Four SFRs were
printed and experimented with using four TPU materials. These SFRs were printed using
a fused deposition modeling printer (Raise E2, Shanghai, China). Hot water was chosen
as the activation medium for the experiments to ensure a uniform, accurate and fast heat
application on the SFRs [27]. The glass transition temperature Tg of the PLA was selected
from Figure 5, and the printing speed for all materials was set to 30 mm/s. The temperature
setting of the water bath device (LICHEN-HH4, Shanghai, China) was kept constant. All
SFRs used for the experiments were kept in water, and heating was stopped when they no
longer exhibited visual signs of deformation. The printing parameters, structure size, and
experimental parameters are shown in Table 2.

Table 2. Sample structure size and printing and experimental parameters of the SFR.

Structure
Size/[mm]

H C L2 L1 L
1.2 10 10 45 100

Printing
parameters

Layer height (mm) 0.2
Infill amount 100%

Extrusion width (mm) 0.4
Nozzle diameter (mm) 0.4

Printing platform temperature (◦C) 30
PLA printing temperature (◦C) 235
TPU printing temperature (◦C) 200

Experimental
parameters

Activation medium Water
Water bath temperature (◦C) 68

Water bath time (s) ≥180

Through experiments, it was found that TPU materials with higher storage modulus
have highly pre-stressed restricting capability, causing weaker SFR drive and minor varia-
tion in folding angle τ, as shown in Figure 9. According to another experimental result in
the literature [28,29], the lower the percentage of hard polymer segments supporting TPU
materials, the more difficult it was to print them. After considering the printing quality
and material properties, this work chose a single TPU-90A material to print the SFR.

Figure 9. Experiment on the influence of TPU layer pre-stressed restricting capability on the change
in folding angle τ.

Second, the pre-stress storage capability of the PLA is discussed. On the one hand,
adjusting the printing speed caused different stretching of the PLA material during the

10



Machines 2023, 11, 121

extrusion process, resulting in different levels of pre-stress stored in the material. On the
other hand, adjusting the printing platform temperature caused different mobility of the
polymer chains in the PLA, resulting in different fixation times of their macroscopic shapes
and stress relaxation effects. It also caused a difference in the levels of pre-stress stored.

Three experimental groups were established. The first group of 45 SFRs was printed
with the printing platform temperature set to 30 ◦C and the PLA layer printing speed
set to 150 mm/s. The second group of 45 SFRs was printed with the printing platform
temperature set to 30 ◦C and the PLA layer printing speed set to 30 mm/s. The third group
of 45 SFRs was printed with the printing platform temperature set to 70 ◦C and the PLA
layer printing speed set to 150 mm/s. Only the above parameters were changed in the
three experimental groups, and the other parameters were the same as in Table 1.

In each experimental group, five SFRs for each group were heated simultaneously in
a water bath, and another group was heated for increasing intervals of 30 s. At the end
of the time, the SFR was removed from the constant temperature water bath, cooled to
room temperature, and placed on a scanning test bench to capture the surface shape. An
optical 3D scanner (MetraSCAN 3D, Lévis, QC, Canada) was used to measure the folding
angle τ after morphing. The collected data were combined to create corresponding 3D
models for each experimental group to assess the experimental results more accurately and
quantitatively. Figure 10 depicts the entire experimental process.

Figure 10. The 3D optical scanning processes.

The averages of the measured results of the folding angle τ are shown in Figure 11.
The experimental results indicated the following:

1. Printing PLA materials at faster print speeds allowed for more significant stretching of
the polymer chains during extrusion. Therefore, under the condition that the printing
platform temperatures were constant, this approach allowed the SFR to maintain
higher pre-stress, resulting in a broader range of folding angle variations and stronger
drive capability.

2. Printing PLA materials on a lower temperature printing platform could quickly lock
the polymer chains in a stretched state. Therefore, under the condition that the
printing speed parameters were constant, this approach allowed the SFR to maintain
higher pre-stress, resulting in a broader range of folding angle variations and stronger
drive capability.

3. The folding angle of the SFR gradually decreased as the water bath time increased.
Throughout the process, the self-folding was most evident within 2 min. After 3 min,
the SFR samples no longer produced significant self-folding, and their folding angles
remained stable. Therefore, the drive capability of the SFR continuously decreased
with the increased water bath time.
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Figure 11. Experiment on the influence of PLA pre-stress storage capability on the change in folding
angle τ.

4. Manufacture and Experiments

This section consists of two subsections. First, two SFSMs with m values of 4 and 8
were printed and assembled and named S4 and S8, respectively. In this class of mechanisms,
S4 was chosen for its unique characteristics, while S8 was chosen for its universal character-
istics. Second, the feasibility of self-folding of the SFSM was experimentally verified.

4.1. Printing and Assembly of the SFSM

The ASR and SFR were printed using a dual-nozzle fused deposition modeling printer
(Raise E2, Chengdu, China) and assembled into SFSM. The S4 was constructed with 24
ASRs and 24 SFRs. The S8 was constructed with 48 ASRs and 48 SFRs.

The printing process for the ASR is described first because it controlled the construc-
tions, shrinkage ratios, and morphing patterns of the SFSM based on a pre-designed struc-
ture and geometric arrangement. The ASR was printed using a common high-temperature
resistant polycarbonate material (Raise, Premium PC). The ASR’s length B was first deter-
mined. Equation (1) was then used to calculate the top angle α of the ASR based on the
selected value of m. Equations (6) and (11) were used to calculate the theoretical maximum
and minimum radius of the circumscribed circles based on the above two parameters. Be-
cause of the thickness S limitation, these mechanisms did not reach the theoretical shrinkage
ratio. The specific printing parameters for the ASR in this work are shown in Table 3.

Table 3. Manufacturing parameters for the ASR.

Structure Parameters

Number of
groups m Top angle α (o) Side length

B (mm)
Thickness
K (mm)

Width S
(mm)

4
8

90
135 60 3 5

Printing Parameters

Printing
platform

temperature (◦C)

Printing speed
(mm/s)

Layer height
(mm)

Infill
amount

Extrusion
width (mm)

Printing
temperature

(◦C)

110 60 0.2 15% 0.4 235

The printing process for the SFR is described second because it enabled the SFSM to
obtain a self-folding feature based on the pre-stressed response model. According to the
experimental results, printing PLA materials on a lower temperature printing platform
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at faster print speeds allowed the polymer chains to stretch more significantly during
extrusion and lock in the stretched state quickly, which helped to maintain high pre-stress
to ensure that the SFR obtained significant driving and folding. The specific printing
parameters of the SFR in this work are shown in Table 4.

Table 4. Manufacturing parameters for the SFR.

Structure Parameters

Height H (mm) Width C (mm) Separation layer width
L1 (mm)

Separation layer spacing
distance L2 (mm)

Length L
(mm)

1.2 10 45 10 100

Printing parameters

Layer
height
(mm)

Infill
amount

Extrusion
width
(mm)

Nozzle
diame-

ter (mm)

PLA TPU Platform
tempera-
ture (◦C)

Speed
(mm/s)

Temperature
(◦C)

Speed
(mm/s)

Temperature
(◦C)

0.2 100% 0.4 0.4 150 235 30 200 30

4.2. Experiments with the SFSM

The S4 and S8 were assembled. The experimental verification conditions and parame-
ter settings were consistent with previous experiments. The experimental results are shown
in Figure 12.

Figure 12. The self-folding experiment with the SFSM.

As shown in Figure 12a, the volume of S4 reached its maximum before thermal
excitation (T < Tg), and the circumscribed circle radius Rmax was about 100.39 mm. After
thermal excitation (T > Tg), the SFR was self-folding, and the SFRM contracted. At this
moment, the S4′s volume reached its minimum value, and the circumscribed circle radius
Rmin was about 96.47 mm. It should be noted that the actual and theoretical shrinkage ratio
χ of this mechanism was 1 and about 0.96, respectively. The radius of the S4′s circumscribed
circle changed negligibly during the self-folding process. However, after self-folding, its
structure was significantly transformed. The square hexahedron made up of squares was
transformed into an orthoctahedron made up of equilateral triangles.

As shown in Figure 12b, the volume of S8 reached its maximum before thermal
excitation (T < Tg), and the circumscribed circle radius Rmax was about 146.38 mm. After
thermal excitation (T > Tg), the SFR was self-folding, and the SFRM contracted. At this
moment, the S8′s volume reached its minimum value, and the circumscribed circle radius
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Rmin was about 129.13 mm. The actual and theoretical shrinkage ratio χ of this structure
was about 0.71 and 0.88, respectively.

The experimental results demonstrated that the SFSM could realize the self-
folding adjustment of the volume ratio under the predetermined thermal excitation, ver-
ifying the correctness and feasibility of the design and pre-stressed response model and
theoretical analysis.

5. Conclusions

Based on 4D printing technology, SMSFs with different shrinkage ratios were prepared
via fused deposition modeling, and the correctness and feasibility of the design, pre-stress
response model, and theoretical analysis were verified by experiments.

Compared with the existing 4D printing technology, which lacks a paradigmatic de-
sign method in the application field, this work organically combined the conventional
mechanical structure design with materials and fabrication via fused deposition modeling.
A design was proposed based on the mutual integration of structural design and morphing
control. It is expected that this design will introduce a novel paradigm of 4D printing tech-
nology into conventional mechanical design and have considerable application prospects
in the design of spherical radar calibration mechanisms.

The material’s distribution and geometric parameters were changed by fused de-
position modeling to impart its pre-stressed response properties under predetermined
thermal excitation and construct SFSMs with different shrinkage ratios. On the one hand,
the structural components and kinematic pairs are combined into one, which effectively
solves the problems of complex structure and excessive kinematic pairs in conventional
spatial mechanical design. On the other hand, the drive and control system are combined
into one, and the pre-stress response property under thermal excitation brought by 4D
printing is used to replace the complex drive control system in the conventional spatial
mechanical design while also bringing the novel feature of self-folding. This is not found
in the conventional spatial mechanism.

In future work, more external thermal excitation sources (such as electric heating,
optical heating, and magnetic field heating) will be introduced into the SFSM for regulation
and experiment. Additionally, the hinges in the existing structures will be gradually
replaced by smart materials to eventually realize SFSMs without mechanical connections.
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Abstract: Biomechanical overload is considered a significant occupational risk in manufacturing and
a potential cause of musculoskeletal disorders. This research aims to introduce new methodologies
for the quantitative risk evaluation of biomechanical risk by combining surface electromyography
with a motion acquisition system based on inertial measurement units. Due to the lack of exper-
imental data in the literature acquired in a real industrial environment during the working shift,
an on-the-field study regarding an automotive assembly line workstation has been carried out in
collaboration with Fiat Chrysler Automobiles Italy S.p.A. Data related to the trunk flexion forward
and the erector spinae muscle activity have been acquired for several consecutive working cycles by
considering three different workers. Data analyses indicated kinematic and muscular activity patterns
consistent with those expected and that the proposed wearable technologies can be integrated and
used simultaneously during work activities. Furthermore, the results demonstrated data repeatability,
strengthening the feasibility and usefulness of the combined use of kinematic and electromyography
technologies to assess biomechanical overload in production lines. This study could lay the bases for
the future definition of a method for assessing biomechanical overload due to awkward postures.

Keywords: surface electromyography; inertial sensors; biomechanical overload; experimental
data analyses

1. Introduction

Musculoskeletal disorders (MSDs) are the most frequent occupational disorders in the
European Union: they affect workers in all sectors and occupations, and they are the most
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important causes of long-term sickness absences with effects and costs not only on workers
themselves but also on the society as a whole [1]. Several reasons have been identified as
follows, and even if the work-related biomechanical load is not the only causative factor, it
is likely to constitute a significant part of it: posture, repetitive movements, heavy lifting,
awkward postures, exposure to cold temperature and insufficient recovery time, as well as
psychosocial risk factors [2,3]. All those factors must be considered to estimate exposure [4].

The prevention of MSDs, a cornerstone of ergonomics and a challenge in industrial
settings, must be integrated with correctly evaluating and managing biomechanical over-
load. Two risk assessment approaches allow for analysing the amount of discomfort and
postural stress: observational and instrument-based techniques [5,6].

Traditionally, working postures and movements have been assessed using various
observational protocols and checklists, such as the Ovako Working Postures Assessment
System (OWAS) [7,8], the Rapid Upper Limb Assessment (RULA) [9], and the Rapid Entire
Body Assessment (REBA) [10]. In some occupational contexts, e.g., the automotive industry,
specific working methods have been developed, such as the Ergonomic Assessment Work-
sheet (EAWS) [11]. These assessment tools use on-the-job observation or video recordings
to classify the ranges within which each body segment falls, with obvious limitations in
characterising physical exposure: subjectivity, observer bias, low accuracy, long analysis
periods, and the need for highly trained observers. Their internal and external validity has
also been questioned. Many observational tools for biomechanical risk assessment have
been developed; these tools only require a little equipment, other than an evaluation sheet
and pencil, and moderately agree with technical measurements [5,12]. These methods are
also vulnerable to errors: the most significant discrepancies arise in estimating the applied
forces and the posture, and their inter-rater reliability might vary a lot [13].

In the Industry 4.0 era, several research groups have been interested in the application
of new technologies in the field of ergonomics, also through the combination of different
methods to allow for the use of quantitative biomechanical measures, which are more
precise and reliable, and to obtain detailed and accurate values for jobs with varying
tasks of work [13–19]. In recent years, wearable sensors have been used for quantitative
instrumental-based biomechanical risk assessments to prevent work-related musculoskele-
tal disorders (WMSDs) [20]. Surface electromyography (sEMG) is considered an important
and helpful tool for the quantitative evaluation of biomechanical overload and offers the
possibility of obtaining ‘inline’ information, highly relevant from several ergonomic points
of view [21,22]; sEMG is a non-invasive method and, for this reason, it can be used during
the execution of a work task [23]. Several methods evaluate the range of motion during pro-
fessional activities, for instance real-time measurement could be conducted using sensors
attached to the worker’s body. For industrial applications, motion capture systems record
workers’ gestures to assess ergonomic risk and improve working conditions objectively.
Motion capture systems consisting of Inertial Measurement Units (IMU) represent the best
solution for ergonomic applications in a real occupational setting since they do not hinder
working activities and they are not bulky like vision systems, even if data could be less accu-
rate than those ones. Several researchers have introduced IMU devices to measure workers’
body motion [14,17,24,25]. However, the equipment mentioned above suffers from possible
electromagnetic interference, which occurs widely in industrial environments [17].

Acquiring the real working condition data may allow us to evaluate the dynamic pos-
tural aspects of the single worker’s activities, which observational pencil and paper method-
ologies would not provide. This feature can allow us to identify the real contribution to each
occupational task’s biomechanical overload and assess the effectiveness of any preventive
and corrective interventions through pre- and post-measurements. Moreover, a combined
approach throughout assessing muscle activity and a kinematic evaluation could lead to
a comprehensive assessment of the dynamic effects of the workers’ postures/activities.
In the literature, some approaches integrate multiple technologies (sEMG, IMUs, and
videotaping) to objectify the different factors of biomechanical overload [15,16,18]. These
approaches are innovative, and there needs to be evidence of analyses of data collected
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in the manufacturing environment during the normal production processes. An interest-
ing experiment was conducted, in the laboratory, by Poitras et al. [26], who studied the
validity of using wearable sensors at the shoulder joint, combining EMG and IMU sensors.
Although they highlighted the suitability of the combined use of the sensors during a work
task simulation, the authors emphasised the need to validate their use in the workplace, in
real work situations. Merino et al. evaluated the shoulder biomechanical overload in three
workers performing banana processing tasks using inertial sensor motion capture (Xsens)
and EMGs [27]. The methods used in the evaluation provided useful data on the possible
relationship between awkward posture and the occurrence of fatigue and musculoskeletal
disorders. This study also supports the need to obtain on-field data.

This on-the-field study is within the framework of a 2019 PhD project focused on
the role of sEMG in biomechanical overload assessment in the automotive manufacturing
setting. Some data were only preliminarily presented in the 2019 IEA publication [28].
This study aims to illustrate a methodological approach for quantitatively assessing biome-
chanical overload risk based on the combined use of sEMG and an IMU-based wearable
motion capture system for collecting experimental data during work activity in automotive
manufacturing production lines.

2. Materials and Methods

2.1. Setting and Subjects

The study was conducted in collaboration with Fiat Chrysler Automobiles Italy
S.p.A., at the assembly shop of the plant located in Melfi, according to a protocol pre-
viously described [26]. Three male workers were enrolled (mean age 36 ± 12 years (SD);
mean mass 79 (±14) kg (SD); height 173.7 ± 5.1 cm; working seniority 14.7 ± 11.0 years
(SD)). They reported no prior cases of low back pain or surgeries. The research was per-
formed following the ethical standards laid down in the 1964 Declaration of Helsinki and
its later amendments. Ethical approval is not necessary because the workers’ measure-
ments were performed within the mandatory risk assessment process and according to
Italian laws concerning the protection of workers exposed to occupational risks (Italian
Decree no.81/2008).

2.2. Working Activity Description

The following figures show a phase of the activity carried out by a worker on the
right side (Figure 1) and on the left side (Figure 2) of the workstation, where the central
cabinet is assembled inside the cabin using screws, dowels, and cables. The cycle duration
is approximately one minute (58 s). Experimental data have been acquired for about forty
consecutive working cycles per worker. The activity was studied by analysing the Standard
Operating Procedure (SOP) and with the support of the videos recorded by three different
cameras: two cameras are located behind and to the worker’s side, and another one is
located on the worker’s goggles. This last camera is integrated and synchronised with the
motion capture system.

The kinematic and electromyographic analyses focused only on the trunk in this study.
The choice to investigate this region is due to the preliminary observational investigations
of the working task that suggested the lumbar spine district was most overloaded.

2.3. Instrumentation, Procedure, and Data Acquisition
2.3.1. Acquisition and Processing of sEMG Signals

A six-probe electromyography device (FreeEMG, BTS SpA, Milan, Italy) was used
to record the electrical activity of the muscles. Each of them has a 100 dB CMRR instru-
mentation amplifier, a Hamming band-pass filter, a sampling frequency of 1 kHz, an
analog-to-digital conversion system, and a wireless data transfer system (Wi-Fi). Accord-
ing to the recommendations of the Atlas of Muscle Innervation Zones [29], the probes
were placed over the muscles engaged in the research using pre-gelled Ag/AgCl elec-
trodes (H124SG, Kendall ARBO, Donau, Germany). Specifically, electrical activity was
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collected bilaterally from the paravertebral muscles: Erector Spinae Thoracic (EST), Erector
Spinae Lumbar (ESL), and Multifidus (M), of which the landmarks for electromyographic
measurements were identified, positioning the electrodes following the indications of the
innervation zone atlas as given in the literature [29] (Figure 3).

Figure 1. Working activity on the right side of the workstation.

Figure 2. Working activity on the left side of the workstation.
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(a) (b) 

Figure 3. Example of the correct positioning of the electrode for EST assessment (a) and its placement
on the operator’s back (b).

The muscles’ maximum voluntary contractions (MVCs), recorded before the work
activity began, were used to calculate the peak amount of muscle activation that would
serve as a benchmark during the signal processing stage. The patient extended his back for
15 s while lying on the abdomen with all his strength (Figure 4). After a three-minute break
between each trial, each MVCs assignment was repeated three times, and the average value
was calculated [21,30].

 

Figure 4. Isometric contraction test (maximum voluntary contraction) for the Erector Spinal muscles.
The figure shows the prone position of the worker who performed a back extension involving the
whole paravertebral musculature.

An algorithm created in MATLAB software (verses 9.3.0, MathWorks, Natick, MA,
USA) was used to analyse the collected sEMG signals [29]. To lessen motion artefacts
(electrode skin) and other high-frequency noise components, the electromyography signals
were first filtered with an a%th-order Butterworth IIR digital pass filter in the study’s target
frequency range (30–450 Hz). The muscular activity profile was then extracted using an
adaptive sEMG envelope extraction algorithm. [31]. Finally, the sEMG signal envelope was
expressed as a percentage of the MVCs of each muscle and time-normalized from 0 to 100%
of the work cycle. The root mean square (RMS) index was calculated to obtain an overall
index of muscle activity:

RMS =

√√√√ 1
N

N

∑
i=1

|xi|2 (1)

where N is the total number of samples and xi is the i-th sample value.

2.3.2. Body Motion Study

An inertial motion capture wearable system has been used to study the body’s mobility.
The system was created at the Luigi Vanvitelli Engineering Department of the University
of Campania and comprised several micro–Inertial Measurement Units (IMUs) [25]. The
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upper-body configuration in this study required the development of a system made up of
two independent modules. Four IMUs make up each module, placed on the pelvis, boot,
arm, and forearm, respectively (Figure 5). A Raspberry Pi that is powered by a battery
records and pre-processes data.

 
(a) (b) 

Figure 5. Wearable motion capture system, in upper-body configuration: (a) scheme; (b) equipped
by the worker.

The attitude estimation is based on a Kinematic Extended Kalman Filter [25] and
provides both attitude data (in terms of quaternions and Euler angles), per each IMU, and
posture angles trends over time: rigid pelvis rotation; flexion forward, lateral flexion and
torsion of the trunk; elevation, lateral flexion and rotation of the arm; flexion and rotation
of the forearm. The alignment of axes between IMUs and body segments is assured at the
initial time by a software reset with the acquisition of the initial conditions from inertial
sensors. The system’s accuracy was tested and verified during experimental tests in a
laboratory. Posture angles data were compared with those provided by the optical motion
capture system SMART-DX by BTS Engineering®.

To make the estimation less subject to possible electromagnetic interferences, typical
of industrial environments, the on-board Kalman filter was augmented with an adaptive
virtual magnetometer reset when a significant difference in the magnitude of the magnetic
vector was sensed. To match the postures data and the electromyographic data, only the
flexion forward angle of the trunk has been considered in this study.

2.4. Results Analysis Methodology

The analysis of experimental data included the evaluation of the normality of the dis-
tributions and then applying comparison tests between averages/mediums. The Shapiro–
Wilk test was used to evaluate the normality distribution of the data (due to a sample size
of less than 30). In normal distributions, parametric comparison tests (t-test or ANOVA)
were used; for non-normal distributions, non-parametric tests were used (Mann–Whitney
for comparing two distributions, Kruskal–Wallis test for the comparison of more than two
distributions). A p-value of <0.05 was considered statistically significant, and post hoc anal-
yses were performed using a paired t-test with Bonferroni’s corrections when significant
differences were observed in the ANOVA. The statistical analysis was performed using
MATLAB software (verses 9.3.0, MathWorks, Natick, MA, USA).
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3. Results

3.1. Electromyographic Signal Analysis

The raw signals, recorded by each electromyographic electrode placed on the enrolled
workers, were acquired and processed to obtain the sEMG envelope. Figure 6 shows
EMG signals envelopes for the working task at the right and left side of the workstation,
respectively.
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Figure 6. Average values (solid black line) and standard error of the mean (SEM) (light and dark
grey coloured areas, left and right sides muscles, respectively) of the muscle activity of paravertebral
muscles (Erector Spinae Thoracic (EST), Erector Spinae Lumbar (ESL), and Multifidus (M)) from three
workers (W1, W2, and W3) at the left and right workstations, respectively.

Table 1 reported the comparisons between the average values (±SD—standard devia-
tion) of each enrolled worker’s muscle activity (left and right paravertebral complex) while
performing activities on the left and right side of the workstation.

Table 1. The mean values (±SD) of the muscle activity are expressed as a percentage of MVCs.

W1 W2 W3

Trunk Muscle Side Trunk Muscle Side Trunk Muscle Side

Right side of
the

workstation
Left Right Left Right Left Right

EST 6.7 ± 1.9 16.9 ± 2.7 8.9 ± 2.4 10.5 ± 2.2 15.7 ± 5 23 ± 3
ESL 10.4 ± 1.7 14.2 ± 3.6 14.6 ± 3.8 22 ± 6 13.7 ± 3.2 16.5 ± 2.8
M 10.1 ± 2 15.5 ± 2.7 12.9 ± 4 9.9 ± 2.2 14 ± 1.4 18.2 ± 2.8

Left side of
the

workstation
Left Right Left Right Left Right

EST 9.5 ± 1.6 Left 17.2 ± 5.3 11.7 ± 2.3 17.2 ± 1.6 23.4 ± 4
ESL 18.5 ± 5.7 12.9 ± 2.8 20.6 ± 4.1 25.2 ± 7.4 13.6 ± 2.4 15.7 ± 2.7
M 14 ± 6.9 13.8 ± 4.3 11.2 ± 2.2 14.6 ± 6.7 14.2 ± 3.4 17.8 ± 4.4

W—worker; EST—Erector Spinae Thoracic region; ESL—Erector Spinae Lumbar region; M—Multifidus.
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Figure 7 compares the mean values (±SD) of the muscle activity (right and left par-
avertebral complex) of all enrolled workers during the work performance on the right and
left side of the workstation.

Figure 7. Muscle activity average values of overall paravertebral muscles (M—Multifidus;
EST—Erector Spinae Thoracic region; ESL—Erector Spinae Lumbar region). The comparison between
the right and left side of the workstation (BLUE stars across the two sides of the workstation) and
between the right and left muscles of the same side of the workstation (YELLOW stars on the same
side of the workstation) show a statistical difference in the activation among the different muscle
groups (* p value).

On the right side of the workstation, a significant statistical asymmetry (difference
in values between right and left paravertebral muscles) of the muscular activity between
the two paravertebral muscle groups EST (p = 0.002) and ESL (p = 0.03) was reported,
but not between muscles group M. In particular, the right-side muscles (16.8 ± 5.8%
EST and 17.6 ± 5.3% ESL) show increased activity compared to those on the left side
(10.4 ± 5% EST and 12.9 ± 3.4%). This asymmetry is not observed on the workstation’s left
side. However, on the left-side workstation, in the left paravertebral complex, the muscle
M (13.1 ± 4.6%) shows significantly less activity than ESL (17.6 ± 5%) (p = 0.02). There
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are two other significant differences in the results, i.e., between the right and left side of
workstations on two left paravertebral complexes EST (p = 0.008) and ESL (p = 0.04). The
EST (14.7 ± 4.9%) and ESL (17.6 ± 5%) muscles on the left side of the workstation present
a higher activity than the EST (10.4 ± 5%) and ESL (12.9 ± 3.4%) on the right one.

Finally, from Figure 7, it is possible to observe an expected behaviour, both on the
paravertebral complexes of the left and right sides muscles and on both sides of the
workstation, i.e., an ever-higher activity of the ESL muscles.

3.2. Kinematic Analysis

The kinematic signals related to trunk flexion forward angle (Figures 8 and 9) were
acquired and processed to obtain data shown in Table 2.

 

Figure 8. Kinematic signal of trunk flexion forward in one working cycle (right side of the workstation).

 

Figure 9. Kinematic signal of trunk flexion forward in one working cycle (left side of the workstation).
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Table 2. Trunk flexion forward static posture data analysis: mean and peak flexion forward angle
and duration values.

Reference Ranges 20–60◦ >60◦

W1 W2 W3 W1 W2 W3

R
ig

ht
si

de
of

th
e

w
or

ks
ta

ti
on Mean value (±SD) [◦] 40.63 ± 6.25 39.32 ± 11.35 46.40 ± 4.29 - 77.90 ± 8.23 -

Peak value [◦] 50.71 ± 4.96 54.41 ± 3.74 56.55 ± 2.97 - 86.52 ± 8.60 -
Mean value (±SD) of
posture duration [t] 19.54 ± 2.58 12.00 ± 6.69 22.18 ± 1.71 0 10.82 ± 1.65 0

Posture duration in % of
working cycle [%] 34 21 38 0 19 0

Le
ft

si
de

of
th

e
w

or
ks

ta
ti

on Mean value (±SD) [◦] 38.83 ± 5.61 37.26 ± 5.28 43.15 ± 6.00 - 82.77 ± 4.99 65.29 ± 1.42
Peak value [◦] 49.84 ± 7.86 50 ± 6.61 56.52 ± 3.52 - 94.06 ± 6.47 71.01 ± 0.87

Mean value (±SD) of
posture duration [t] 17.32 ± 5.75 11.83 ± 3.40 16.85 ± 3.84 0 17.89 ± 7.15 6.37 ± 2.72

Posture duration in % of
working cycle [%] 30 20 29 0 31 11

From both Figures 8 and 9, it is possible to identify bending peaks of greater or
lesser duration linked to specific operations (installation of the cabinet—single arrow—and
assembly and wiring operations—double arrow).

Table 2 shows data on kinematic signal processing and refers only to static postures
(postures held for at least 4 s consecutively) by considering the angle values within the
range 20–60◦ and higher than 60◦, according to ISO 11226. For this reason, postures below
20 degrees are not shown.

The average values (±SD) of the static trunk flexion posture angles recorded during
working activities were 43 (±10.1) degrees for the left side and 44 (±6) degrees for the
right side during the whole recorded working activity, showing no statistical difference
(p > 0.05). The average values (±SD) of the total time in the static trunk flexion forward
fixed posture recorded during the whole work activity were 21.8 (±4.8) s for the left side
of the workstation and 20 (±3.9) s for the right side of the workstation. No statistical
difference was found (p > 0.05). It is possible to state that the working activities on both
sides are well balanced regarding the postural load of the trunk.

4. Discussion

The purpose of this study was to evaluate a combined methodological approach
based on the concurrent use of sEMG and a set of inertial sensors for the quantitative risk
assessment of biomechanical overload. Three automotive industry workers were enrolled
to evaluate the biomechanical effort during the working activity in the assembly line.

The sEMG results suggest a significant involvement of trunk muscles in the studied
working task. Indeed, the mean muscle activation values were between 10% and 20%
of MVCs, particularly the Erector Spinae Lumbar Region and the Multifidus. Accord-
ing to kinematic data, these values refer to a quite relevant effort of trunk muscles and
show a significant biomechanical load at the spine level. Moreover, these muscles have
been studied because they have an independent function for stabilisation and are cru-
cial for the stability and mobility of the lumbar spine, determining a main aetiological
action for low back pain. The extent of alterations in the structure and muscle function
of the paraspinal muscles could be related to the recurrence or chronicisation of low back
pain [32]. Therefore, the results suggest that it is important to analyse this kind of work task
in the real work environment to gain quantitative measurements to propose and verify er-
gonomic solutions and changes in work organisation for low back pain and musculoskeletal
disorders prevention.

Moreover, sEMG RMS data show a significant difference between the muscle activity
of the two body sides, identifying an asymmetry. These results relate to inherent trunk
torsional components during dynamic movements when workers follow moving cars
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in their assembly activity. It is worth underlining that this muscular behaviour agreed
with the preliminary observations of the working tasks before the experimental sessions.
Further sEMG and kinematic studies will allow a better understanding of how trunk flexion
and torsion are combined during tasks. This is important information considering the
pathogenetic role of trunk bending and twisting.

About the kinematic motion analysis, the contribution to the biomechanical overload
due to the static working posture of the trunk is made mainly by the flexion forward.

We decided to study trunk flexion for several reasons. The main risk factor for the
emergence of low back diseases is non-neutral trunk postures, especially those requiring
flexion [33]. Yet, over the past three decades, several quantitative techniques—such as
electro-goniometers and inclinometers—have been created to obtain precise measurements
of trunk postures in real working environments. Unfortunately, some of them require the
application of additional external structures to the subject’s skin, which is uncomfortable
and makes them unsuitable for long-term measurements [34]. In our opinion, sEMG
appears to overcome all of these constraints, although additional field study is required to
assess the overload of the arms specifically.

Both electromyographic and kinematic analysis results highlight a muscular effort
in the various phases of the work cycle. Just comparing the signals (Figure 6 with
Figures 8 and 9) shows a higher muscle effort with a concomitant higher value of trunk
flexion, from 20 to 40% of the cycle time and from 60 to 90% of the cycle time.

Another important aspect is the non-invasiveness of the methods applied. Further-
more, these techniques were well tolerated by the workers, and they did not interfere with
their performance either. Beyond the company’s production needs, this aspect is essential
for studying the muscles in real working conditions: the working gesture must not be
altered by the possible encumbrance of the probes that the worker must minimally perceive.
Moreover, it is necessary to verify that there are no physical interferences between the
instruments and the working environment, specifically electromagnetic interference. To
overcome this issue, in this research, a commercial system of sEMG probes was used; it
communicates wirelessly with a device connected to a notebook that acquires and processes
the signal. This is a closed system that, in this study, did not show interferences with the
instrumentation on the production line, and no systematic signal distortions were observed
in the kinematic data processing. Therefore, for this test, the two systems (sEMG and
inertial sensors suites) were found to be simultaneously usable, both in terms of wearability
and in the absence of interference in the reception of signals.

The results of this study confirm what has emerged from research in the literature,
i.e., the contribution of information about the biomechanical overload, which the wearable
sensor technology can provide. Another possible advantage could be integrating this infor-
mation with current risk assessment methods to obtain a risk evaluation [16]. Concerning
other research, this study provides data acquired in a working environment during real
production. However, the research carried out needs to be improved.

Due to specific technical difficulties that arose during the execution of the surveys
and that affected the suite of inertial sensors, it was not possible to focus attention on the
movement’s lateral bending and torsional components. These technical difficulties have
allowed improvements to be made to the software component of the suite.

Another limit is the sample number. The results of the electromyographic and kine-
matic data refer to only three subjects considered adequate for the type of study conducted
(pilot study) but are limited in generalising the data. However, the study’s outcome was
the applicability of the two methods under real working conditions: the obtained data
highlighted the main aspects to be considered when applying a protocol that integrates
sEMG and kinematics. Future research must necessarily lead to a study with a more
significant number of subjects.

The electromyographic analysis then focused on studying amplitude parameters for
quick information about muscle activation. Further studies for developing a validated risk
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assessment method will have to consider the analysis of fatigue and frequency parameters
using specific validated protocols presented in the literature (EVA, JASA) [21].

5. Conclusions

This work presents a wearable wireless system that collects data to assess the biome-
chanical overload, characterised by the combined use of surface electromyography elec-
trodes and a wearable inertial motion capture system. This approach proved that both
methods give helpful information about parameters that can be used to evaluate the biome-
chanical load due to working postures. Future developments will include studies with a
larger sample, further analysis of electromyographic signals, and possible integration with
specific observational working methods (such as EAWS for the automotive sector).
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Abstract: More than 60 years has passed since the installation of the first robot in an industrial context.
Since then, industrial robotics has seen great advancements and, today, robots can collaborate with
humans in executing a wide range of working activities. Nevertheless, the impact of robots on human
operators has not been deeply investigated. To address this problem, we conducted an empirical
study to measure the errors performed by two groups of people performing a working task through
a virtual reality (VR) device. A sample of 78 engineering students participated in the experiments.
The first group worked with a robot, sharing the same workplace, while the second group worked
without the presence of a robot. The number of errors made by the participants was collected and
analyzed. Although statistical results show that there are no significant differences between the two
groups, qualitative analysis proves that the presence of the robot led to people paying more attention
during the execution of the task, but to have a worse learning experience.

Keywords: human–robot interaction; human error analysis; empirical study; virtual reality

1. Introduction

The first application of industrial robotics was in 1961, when General Motors intro-
duced the UNIMATE robot in its factory to perform repetitive and dangerous tasks for
human operators [1]. Since then, the lower prices due to technological developments and
the need for replacing human workers with machines paved the way for the adoption of
robots in many sectors. The introduction of robots into the industry was one of the main
innovations during the third industrial revolution, and, today, half of the global manufac-
turing companies have at least one robot in their factories [2]. One of the main differences
between the robots adopted in industrial systems during the third industrial revolution and
the ones developed within the fourth industrial revolution is the degree of collaboration
with human workers. In the past, human workers could not interact with robots, which
were confined in delimited zones for carrying out the programmed tasks, often dangerous
for humans because of the execution speed needed for the series of productions. In recent
years, the rise of new technologies increased the safety of machines, including robots. Thus,
the concept of human–robot interaction (HRI) has arisen and seems to be very promising
for improving the performance of industrial systems, while also considering the social
aspects related to human jobs, which may become less repetitive and exhausting. The HRI
discipline brings together scholars and practitioners from various domains (engineers, psy-
chologists, designers, etc.) to study the best solutions for integrating robots that can interact
with humans and the social impacts of such an interaction [3]. The common opinion in
the scientific community is that human behavior and, consequently, the performance of
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humans in industrial environments, is strongly affected by the feelings of trust and safety
toward robots [4].

Safety is a crucial aspect of HRI because the closeness to the robots can cause injuries
to humans due to excessive energy/power transferred to the robots [5]. Zachakari et al. [6]
and Sharkawy and Koustoumpardis [7] claimed that the safety problem in HRI needs to be
addressed from different perspectives, in relation to the design of the robots, the standards,
and human psychology. The design of robots in HRI concerns the implementation of control
methods to tune the speed and the force elapsed by robots according to their proximity
to a human worker. In Caterino et al.’s work [8], the authors presented an industrial
application in which algorithms were introduced as control methods for the speed of the
robot according to the proximity to the worker. The method is based on the standard
ISO/TS 15066 [9], which provides the guidelines for safety in HRI by defining four different
degrees of collaboration: (i) safety-rated monitored stop, when a robot ceases its motion
because a worker is entering in the collaborative workspace; (ii) hand guiding, when
workers use hand-operated devices to transmit motion command to the robot; (iii) speed
and separation monitoring, when robot systems and workers may move concurrently in the
shared workspace (co-existence); and (iv) power and force limiting, when physical contacts
between the workers and the robots can occur either intentionally or unintentionally.

It is clear that, according to the degree of HRI, the psychological aspect alongside
the trust of the human worker in the robot system plays a significant role. Trust is “the
attitude that an agent will help achieve an individual’s goals in a situation characterized
by uncertainty and vulnerability” [10]. In HRI contexts, trust is important because it
affects human decisions and behavior. Social studies have demonstrated that the trust in
robots by individuals is linked to their personal previous experiences, attitudes, and the
risks connected to the execution of the tasks [11,12]. In industrial contexts, trust has been
assessed by Charalambous et al. [13], who observed that it mainly depends on the robot’s
motion and speed and on the safety level perceived by the human during collaboration.

According to the level of trust, safety, and the design of robots, human performance
can be affected while executing a task in collaborative workplaces and can lead to making
errors, which can, at times, result in serious injuries, but, of course, is always an indicator
of the human performance within industrial environments, especially in HRI cases [14].

This paper aims to investigate such an aspect related to human performance in an
industrial environment, i.e., the number of errors made during the working activity. To
achieve this scope, the errors made by two groups of workers, one working in a shared
environment with robots and one working without, have been assessed. The assessments
have been performed through the use of VR, and statistical analyses have been carried
out to evaluate if significant differences in the errors made by the two groups of workers
were verified. Differences would lead to conclude that the presence of robots may affect
human performance.

The use of VR tools falls within the scope of promoting or testing efficient and safe
industrial systems and improving the worker’s well-being [15,16] through digital tools
developed during the era of the fourth industrial revolution. In HRI context, the use
of digital tools represents a strategic way to enable dynamic and safe analyses. Among
several tools, VR reproduces the working environment, simulates the production system,
and allows for the quick, safe, and economical interaction between humans and robots [17].
For years, the use of VR has been validated as an effective tool to simulate industrial HRI
systems [18], and it has demonstrated that it can provide performance assessments of HRI
systems [19], including errors [14].

The remainder of the paper is presented as follows. Section 2 analyzes the literature
related to the scope of this paper. In Section 3, the experimental phase is explained,
while in Section 4, the results are reported and discussed. Finally, Section 5 reports the
main conclusions.
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2. Literature Review

Human errors in working environments can occur. The consequences of such errors
can range from wasted time to more serious problems, affecting the safety of the workers
themselves, especially in high-risk fields such as nuclear plants or aerospace [20]. In all
cases, human errors represent financial losses for the companies. For such a reason, the
study of human errors has become increasingly important, and today, it is a well-defined
discipline called the human reliability analysis (HRA).

HRA is the discipline that aims to assess the reliability of a complex system, in which
humans and machines work together. To elaborate, HRA evaluates the worker’s contribu-
tion to the reliability of the system, trying to predict human error rates and understanding
the impact caused by human errors in such systems [21]. Although each method attempting
to evaluate the human error probability (HEP) falls under the umbrella of HRA, it is com-
monly recognized by scientists that HRA has three main functions [22]: (i) the identification
of human errors, (ii) the prediction of the likelihood of occurrence; and (iii) the reduction in
the probability of the occurrence of errors. The focus of this paper is on (i) and (ii).

HRA can be conducted by utilizing several methods [23] and its domain of application
is very wide. In the assembly and manufacturing fields, HRA methods have been used for
different applications and may have different purposes. Kern and Rafflinghaus developed
an HRA for manual assembly operations in the automotive sector, demonstrating its
usefulness in developing time-optimized and quality-optimized assembly operations [24].
The same authors also demonstrated that implementing systematic HRA methods provides
companies with a reliable tool for error risk prediction [25]. Caputo et al. [26] defined an
HRA model that, besides mapping error types and analyzing the logic conditions in which
the errors occurred, was also able to identify the errors causing the highest economic impact
and to provide a quantitative assessment of the economic impact of the errors. Di Pasquale
et al. used an HRA method to simulate the optimal breaks during a work shift in a manual
assembly line [27]. Concerning the causes of errors, Torres et al. highlighted that, during
the execution of manual assembly tasks, some operations are the most likely to cause errors
because the level of difficulty is very high [28]. In other cases, the main reason for the
errors can be related to the poor skills of the operators or the adverse psychology, often due
to the scarce confidence in the working environment or the lack of safety awareness [29].
The psychological factors which ledd to human errors have been widely debated in the
literature, beginning from 1990, when the study of HRA started combining different areas
of scientific studies, such as behavioral science and psychology [30]. The need to also study
the psychological aspect of HRA arose when it became evident that human behavior was
impacted by many aspects that do not impact a machine. The working environment, the
mental and physiological factors, and many others have been widely recognized as possible
causes of human errors [31]. In this context, it is not possible to neglect these factors.

When robots are introduced in shared working spaces in industrial contexts with
humans, they represent agents affecting the behavior of human operators. In the case
of HRI systems, robots are often seen as “co-workers” by operators, generating social
interactions [32]. Additionally, the introduction of cooperative or collaborative robotics
leads to many benefits for operators, mainly related to the reduction in efforts due to
repetitive and heavy tasks [33]. In other cases, robots may create feelings of fear, anxiety, and
surprise, especially when they have dangerous end effectors or move in an unpredictable
trajectory [34]. According to Lu et al. [34], the factors generating these feelings are mainly
related to two aspects. (i) The characteristics of the robots, such as the dimensions or the
speed, which have a connection with the safety awareness. In fact, robots’ speed and
dimensions lead operators to emphasize their perception, comprehension, and projection
of the safety-related events during the daily task to understand the potential hazard of
the working environment surrounding them [35]. (ii) Robots’ trajectories, which are often
felt as unpredictable, confuse the human operator. In fact, in manufacturing contexts,
robots are often programmed for minimizing the execution times of a task, thus resulting in
unpredictable movement trajectories for the operator working with or near the robots [36].
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The presence of the safety awareness issue was also confirmed by a study by Di Pasquale
et al. [37], who found that, besides safety, the presence of a robot in a shared working
environment also influences ergonomics and productivity.

From the previous literature, it is evident that the human operators’ performance can
be impacted by HRI. The evaluation of such impacts is carried out by means of different
methods, both direct (such as questionnaire [38,39]) and indirect (cardiac response, facial
expression, electromyogram, etc. [34]). Some empirical studies used direct and indirect
methods together to evaluate the impact of robots on human actions in HRI. The findings
are often conflicting. Huber et al. [40] demonstrated that robots influence the behavior of
humans in simple tasks as well, such as the ones implying hand movements. Similar results
were found by Zhang et al. [41], whose empirical study demonstrated that robots affect
humans in some actions, influencing the completion times and trajectories followed. The
same results are confirmed by Chen et al. [42], who observed that people changed behavior
according to their anticipation of a potential collision with robots during pedestrian motion.
On the other hand, the practical findings of the study proposed by Xie et al. [43] highlighted
that there is no difference in the behavior of humans when comparing human–human
and human–robot activities, even if the participants declare a higher trust in human–
human than human–robot activities. Vassallo et al. [44] also observed similar results for
pedestrian activity.

Among the indirect methods, operators’ error evaluation during the working tasks
can be used as an approach to evaluate HRA in HRI [45,46]. Errors directly influence the
productivity of the company because they generate defective items. Morioka and Sakak-
ibara demonstrated that HRI reduces the number of defective items thanks to the precision
and repeatability of the robots [47]. As opposed to this, the feelings of anxiety generated
by the presence of robots may lead to errors by the operators [48]. Thus, there is, again, a
conflicting perspective on the impacts of robots on human behavior and performance. To
address this problem, this paper aims to provide insights from an experimental study by
comparing the errors made by operators working with and without robots in a cooperative
industrial environment.

To the best of the authors’ knowledge, there are no experimental studies aiming to
assess the impact of HRI on the number of errors made by the operators. To cover this
research gap, an experimental campaign has been developed and conducted through VR
systems to reach the objective of the paper.

3. Materials and Methods

An experimental campaign has been conducted for assessing the impact of robots’
presence on human performance by evaluating the number of errors made by the op-
erators in an HRI environment. The experimental campaign has been conducted in a
laboratory environment by virtually reproducing a real task of a company working in the
aerospace sector.

3.1. Task and Virtual Environment

VR has been used for reproducing the working environment and simulating the task.
The task reproduced is an aircraft fuselage panel assembly task and it consists of the
application of sealant on a stringer. The task includes several operations to be completed,
which involve the use of different tools. For privacy reasons, it is not possible to describe the
operations in detail, but a general overview is given in Figure 1, where the main operations
of the entire task are represented in the VR environment, and in Table A1 in Appendix A,
where the errors made during the task are listed. It is worth noting that the task simulated
is the reproduction of a real industrial task and it was not properly created for pursuing
the objectives of this paper.
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Figure 1. Representation of the task in the VR environment.

For realizing the virtual simulation, the HTC Vive Pro® system was used, while the
software used to build the interactions among objects and human players was Unity®.
Figure 2 shows the simulated and real environments.

 

Figure 2. Representation of the virtual and real environments.

To guide the participants through the execution of the required task, a panel was
created in the simulated working environment to present instructions on the specific
activities to perform.

Two different scenarios have been simulated: scenario#1, in which people perform the
task in a shared environment while the robot performs another operation, and scenario#2,
in which people perform the task without the presence of the robot. The task that the
operator has to perform is identical in both the scenarios. Co-existence has been tested in
scenario#1, by considering speed and separation monitoring according to the ISO-TS 15066.
Co-existence is a type of HRI where humans and robots share the same workspace, but they
cannot have physical contact. When the robot approaches the operator, its speed is reduced
until stopping when the distance is under a safety threshold. Figure 3 shows a point of
view shot of the operator while completing one of his/her tasks. The presence of the robot
was noted at different distances from the operator. The robot used for the experiments is
the digital reproduction of the one used in the real industrial environment. The model is a
Fanuc M20iA.
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Figure 3. Point of view shot of the robot in the simulated environment.

3.2. Participants

Students from the department of engineering (mainly industrial, aerospace, or me-
chanical engineering) were recruited for the experiment. Overall, 78 students (33 females,
45 males) volunteered for the experimentation (age, mean = 24.8 years, standard deviation
= 3.49 years). The number of students participating in the experiment was high in order
to limit some undesired effects, such as the effect of external factors, for example, stress,
which may influence the efficiency of the single participant [49].

Participants reported to have no previous experience with robots and have no or very
little experience with experiments in virtual environments. However, most participants
reported slight familiarity with joystick devices, which were utilized to control the virtual
scene. Additionally, no one reported previous experience or knowledge of the task to be
performed. None declared to have mobility, sight, or hearing problems.

3.3. Procedure and Experimental Design

The experimental campaign was conducted in a laboratory environment and it was
carried out following the rules of the Declaration of Helsinki of 1975 (https://www.wma.
net/what-we-do/medical-ethics/declaration-of-helsinki/, (accessed on 10 May 2023)),
revised in 2013.

Upon arrival at the laboratory, the context and the setting of the experimental test
were introduced, and participants were asked to watch a short video, which trained them
on how to interact with VR and how to perform the task (tools that he/she must use and
objects of the virtual scene). After that, they were given a copy of the information sheet
and they were asked to sign the consent form before starting the experiment. To prevent
any potential bias, the purpose of the experiment was not revealed to them during the
introduction, and participants were simply told that they would be enrolled in a research
study involving VR.

Then, each participant was prepared to interact with VR and assigned to one group
(HRI_coex and No_HRI); assignation was random and groups were only balanced by sex.
Participants were not informed on which group they belonged; thus, they were not aware
of the presence of the robot.

A between-group experiment was conducted so that each person was only exposed
to a single condition: group#1 (called “HRI_coex”) performed the assembly task with the
presence of the robot (scenario#1), and group#2 (called “No_HRI”) performed the assembly
task without the presence of the robot (scenario#2).

Both groups consisted of 39 participants, which were more than sufficient for reaching
statistical significance [50,51]. The characteristics of the groups are reported in Table 1.
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Table 1. Characteristics of the two groups.

HRI_coex No_HRI

Number of male participants 23 22
Number of female participants 16 17

Mean age of participants (years) 24.5 25.1
Standard deviation of age (years) 3.49 3.49

Experimental conditions were the same across participants. Each participant repeated
the task four times without breaks between repetitions. Overall, the test lasted 20 min
on average.

After completing the experiment, participants were asked to indicate their opinion
on the complexity of the task and their perception on the impact of co-existence on their
performance. They were asked to respond to seven questions: six were related to the
complexity of the task focused on the specific operations performed during the task, and
one was on the perception of the participant about errors made due to the presence of the
robot. This last command was only posed to the HRI_coex group. For all the commands,
the respondents were asked to indicate their opinion using a 10-point bipolar scale [52],
where 1 = “not complex” or “strongly disagree” and 10 = “highly complex” or “strongly
agree”. The detailed questions can be found in Table 6.

3.4. Error Assessment and Data Collection

The purpose of this paper is to investigate if the number of errors made during the
working tasks is affected by the presence of a robot in a co-existing working task. The
errors were then classified into different categories according to the difficulty in performing
the task and their consequences on the product quality and lead time. Task difficulty was
considered since the most difficult operations were those that could generate errors and
compromise the final quality of the product, thus generating economic damage as well.
Moreover, each error impacts the lead times of the entire task, thereby also producing
negative economic consequences. Errors leading to the highest economic consequences are
also the ones generating the highest increment in the lead times. Based on these aspects, a
panel of experts working in the aerospace field was involved in a roundtable discussion
to identify the kind of errors to investigate. Three categories have been proposed and are
listed below:

• Low-severity errors: Errors considered in this category cause a small increase in the
lead times of the entire task, but do not cause any problem to the final quality of the
product.

• Medium-severity errors: Errors considered in this category cause a medium increase
in the lead times of the entire task with very limited consequences on the quality of
the final product.

• High-severity errors: Errors considered in this category cause an increase in the lead
times of the entire task as well as quality damage that compromise the final quality of
the products. Products subject to this type of error should be reworked to make their
quality conform to the quality standards.

Twelve types of errors have been identified during the experimental study, including
the possibility of not performing any error. Each error is briefly described in Table A1
reported in Appendix A, where errors are coded.

According to this classification, data were collected through real-time direct obser-
vations and validated through the videos of the simulated environment recorded during
the experiments. The errors were manually assessed by expert analysts (researchers in the
operations management field).
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3.5. Statistical Analysis

The application of the experimental procedure allowed us to obtain independent
observations (data) about the number of errors made by each participant. Such data were
primarily used to provide an overview of the results, using descriptive statistics in the
form of frequencies. Statistical analyses were then used, whenever appropriate, to check
the statistical differences between groups. The first assessment was to verify if data had a
normal distribution, which is a requirement for the choice of the test to perform. For such
reasons, a Shapiro–Wilk test was carried out. The next analysis focused on assessing the
statistical differences between the two groups, considering the number of errors made in
the single experiments, with a focus on potential differences between males and females.
Finally, the differences between the groups considering only the first and last experiments
were statistically evaluated to determine if there is a reduction in the number of errors
due to the repetition of the experiments. For such assessments, two-tailed Wilcoxon rank
sum tests were carried out based on the results of the Shapiro–Wilk test. All the statistical
analyses were conducted using R studio® 2023.

4. Results and Discussion

4.1. Descriptive Statistics

As mentioned previously, the participants were divided into two groups, namely the
group performing the task in scenario#1 with the robot (group #1, “HRI_coex”) and the
group in scenario#2, without HRI (group #2, “no_HRI”).

Firstly, a qualitative analysis of the errors was performed to highlight the frequency of
errors on the total number of operations performed. Figure 4 shows the total frequencies of
the errors for the two groups, i.e., the errors made by the two groups in all the experiments.

Figure 4. Frequencies of the errors for the groups.

From this first analysis, the reader can observe that the difference on the number of
errors committed is only 0.1% between the two groups (13.6% for HRI_coex group and
13.7% for No_HRI group). A small difference can be found in the type of errors made. In
particular, the HRI_coex group has a higher percentage of high-severity errors.

The following Table 2 shows the frequency of the total errors made by the two groups
for each of the four experiments.

Additionally, by analyzing the results of Table 2, the difference between the two groups
seems to be negligible. One remarkable finding is in the difference between the first and
second experiments. In fact, although the HRI_coex group performed less errors during
the first experiment, the situation was overturned in the second experiment.
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Table 2. Characteristics of the two groups.

HRI_coex No_HRI

First experiment
Number of operations without errors 191 186
Number of operations with low-severity errors 19 28
Number of operations with medium-severity errors 19 19
Number of operations with high-severity errors 11 7

Second experiment
Number of operations without errors 201 211
Number of operations with low-severity errors 15 12
Number of operations with medium-severity errors 11 7
Number of operations with high-severity errors 13 10

Third experiment
Number of operations without errors 210 210
Number of operations with low-severity errors 17 13
Number of operations with medium-severity errors 5 8
Number of operations with high-severity errors 8 9

Fourth experiment
Number of operations without errors 217 219
Number of operations with low-severity errors 4 8
Number of operations with medium-severity errors 8 5
Number of operations with high-severity errors 11 8

4.2. Statistical Results

Hypothesis tests were performed to evaluate if there are significant differences in
the errors made by the two groups. In order to choose the most appropriate hypothesis
test, the normality of the data must be verified. For such a reason, the Shapiro–Wilk test
was performed. The test demonstrated that the errors are not normally distributed. This
can also be qualitatively noted in Figure 5, where the histograms representing the mean
number of errors (x-axis) made by each participant (y-axis) of the two groups in the four
experiments are represented and compared with the expected normal curve, given the
means and the standard deviations of the groups.

Figure 5. Histograms of the errors of the groups.

Based on the results of the Shapiro–Wilk test, a two-tailed Wilcoxon rank sum test
was performed to evaluate if there are significant differences between the two groups,
considering both the errors made in the single experiments and the mean of the errors
made during the four experiments (Experiment_mean). The Wilcoxon rank sum test is a
nonparametric test that can be used to assess if independent samples of data come from
the same distribution, even if not normal [53]. In detail, the Wilcoxon rank sum test was
used to evaluate if the medians of the two groups come from the same distribution The
null and alternative hypotheses, in this paper, are formulated as follows:

• H0: the median of HRI_coex is equal to the median of No_HRI;
• H1: the median of HRI_coex is not equal to the median of No_HRI.

Table 3 reports the values of the tests for the four experiments.
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Table 3. Results of the Wilcoxon rank sum test.

Wilcoxon Statistic p-Value α-Value

Experiment 1 729.5 0.482 0.05
Experiment 2 866.5 0.497 0.05
Experiment 3 852 0.913 0.05
Experiment 4 783 0.858 0.05

Experiment_mean 765.5 0.741 0.05

The output of the Wilcoxon rank sum test is the same for all the experiments. The p-
value is always higher than the α-value; thus, it is not possible to reject the null hypothesis.
There is no evidence of a significative difference in the medians of the two groups when
considering both the single experiments and the mean of the errors.

This can also be observed in Figure 6, where the boxplots of the two groups are shown.

 

Figure 6. Boxplots of the two groups.

The boxplots show similar characteristics for the two groups, even if the HRI_coex
group shows a number of outliers higher than the No_HRI group, which, instead, presents
a higher spread of data. A feasible interpretation of this fact may be that the people of
the HRI_coex group seem to pay more attention in the tasks’ execution, but the effect of
the presence of the robot has some kind of impact, generating more errors (three outliers,
represented by circles in Figure 6) in some cases.

The second analysis performed was aimed to evaluate if there were significant differ-
ences between the male and female sexes related to the two groups. Again, a Wilcoxon rank
sum test was performed. The hypotheses made were the same H0 and H1 of the previous
analysis. The results are reported in Table 4.

Table 4. Results of the Wilcoxon rank sum test for males and females.

MALES FEMALES

Wilcoxon Statistic p-Value Wilcoxon Statistic p-Value α-Value

Experiment 1 198.5 0.309 162.5 0.947 0.05
Experiment 2 247.0 0.871 194.5 0.236 0.05
Experiment 3 238.5 0.980 140 0.482 0.05
Experiment 4 196 0.261 181 0.433 0.05

Experiment_mean 198.5 0.327 173 0.688 0.05

In all the experiments considered, it is not possible to reject the null hypothesis. Thus,
it is possible to affirm that in all the cases analyzed, the differences in the number of errors
between the groups (HRI_coex, No_HRI) occurred by chance alone.

The analysis of the boxplots for the males and females (Figure 7) allows highlighting
some differences between them.
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Figure 7. Boxplots of the males (a) and females (b) errors for the two groups.

For both sexes, the HRI_coex group shows a lower variability than the other. When
considering only males (Figure 7a), participants performing the tests with the robot show a
median very close to the first quartile. This means that the variance of the errors performed
is higher than the median, as opposed to the females (Figure 7b), whose median is closer to
the third quartile than the first. In addition to this, it is possible to note that the first and
third quartiles are lower for the female (Figure 7b) than males (Figure 7a) and that males
present more outliers than the females. Thus, it could be concluded that females seem to
pay more attention to task execution than males in case of the presence of robots (HRI_coex).
This trend is also confirmed in the case of the No_HRI group, where males show a higher
median and higher percentiles than females, even if, in this case, this phenomenon is less
evident because of the higher variability of the data highlighted by the boxplots. Finally, by
comparing the boxplots of the two groups for the same sex, it is evident that the number of
errors has a greater variability for the No_HRI group than the HRI_coex group for both
sexes (larger boxes and higher whiskers). Then, once again, this aspect seems to highlight a
higher attention paid in the tasks execution by the HRI_coex group.

A Wilcoxon rank sum test was also performed to compare the two groups on a specific
activity during the task. The activity is related to the deburring of the panel and it is the
only activity in which the participant was oriented with the eyes in the direction of the
robot. Although the total number of errors during the four experiments was greater for the
HRI_coex group (43 vs. 37), the Wilcoxon rank-sum test does not allow rejecting the null
hypothesis (W statistic= 851, p-value = 0.602, α-value = 0.05). Additionally, in this case, it is
possible to affirm that the presence of the robot does not significantly affect the number of
errors made by the participants.

The last statistical analysis carried out was aimed at evaluating If there are significant
differences within the same group on the number of errors made in the first and last
experiments. A Wilcoxon rank sum test was performed again, this time with the assumption
that a learning phenomenon applies to both groups and, consequently, that the number of
errors made in the first and last experiments would be significantly different. The results of
the tests are shown in Table 5.

Table 5. Results of the Wilcoxon rank sum test for evaluating differences between the first and fourth
experiments.

Wilcoxon Statistic p-Value α-Value

HRI_coex 1108.5 0.0016 0.05
No_HRI 1151.0 0.0003 0.05

For both groups, the p-value is lower than the α-value, indicating that the null hypoth-
esis should be rejected and the difference in the medians is significant between the first
and fourth experiments. Thus, for both groups, a learning phenomenon is verified, even if
the higher p-value of the HRI_coex may lead to the conclusion that the HRI_coex group
had a learning phase less marked than the No_HRI group. This thesis is also supported
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by the results reported in Table 2, which were determined by observing the number of
errors made by the groups in the first and second experiments, whereby, even though
the HRI_coex group performed less errors during the first experiment, the situation was
overturned in the following experiments, thus confirming that the learning phase for the
HRI_coex group is less marked than the No_HRI group.

An assessment was finally carried out to qualitatively evaluate the perception of
participants regarding the complexity of the tasks performed and the perceived impact of
the robot. Table 6 reports the questions submitted to the participants, while the results of
this assessment are reported in Table 7.

Table 6. Questions submitted to the participants after the experiments.

Questions

#1 Express the complexity level of the operation “pop rivets removal”.
#2 Express the complexity level of the operation “stringer removal”.
#3 Express the complexity level of the operation “deburring execution”.
#4 Express the complexity level of the operation “sealant application”.
#5 Express the complexity level of the operation “stringer positioning”.
#6 Express the complexity level of the operation “positioning the elements supporting
the stringer”.
#7 Express how much you agree with the following sentence: “the presence of robot leads making
a high number of errors”.

Table 7. Results of the assessment on the complexity of the task and the perception of robot influence
on the errors.

Question
No.

Score Range Results

Mean Standard Deviation

HRI_coex No-HRI HRI_coex No-HRI

#1 0 (not complex) 10
(highly complex) 0.76 0.74 2.21 1.96

#2 0 (not complex) 10
(highly complex) 2.57 2.71 2.16 2.37

#3 0 (not complex) 10
(highly complex) 1.28 1.23 2.23 2.33

#4 0 (not complex) 10
(highly complex) 0.73 0.95 2.13 2.30

#5 0 (not complex) 10
(highly complex) 1.97 1.95 2.34 2.53

#6 0 (not complex) 10
(highly complex) 2.07 1.38 2.63 2.26

#7 0 (strongly disagree) 10
(strongly agree) 1.90 NA 2.11 NA

Firstly, it can be observed that both groups had a similar perception on the complexity
of the single operations within the task. Thus, it can be concluded that the robot does
not have any influence on the perception of the complexity, as expected. According to
the participants, all the operations have a low degree of complexity. This confirms the
results of Table 2, which highlighted that the majority of the operations were carried out
without making any error. The operation of deburring (Question#3), which was the only
one with a high severity level and the one which recorded the highest number of errors,
was considered not complex, highlighting that participants had no real perception of the
errors made during the experiment. Moreover, the participants of the HRI_coex group
strongly disagree on the fact that the presence of a robot leads to making a higher number of
errors (Question#7). This is a further confirmation of the previous statistical analysis, which
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highlighted that there are no significant differences between the groups in the number of
errors performed.

4.3. Discussion

The results achieved by this case study contribute to the theory in different ways. It
was demonstrated that the presence of robots does not generate statistical differences in
the human performance. In fact, no significant difference was observed in the number of
errors made between the group working in a co-existing environment with robots and the
group working without the robot in any of the statistical tests carried out. This is in line
with a part of the current literature, such as works by Xie et al. [43] and Vassallo et al. [44],
who noticed no difference in HRI and non-HRI activities. Most of the literature argued that
an influence is created by the presence of the robot in a working environment [40–42]. The
difference between the results of the present study and the other contrasting studies can be
explained by the monitored parameters in the papers. In fact, the parameter monitored in
the present study is the total number of errors made by two groups and it was empirically
observed by observing the real-time experiments and the recorded video. In contrast
with the study of Huber et al. [40], who used a very precise motion-tracking system that
was able to detect very small differences between participant groups, and that of other
papers, which used very sophisticated devices capable to detect very small differences
between the monitored physiological parameters of participant groups [34], this paper
evaluated a macroscopical parameter (the number of errors) to assess the impact of the
presence of the robot on human performance during working tasks. For the reader, it will be
easy to understand that monitoring very precise parameters allowed us to better evaluate
possible differences between the groups. Our statistical analysis was also confirmed by
the participants’ answers to a small questionnaire that was submitted to them after the
experiments. The qualitative analyses of the answers highlighted that the perception of
the complexity of the operations was not affected by the presence of the robot. Moreover,
the participants of the HRI_coex group declared that they did not even perceive the robot
as a source of nuisance that may have led to increase the number of errors made during
the task. However, some small differences between the behaviors of the two groups are
also hypothesized in this paper based on some general results. By analyzing the boxplots
(Figures 6 and 7), the smaller height of the boxes and the greater number of outliers for the
HRI_coex group seem to indicate that greater attention was involved in carrying out the
experiments by this group. This could be explained by the presence of the robot, which has
the impact of creating feelings of anxiety or stress, making people more focused on the task
they are executing. This is in line with what many authors affirmed on the mental stress
caused by HRI. The review by Lu et al. [34] demonstrated that psychological factors may
affect the behavior and the performance of human operators working in HRI environments.
A further demonstration of this is given by the last analysis performed in the previous
section, aimed to demonstrate that learning experiences are different in the two groups
analyzed. The results showed that, although both groups had a learning experience during
the repetition of the experiments, the learning experience of the HRI_coex group was less
marked than the No_HRI group. Thus, once again, it seems that the presence of the robot
has an impact on the feelings of the participants in the experiments.

5. Conclusions

The present study aimed to evaluate the influence of the presence of a robot in a HRI
task performed in an industrial environment. An empirical assessment was carried out
for this purpose. A task regarding the assembly of aeronautical parts was simulated in a
VR environment and participants were asked to complete the task. Half of the participants
performed the test in a co-existing environment with a robot (HRI_coex), half without the
robot (No_HRI). The parameter monitored to assess the differences between the groups
was the number of errors performed during the execution of the task. The results of the
experiment highlight that there are no statistically significant differences between the two
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groups, even if some considerations can be concluded by investigating the results: the
HRI_coex group seems to have been more focused and to have paid more attention to the
correct execution of the task. Similar results were observed also by considering the results
of male and female participants for the two groups.

This paper has some limitations. Only the number of errors was used as the monitored
parameter to assess differences between the groups. It was not considered to evaluate the
feelings of the people, which can be assessed through a questionnaire, or the physiological
factors by means of specific devices measuring, for example, oxygen intake or the heart
rate. Moreover, parameters related to the task, such as the time needed by each participant
to accomplish the single experiment, were not considered in this paper. This parameter
may be very important because it can provide significant insights on the learning rate for
HRI tasks in a virtual environment. In fact, by analyzing the different times employed by
participants for each repetition of the task, the learning curves for this type of task could be
retrieved. Future developments of this paper will aim to cover these gaps. Moreover, this
paper does not consider collaboration, but only co-existence. Future works will consider
cooperative tasks to assess the effects of robots on human performance during cooperation,
where a physical contact between human and robot is possible.
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Appendix A

Table A1. Table of errors made by the participants during the experiments.

Type of Error Error Code Severity Level

No errors committed during the task E0 -
Error in the removal of panel’s pop rivets E1 Low
Error in the positioning of the tool for pop rivets’ removal
after usage E2 Medium

Error in the removal of a panel’s stringer E3 Low
Error in the positioning of the panel’s stringer on the
work table E4 Low

Error in the operation of deburring E5 High
Error in the positioning of the deburring tool after usage E6 Medium
Error in positioning the sealant application tool after usage E7 Low
Error in releasing the stringer during the transportation to
the panel E8 Medium

Error in positioning the stringer on the panel E9 Medium
Error during the grasp of elements supporting the stringer E10 Low
Error in positioning the elements supporting the stringer E11 Low
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Abstract: This paper deals with an experimental investigation of hole quality in Al2024-T3, which is
one of the aerospace alloys used in aircraft fuselage skin due to its high level of resistance to fatigue
crack propagation. The experiments are conducted with 6 mm uncoated carbide and HSS drill bits
using a CNC machine under dry conditions and different drilling parameters. The characteristics of
the hole quality are investigated in terms of its perpendicularity, cylindricity, circularity and hole size.
An ANOVA (analysis of variance) and Pareto charts are used to analyze the effects of the drilling
parameters on the hole quality. The hole quality is also assessed using a digital microscope to observe
the formation of hole burrs. Moreover, scanning electron microscopy is also used to investigate the
inside-hole surface defects. Further investigations are carried out using optical microscopy to inspect
the post-drilling tool condition at high drilling parameters. The results show that hole quality reduces
as the feed rate and spindle speed increase. However, from the ANOVA results and Pareto charts, the
influence of the feed rate on the hole quality is found to be insignificant. At the same time, the type
of drill bit material shows the highest percentage of contribution affecting the hole quality, following
the spindle speed. The HSS drill bit shows more adhesion and built-up edges than the uncoated
carbide drill bit. There were more burrs formed at the hole edges when the holes were drilled with
uncoated HSS drill bits. In the same way, the SEM analysis reveals more surface deformation and
damage defects inside the hole walls of holes drilled using the uncoated HSS drill bit.

Keywords: drilling; Al2024-T3; hole quality; ANOVA; tool condition

1. Introduction

There is no doubt about how important it is to perform drilling operations in vari-
ous industries to make a profit and survive in today’s very competitive market because
most industrial products in our daily lives incorporate holes generated via drilling oper-
ations. Figure 1 shows the importance of drilling in all machining processes in various
industries [1]. However, the drilling process becomes challenging when many holes are
required, like in the aerospace industry [2]. For instance, in aircraft bodies, about 80%
of fatigue cracks are because of poor connecting holes, and 50–90% of fractures in aging
planes are due to fatigue fractures of fastener holes [3]. Hence, to ensure high-precision
structural integrity in aerospace alloys, the quality of holes drilled in aluminum is signif-
icantly important [4,5]. Furthermore, the major problems in the drilling process include
high cutting forces, low hole quality, tool wear, etc., which require selecting the appropriate
tool, increasing the cost for the manufacturing sectors [6,7]. The built-up edge is also
one of the problems associated with dry drilling that ultimately affects the tool and thus
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reduces the hole quality; however, drilling in dry conditions is environmentally friendly
as it reduces the environmental effect of coolants [8,9]. Hence, to achieve a long tool life
and high dimensional accuracy, drilling performance is therefore dependent on a variety of
variables, including tool geometry, tool materials, drilling parameters such as the spindle
speed (n) and feed rate (f), the type of drilling machine, and the absence or presence of
coolants [10,11]. Therefore, researchers are interested in optimizing/investigating these
important drilling parameters to maximize productivity.

 
Figure 1. Machining processes.

Previously, Dahnel et al. [12] performed drilling experiments on the tool wear on
Al7075 using tungsten carbide tools with n values of 4000, 6000, and 8000 rpm and f values
from 0.01 to 0.10 mm/rev. It was concluded in their study that a lower spindle speed
could reduce heat generation; hence, the lower cutting speed was recommended for dry
drilling Al7075. Islam and Boswell [13] used high-speed steel (HSS) tools to determine
the effect of drilling parameters and cooling methods on the quality of holes drilled in
Al6061. The investigation was carried out by measuring the surface roughness, diameter
error, and circularity. The cooling methods included cryogenic drilling, flood drilling,
and minimum-quality lubrication (MQL). The study concluded that diameter error was
highly affected by the cooling method, followed by the surface roughness and circularity.
MQL drilling produced good surface roughness and dimensional accuracy. In contrast,
the circularity was best achieved using cryogenic drilling. Khunt et al. [14] assessed the
drilling performance of AA6063. The experiments were performed using HSS drill bits.
Different cutting environments, including flood, MQL-sunflower, dry, flood cooling, and
MQL-castor oil, were selected to measure torque, surface roughness, and axial thrust. The
results concluded that surface roughness was improved with vegetable MQL, while the
torque and axial thrust were reduced. Luo et al. [15] established a finite element model
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using different spindle and feed speeds to drill Al7075-T6. They concluded that an increase
in the feed speed resulted in high axial force and torque. Similarly, the thickness of the
uncut chips also increased. Furthermore, the numerical simulation showed a higher tool
temperature field at the main cutting edge than at the cross edge. Pramanik et al. [16]
worked on drilling Al6061-T6 in three different conditions, including liquid nitrogen (LN2),
compressed air and MQL, to identify their impact on chip formation, the quality of holes,
active peak power, and surface roughness. The study concluded that cooling techniques
had a negligible impact on active power consumption. Additionally, the coolant’s impact
on the chip thickness ratio and surface roughness was unclear. However, the surface
roughness increased as the speeds and feeds increased, while the chip thickness ratio
increased with speed and decreased with the feed. In a study by Banerjee et al. [17], 102◦
and 115◦ point angles were recommended for the minimum burr height and thickness
when drilling aluminum using high-speed steel (HSS) drill bits. Regarding the previous
studies on Al2024, the selection of various drilling parameters is provided in Table 1.

Table 1. Previous studies on drilling Al2024.

Material
Spindle Speed/
Cutting Speed

Feed Rate Drill Bits Areas Studied Ref.

Al2024 1000, 2000, and
3000 (rpm)

0.04, 0.08, and
0.14 (mm/rev)

Uncoated carbide,
6 mm and 10 mm

Thrust force, surface roughness,
burrs, hole surface damage analysis,
chips formation, and tool condition

[18]

AA2024 60, 120, and
180 (m/min)

0.05, 0.15, and
0.25 (mm/rev)

HSS twist drill
with cobalt, 6 mm

Surface roughness, thrust force, hole
diameter, and exit burr height [19]

Al2024 1000, 3000, 6000, and
9000 (rpm)

100, 300, 600,
900 (mm/min)

TiAlN-coated
carbide twist drill

Chip formation, surface roughness,
hole size, burrs, and circularity error [20]

Al2024 28 and 94 (m/min) 0.04 (mm/rev) HSS and HSS-Co Thrust force, torque, and
surface finish [21]

Al 2024 30, 45, and 60 (m/min) 0.15, 0.20, and
0.25 (mm/rev)

Uncoated HSS, TiN
and TiAlN-coated Surface finish and hole diameter [22]

Hence, studies in the literature are limited to other drilling process parameters, cool-
ing techniques, or materials. There is also a lack of studies investigating the significant
characteristics of hole quality. Therefore, this study evaluates important hole characteristics,
including circularity, hole size, perpendicularity, and cylindricity. The analysis was carried
out using different types of drill bit materials, spindle speeds, and feed rates. The results
were then evaluated using Pareto charts and an analysis of variance (ANOVA). The study
also included further experiments to examine the post-drilling tool conditions at high
drilling parameters and the burrs around the hole edges using optical microscopy. A fur-
ther examination of the quality of holes was performed using scanning electron microscopy
to investigate any defects inside the drilled hole surfaces.

2. Materials and Methods

Al2024-T3 and a CNC machine were used for drilling experiments. CNC machines are
high-volume production machines used for achieving high levels of productivity without
compromising quality. Uncoated HSS and uncoated carbide drill bits with a size of 6
mm were mounted on the CNC machine to drill holes in the Al2024-T3. The drilling
experiments were repeated three times, and each time, a new drill bit was used for the
accuracy of the results. Hence, a total of 27 holes were drilled under dry conditions. The
workpiece material, drilling parameters, and experimental details are provided in Table 2.
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Table 2. Experimental details.

Material Details

Material Al2024-T3
Dimension 150 × 200 mm2

Thickness 10 mm

Chemical composition Mg Cr Si Z Cu Mn Fe Ti Al

1.5 0.1 0.5 0.25 4.5 0.6 0.5 0.15 Balance

Ultimate tensile strength 445 MPa

Drilling parameters

Feed rate (mm/rev) 0.04, 0.08, 0.14
Spindle speed (rpm) 1500, 2500, 3500
Drilling condition Dry

Drill bit details

Type Twist drill
Material HSS, carbide
Coating None
Drill diameter 6 mm
Shank diameter 6 mm
Helix angle 30◦
Number of flutes 2 mm

Machines used

Machine tool CNC
Hole size, circularity, cylindricity,
and perpendicularity Coordinate measuring machine (Taichung, Taiwan)

Burrs USB digital microscope
Hole surface defects Scanning electron microscopy (Hitachi SU5000 Chiyoda, Japan)
Tool condition Optical microscope (LEICA M80)

The HSS and carbide drills are the most frequently used drill bits in industries, based
on the application. A likely explanation for selecting HSS drill bits is that they are less
expensive, commonly used, robust, and durable. They are also tough and heat-resistant.
In contrast, carbide drills are extremely hard, with a greater heat dissipation rate, and
are considered the toughest compared to other drill bits [23]. In addition, the 6 mm
size is a commonly used tool size range for aerospace alloys. At the same time, a high
helix angle was previously suggested to achieve high-quality holes during the drilling of
Al20254-T3 [24]. Furthermore, according to the machinery handbook [25], the feed rate
should be 0.05–0.15 mm/rev when a twist drill with a size of 3.175–6.35 mm is used. Finally,
Al2024-T3 was selected because it is a highly used aluminum alloy in the aerospace industry,
where millions of holes are required. Hence, the drilling process and geometric tolerances
are of great interest [26].

A coordinate measuring machine (CMM) was used to measure perpendicularity,
circularity, cylindricity, and hole size to investigate hole quality. It is worth noting that
CMMs are mostly used in the automotive, aerospace and defense industries to measure
geometric features of parts [27]. Afterwards, at a confidence interval of 95%, the impacts of
the drilling parameters on the hole quality characteristics were evaluated using an ANOVA.

The study also included additional experiments to examine the post-drilling tool
conditions for each drill bit at high spindle speed of 3500 rpm and feed rate of 0.14 mm/rev.
The investigation was carried out using optical microscopy after 9, 27, and 45 holes, and a
comparison was made between the built-up edges generated on each drill bit. Afterwards,
scanning electron microscopy (SEM) was used to examine the holes. The study also
included the examination of the burrs around the holes using a digital microscope. Further
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examinations of the top and bottom hole edges and the inside surface defects of the holes
were performed via SEM.

3. Experimental Results and Analysis of Variance

3.1. Hole Deviation and Circularity

Figures 2 and 3 show the average hole size and circularity using the uncoated HSS
and uncoated carbide drill bits with different spindle speeds and feed rates. In general,
the results show that hole deviation and circularity increase as the spindle speed and feed
rate increase. At the same time, the uncoated carbide drills produced holes with lesser
deviations from the hole’s nominal size and fewer errors in circularity. The hole deviation
from the nominal size (6 mm) for the uncoated HSS drill bit ranged from 6.0581 mm to
6.0753 mm, while for the uncoated carbide drill bits, the minimum value obtained was
6.0086 mm, while the maximum was 6.0281 mm. Similarly, the circularity ranged from
0.0261 to 0.0541 mm for the uncoated HSS drill bits. In contrast, it ranged from 0.0193 to
0.0284 mm when the carbide drill bits were used. In the current study, the ANOVA was
used at a 95% confidence interval, so only those values with a p-value of less than 0.05 were
considered significant. Therefore, the results in Table 3 indicate that the greatest impact
on hole size and circularity was achieved by the drill bit materials. The drill bit’s material
type affected the hole size by 94.10% and the circularity by 45.07%. The spindle speed’s
influence on the hole size was 3.75%, while none of the other parameters affected the hole
size and circularity in the 95% confidence interval.
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Figure 2. Hole size.
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Figure 3. Circularity.

Table 3. ANOVA for hole size and circularity.

Hole Size

Source DF Seq SS Adj SS Adj MS F-Value p-Value Contribution
Model 13 0.012127 0.012127 0.000933 33.73 0.002 99.10%
Linear 5 0.01198 0.01198 0.002396 86.63 0 97.89%
Drill bit material 1 0.011516 0.011516 0.011516 416.38 0 94.10%
Spindle speed 2 0.000459 0.000459 0.000229 8.29 0.038 3.75%
Feed rate 2 0.000006 0.000006 0.000003 0.11 0.9 0.05%
Two-way interactions 8 0.000147 0.000147 0.000018 0.66 0.712 1.20%
Drill bit material × spindle speed 2 0.000041 0.000041 0.000021 0.74 0.532 0.34%
Drill bit material × feed rate 2 0.000005 0.000005 0.000002 0.08 0.922 0.04%
Spindle speed × feed rate 4 0.000101 0.000101 0.000025 0.92 0.533 0.83%
Error 4 0.000111 0.000111 0.000028 - - 0.90%
Total 17 0.012238 - - - - 100.00%

Circularity

Model 13 0.001579 0.001579 0.000121 3.24 0.133 91.33%
Linear 5 0.001282 0.001282 0.000256 6.84 0.043 74.19%
Drill bit material 1 0.000779 0.000779 0.000779 20.79 0.01 45.07%
Spindle speed 2 0.000107 0.000107 0.000054 1.43 0.34 6.21%
Feed rate 2 0.000396 0.000396 0.000198 5.28 0.075 22.91%
Two-way interactions 8 0.000296 0.000296 0.000037 0.99 0.544 17.14%
Drill bit material × spindle speed 2 0.00005 0.00005 0.000025 0.67 0.563 2.89%
Drill bit material × feed rate 2 0.000115 0.000115 0.000057 1.53 0.321 6.63%
Spindle speed × feed rate 4 0.000132 0.000132 0.000033 0.88 0.548 7.63%
Error 4 0.00015 0.00015 0.000037 - - 8.67%
Total 17 0.001728 - - - - 100.00%

3.2. Cylindricity and Perpendicularity

In the current study, the cylindricity and perpendicularity increased with increases
in the drilling parameters. However, a significant impact on both cylindricity and perpen-
dicularity was found based on the type of drill bit material used, as shown
in Figures 4 and 5. The uncoated HSS drill bit holes have greater cylindricity and per-
pendicularity than the uncoated carbide drill bit holes. Hence, when using the carbide
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drill bits, the lowest cylindricity and perpendicularity values produced were 0.0271 mm
and 0.0120 mm. Likewise, the ANOVA result in Table 4 indicates that the impact of drill
bit material on the cylindricity was 64.35%, while the impact on perpendicularity was
61.08%. Furthermore, the spindle speed had an impact of 16.17% on cylindricity and
8.92% on perpendicularity. However, the feed rate showed an insignificant contribution
in affecting the cylindricity and perpendicularity in this study at the confidence interval
of 95%. Moreover, in the two-way interactions, the combination of drill type and spindle
speed had an influence of 5.32% on the cylindricity. In comparison, the combined effect of
drill type and feed rate had an impact of 5.78% on the cylindricity. At the same time, in
the two-way interactions, only the drill type and spindle affected perpendicularity, with a
13.06% contribution. Hence, it is concluded that the drill bit material plays a significant
role during the drilling process in affecting the hole quality characteristics.
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Table 4. ANOVA for cylindricity and perpendicularity.

Cylindricity

Source DF Seq SS Adj SS Adj MS F-Value p-Value Contribution
Model 13 0.014233 0.014233 0.001095 32.18 0.002 99.05%
Linear 5 0.011966 0.011966 0.002393 70.34 0.001 83.28%
Drill bit material 1 0.009246 0.009246 0.009246 271.76 0 64.35%
Spindle speed 2 0.002323 0.002323 0.001162 34.14 0.003 16.17%
Feed rate 2 0.000396 0.000396 0.000198 5.82 0.065 2.76%
Two-Way Interactions 8 0.002267 0.002267 0.000283 8.33 0.029 15.78%
Drill bit material × spindle speed 2 0.000765 0.000765 0.000382 11.24 0.023 5.32%
Drill bit material × feed rate 2 0.000831 0.000831 0.000415 12.21 0.02 5.78%
Spindle speed × feed rate 4 0.000671 0.000671 0.000168 4.93 0.076 4.67%
Error 4 0.000136 0.000136 0.000034 - - 0.95%
Total 17 0.014369 - - - - 100.00%

Perpendicularity

Model 13 0.00042 0.00042 0.000032 12.89 0.012 97.67%
Linear 5 0.000334 0.000334 0.000067 26.69 0.004 77.74%
Drill bit material 1 0.000262 0.000262 0.000262 104.83 0.001 61.08%
Spindle speed 2 0.000038 0.000038 0.000019 7.65 0.043 8.92%
Feed rate 2 0.000033 0.000033 0.000017 6.65 0.053 7.75%
Two-Way interactions 8 0.000086 0.000086 0.000011 4.27 0.088 19.93%
Drill bit material × spindle speed 2 0.000056 0.000056 0.000028 11.21 0.023 13.06%
Drill bit material × feed rate 2 0.00002 0.00002 0.00001 3.97 0.112 4.63%
Spindle speed × feed rate 4 0.00001 0.00001 0.000002 0.96 0.516 2.23%
Error 4 0.00001 0.00001 0.000003 - - 2.33%
Total 17 0.00043 - - - - 100.00%

4. Discussion

In the current study, the quality of hole characteristics reduces with increases in the
spindle speed and feed rate. However, at a 95% confidence interval, the ANOVA results
concluded that the most influencing parameter affecting the hole quality was the type of
drill bit material, followed by the spindle speed. In contrast, the influence of the feed rate
on the quality of the holes was found to be insignificant. This could also be confirmed
by the Pareto chart, as provided in Figure 6. Additionally, the uncoated carbide drill bit
showed low perpendicularity, low circularity, low cylindricity, and a low level of deviation
of the hole from the nominal size compared to the results produced by the uncoated HSS
drill bits. One of the reasons for this might be the formation of fewer burrs around the entry
and exit sides of the holes produced by the uncoated carbide drill bits. Thus, the burrs
around the holes were observed using an optical microscope, as shown in Figure 7a, which
is an additional method apart from using the profile meters [24]. Hence, the formation
of burrs is provided in Figure 7b. Further details can be found in Appendix A. It is also
worth noting that in this study, the burrs at the edges of the holes were small and did
require further processing, such as de-burring. However, the burrs can affect the geometric
tolerances and might be affected by the drilling parameters. Hence, the material was further
examined using scanning electron microscopy at the entry and exit sides of the hole edges,
as shown in Figure 8. The SEM examination was also extended to the inside hole surface,
which revealed that the surface deformation, damage defects, and chip adhesion were more
visible in the holes drilled with uncoated HSS drill bits, as provided in Figure 9. It is also
worth mentioning that previously [24], the uncoated carbide drill bits also performed better
than the uncoated HSS drill bits in the process of drilling Al2023-T3. However, that study
was based on a multi-hole drilling approach to investigate thrust force, burr formation,
surface roughness, chips analysis, and tool conditions.
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(a) (b) 

  
(c) (d) 

Figure 6. (a). Pareto chart for hole size. (b). Pareto chart for circularity. (c). Pareto chart for
cylindricity. (d). Pareto chart for perpendicularity.

  
(a) (b) 

Figure 7. (a) Burr investigation using digital microscope. (b) Burr formation at 3500 rpm and
0.14 mm/rev.
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Figure 8. SEM images of hole top and bottom edge after drilling at 3500 rpm and 0.14 mm/rev.

Figure 9. SEM hole analysis after drilling at 3500 rpm and 0.14 mm/rev.

Another reason for the better hole quality was the formation of a lower built-up edge
(BUE) on the holes drilled with carbide drill bits. This was mainly due to the greater
strength, higher hardness, and lower coefficient of friction of the carbide drill bits when
compared to the uncoated HSS drill bits [24]. Furthermore, it has also been reported that
high machining parameters tend to increase the temperature at the drilling zone because
of the high friction and material removal rate. Hence, the material softens and undergoes
plastic deformation, which causes the material to accumulate at the cutting tool, resulting
in adhesion and built-up edges [28]. Previous studies have reported that high machining
parameters also contribute to increasing the tool wear, deformation effects, and the quality
of holes [29]. In addition, the Pareto chart in Figure 6 indicated that the second influencing
factor on the hole quality was the spindle speed in this study. Therefore, additional drilling
experiments were performed to compare the post-drilling tool conditions with respect
to the built-up edges. Hence, a high spindle speed of 3500 rpm and a high feed rate of
0.14 mm/rev in the current drilling parameters were selected, and post-drilling conditions
were investigated after 9, 27, and 45 holes were drilled. Figure 10 shows the optical
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microscopy images taken using each drill bit, which shows a high BUE generated on the
uncoated HSS drills. It is worth mentioning that as the number of holes increases, there
might be high tool work friction, resulting in a high level of energy consumption and
generating higher thrust force [30]. Consequently, there are more chances of affecting the
hole dimensions due to a high BUE. Hence, the SEM mid-hole surface analysis was carried
out after 9, 27 and 45 holes were drilled with uncoated HSS and carbide drills, as shown in
Figure 11. It is also noteworthy that the hole quality might be affected by other parameters
like vibration, machine dynamics, the drilling temperature, etc. [27], which were not the
scope of this study.
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Figure 10. Post-drilling tool conditions after drilling at 3500 rpm and 0.14 mm/rev.

SEM analysis at 
middle of the hole 

After 09 drilled holes After 27 drilled holes After 45 drilled holes 

Uncoated carbide  
drill bit 

   

Uncoated HSS    
drill bit 

   

Figure 11. SEM mid-hole analyses after drilling at 3500 rpm and 0.14 mm/rev.

5. Conclusions

In the current study, Al2024-T3 was used for drilling experiments, and a comparison
was made between uncoated HSS and carbide drill bits used with varying drilling process
parameters. The investigations were based on the hole quality; however, the study was
further extended to examine the tool conditions at high drilling parameters in combination
with SEM analysis of the holes at the different locations. Hence, the results obtained in
this study can help the scientific community and industry in selecting high-quality drilled
holes. The following conclusions were made based on the above investigations.
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The quality of holes with respect to hole size, cylindricity, circularity, and perpendic-
ularity increase as the spindle speed and feed rate increase. However, ANOVA results
indicated that the type of drill bit material showed the highest influence on the hole quality.
The spindle speed was the second-most influencing factor affecting the hole quality. In
contrast, the feed rate showed an insignificant impact on the hole quality at the confidence
interval of 95% for the selected drilling parameters.

The burrs formed around the edges of holes produced by the uncoated carbide drill
bits at high drilling parameters were found to be fewer than those produced by the HSS
drill bits. Furthermore, the SEM images showed less surface deformation and damage
defects on the hole walls drilled by the uncoated carbide drill bits. The experimental results
also concluded that the uncoated carbide drill bits produced more high-quality holes than
the uncoated HSS drill bits because of their high strength and resistance to wear. Similarly,
the adhesion and built-up edges on the uncoated carbide drill bits were less than the
uncoated HSS drill bits at high drilling parameters. Therefore, it is concluded that the drill
bit materials play a significant role during the process of drilling Al2024-T3 in affecting
the hole quality characteristics. Hence, drill bits with excellent wear resistance and a high
degree of hardness are recommended for improving tool life.
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Abstract: Polyvinyl Alcohol (PVA) is frequently applied as a support material in 3D printing, es-
pecially in the crafting of intricate designs and projecting elements. It functions as a water-soluble
filament, often paired with materials like ABS or PLA. PVA serves as a momentary scaffold, sup-
porting the jutting segments of a 3D model throughout the printing process. Subsequent to printing,
the primary component can be effortlessly isolated by dissolving the PVA support using water.
PVA, being a pliable and eco-friendly polymer, is susceptible to moisture. Its aqueous solubility
renders it a prime selection for bolstering 3D print structures. In this investigation, equivalent-sized
samples were 3D printed utilizing an Ultimaker 3D printer to assess the potency of PVA-generated
specimens. Tensile examinations were executed on each sample employing a testing apparatus. The
durability of the specimens was notably impacted by the input parameters, specifically the stratum
width and stratum thickness. Strength dwindled as stratum width increased, whereas it rose with
augmented stratum thickness. A few specimens with heightened stratum width and compromised
quality displayed subpar performance during the tensile assessment. The findings unveiled a peak
tensile strength of 17.515 MPa and a maximum load of 1600 N. Attaining an optimal degree of
material utilization led to a decrease in filament consumption by 8.87 g, all the while upholding a
MTS (maximum tensile strength) of 10.078 MPa.

Keywords: Fused Filament Fabrication (FFF); Polyvinyl Alcohol (PVA); layer thickness; width
thickness; 3D printing; tensile test

1. Introduction

Three-dimensional printing, also known as additive manufacturing (AM), involves the
construction of three-dimensional objects from digital models by depositing, connecting,
or solidifying material under computer control [1–3]. Unlike traditional manufacturing
methods that involve material removal, 3D printing builds objects by layering materi-
als [4–7]. The printing process involved dual extrusion and fused filament fabrication
techniques. The quality and precision of the printed object were found to be influenced
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by factors such as temperature management, material viscosity, layer adhesion, and the
mechanical, thermal, and optical properties of the material [8–10]. Three-dimensional
printing has revolutionized manufacturing by enabling rapid prototyping, shorter lead
times, and the production of customized products. It has found applications in various
industries, including healthcare, aerospace, defense, automotive, and education, facilitating
innovation, efficiency, and experiential learning opportunities [11–14].

Sikidar et al. [15] investigated the effects of layer thickness on the mechanical charac-
teristics of 3D-printed ABS polymer samples. They utilized a fused deposition modelling
(FDM) 3D printing device to produce samples with varying layer thicknesses and compared
them to a sample made through conventional injection molding. The results indicated
that the samples produced via injection molding exhibited the highest values of tensile
strength, impact strength, and hardness. Chaudhery et al. [16] comprehensively explored
the 3D printing process, including methodology, materials, feed, technology, and appli-
cations. They introduced 3D/4D printing technologies and highlighted the use of PVA
as a feedstock. The authors emphasized that traditional methods lacked the ability to
produce complex structures, whereas 3D printing technologies, such as light-, droplet-,
and extrusion-based systems, enabled their creation. The study also investigated the tem-
perature response of PVA. Terranova et al. [17] investigated the synthesis of PVA-based
nanocomposites using diamond nanograins as fillers and their application in 3D printing
through additive manufacturing. They explored the use of PVA and detonation nanodia-
mond dispersions as innovative inks for layer-by-layer additive manufacturing of variously
shaped objects. The researchers developed 3D printing technology and methods to shape
hybrid materials while fabricating nanocomposites, utilizing PVA-DND inks as a test sys-
tem. They emphasized the importance of aligning the chemical and physical properties of
the materials with the 3D printer to enhance the quality of the final printed products. The
study demonstrated that well-defined and shaped structures of PVA-DND nanocomposites
can be successfully printed, offering potential applications across various fields. Dwiyati
et al. [18] conducted research on the axial and lateral tensile characteristics of Acrylonitrile
Butadiene Styrene (ABS) material for 3D printing. Specimens were printed with varying
layer thicknesses of 0.1, 0.2, and 0.3 mm, following ASTM D 632-02 standards [19]. Ten-
sile tests were performed using the Zwick Roell Series Z 021 machine, and SEM testing
was used to analyze the fracture surface. The study concluded that the axial direction of
3D-printed specimens exhibited higher maximum force and tensile strength compared to
the lateral direction, with thicker layers more likely to exhibit greater maximum force and
tensile strength. Yu et al. [20] investigated the mechanical behavior of 3D preforms and their
composites produced via additive manufacturing, focusing on the influence of printing
direction. The compressive behavior of 3D braid preforms, and composites was analyzed
for three different printing orientations (0◦, 45◦, and Z-direction). Pores induced by the
fabrication process were observed in sections printed at 0◦ and 45◦ orientations. Solid cube
specimens were then created and injected with a silicone matrix. Performs printed in the
45◦ direction exhibited improved inter-yarn adhesion, leading to enhanced initial modulus.
However, Z-direction specimens displayed greater structural ductility due to inter-yarn
slippage. Paul et al. [21] explored the application of novel biomaterials and advanced 3D
printing techniques in bioprinting. The study highlights recent advancements in 3D print-
ing technology and new materials, emphasizing their superiority over traditional methods,
particularly in the field of biomedicine. Key considerations discussed include printing
speed, feasibility of cell growth, and the ability to achieve complex shapes in bioprinting
applications. Several studies have been conducted to investigate the mechanical properties
of 3D-printed samples made from polyvinyl alcohol (PVA) and establish a correlation
between printer parameters and mechanical characteristics [22–27]. These research efforts
aim to understand how variations in printer settings, such as layer thickness, infill density,
and printing speed, affect the resulting mechanical properties of PVA-based 3D-printed
objects [28–32]. By identifying these relationships, researchers can optimize printer param-
eters to achieve desired mechanical properties in PVA 3D-printed samples [33–36]. AM,
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particularly Material Extrusion (MEX), refers to a swift and convenient manufacturing tech-
nique that employs raw materials in filament structure. It holds the potential to effectively
utilize recycled plastics and fibers sourced from industrial waste and household recycling,
making it a viable approach for sustainability [37,38].

This study explores various methods employed in 3D printing technologies, specifi-
cally utilizing a dual extrusion print head and fused filament fabrication. The objective is to
investigate the influence of input parameters, including layer thickness and wall thickness,
on the strength of specimens. To conduct the experiment, shape samples were produced
using PVA as the material on an Ultimaker 3D printer, while adhering to the specified
input parameters. Subsequently, measurements were taken from the output samples and
subjected to a tensile test. Results were obtained through graphical analysis, providing
insights into material strength and force analysis. Furthermore, optimization and design of
experiments were applied, utilizing the response surface method to optimize the weight
and maximum tensile strength of the 3D-printed samples. The goal is to enhance the
weight efficiency and mechanical characteristics of PVA samples subsequent to the 3D
printing procedure.

2. Experimental Work

The experiment aimed to use an Ultimaker 5 3D printer to construct samples and
investigate the impact of layer thickness and width thickness on their mechanical prop-
erties. The process involved creating a 3D design using SolidWorks software (version
11) and converting it into a series of cross-sectional layers. Fused filament fabrication
(FFF) technology was employed, where a molten material was layered to build the items.
Thermoplastic polymers like ABS and Nylon were used, and a dual extrusion print head
with an auto nozzle lifting system was utilized. PVA material was prepared by being feed
into the printer’s filament spool and then into the print head, and the parameters were
defined based on the response surface method levels (Table 1). In this study, the selected
infill pattern was the honeycomb design. The specimens were fabricated following the
dimensions specified for the ISO 527-2 tensile test samples [39].

Table 1. Independent process parameters with design levels.

Variable Notation Unit −2 −1 0 1 2

Layer thickness LT [mm] 0.1 0.15 0.2 0.25 0.3
Width thickness WT [mm] 0.4 0.6 0.8 1 1.2

Table 2 provides the chemical properties of PVA. The printing process involved extrud-
ing PVA layer by layer to form the shape of the object. In some cases, support structures
were used and later removed. Once printing was completed, the product was removed
from the print bed and any remaining support structures were taken out. The samples
were then subjected to tensile testing to analyze their mechanical properties.

Table 2. Chemical properties of PVA.

Formula (C2H40) x

Melting Point 200 ◦C
Density 1.19 g/cm3

Boiling Point 228 ◦C
Solubility in Water

EPA DTXSID431930
Log P 0.26

After the completion of 3D printing, additional post-processing steps can be performed
to improve the surface quality of the object, including sanding or polishing. The removal
of PVA support material is achieved by submerging the printed object in water, causing
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the PVA to dissolve and leaving behind the primary 3D-printed component. Once dried,
the part may require further post-processing, such as sanding or finishing, to achieve
the desired outcome. The result is a 3D-printed object constructed by PVA materials.
This procedure was repeated to produce a total of eleven samples, and the final products
can be observed in Figure 1. Geometrical parameters, including weight, length, and
thickness, were measured for each sample (Table 3). Subsequently, all the 3D-printed
samples underwent tensile strength testing using an Instron 5567 Universal Testing Machine
(UTM). The nozzle temperature was set within the range of 180 to 280 degrees Celsius with
a nozzle diameter of 0.6 mm.

  
(a) (b) 

Figure 1. (a) Final products (3D-printed object made with PVA material). (b) The samples during
and after tensile testing.

Table 3. Experimental layout and multi-performance results.

Experiment No.

Input Variables Responses

LT
[mm]

WT
[mm]

MTS
(MPA)

Weight
(g)

1 0.2 1.2 8.892 8.34

2 0.25 0.6 13.878 9.26

3 0.2 0.4 17.515 9.40

4 0.2 0.8 12.708 9.58

5 0.2 0.8 14.175 9.68

6 0.1 0.8 13.431 9.46

7 0.3 0.8 14.507 9.47

8 0.15 0.6 17.925 9.68

9 0.15 1 10.458 8.83

10 0.2 0.8 14.587 9.40

11 0.25 1 4.417 7.95

3. Result and Discussion

3.1. Maximum Tensile Strength (MTS)

The ANOVA Table 4 presents the designed model for the MTS of the samples after 3D
printing. In this model, the effects of input parameters on the MTS are analyzed. Based
on the p-values and the significant model experiments, the effects of the parameters are
deemed significant. Referring to the ANOVA Table 4 and the coefficients Equation (1), it
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can be concluded that the effects of the WT parameter on the MTS are greater compared to
the effects of the LT parameter in the printed samples.

(MTS)2.26 = +1090.15231 − 560.87673 × LT − 768.57399 × WT (1)

Table 4. Analysis of variance (ANOVA) for MTS.

Source
Sum of
Squares

df
Mean

Square
F

Value
p-Value
Prob > F

Model 2.930 × 105 2 1.465 × 105 13.39 0.0028
A-LT 9437.48 1 9437.48 0.86 0.3802
B-WT 2.835 × 105 1 2.835 × 105 25.91 0.0009

Residual 87530.92 8 10941.36
Lack of Fit 80375.07 6 13395.84 3.74 0.2258
Pure Error 7155.85 2 3577.93

Cor Total 3.805 × 105 10

In Figure 2, the output graphs generated by the “Design Expert” software for the
printed sample’s MTS are displayed. Figure 2a represents the normal plot of residuals
for the MTS, showing that the residuals align closely with the trend line, indicating the
conformity of the DOE for this output. Figure 2b, which is the perturbation plot for the
MTS, examines the simultaneous effects of two parameters, WT and LT, on the MTS of
the samples. Figure 2c presents the surface plot for the MTS of the samples. Based on
this plot and the 2D contour plot of the MTS (Figure 2d), it can be observed that the MTS
increases with a decrease in the WT of the printer. This is because reducing the WT results
in thinner printed layers, leading to better filament consolidation in the samples. Increased
consolidation of the printed layers requires more force to separate the samples, ultimately
resulting in an increase in the MTS. Furthermore, considering the red regions in Figure 2d,
the MTS of the samples is maximized when the WT parameter is set to a lower value for
the printer. This is because decreasing the WT increases the print density and filament
consumption, which leads to an increase in the MTS of the samples.

The tensile test results were obtained using a computer-controlled tensile testing
machine. The results were analyzed and presented in the form of graphs. In Figure 3a,
the load applied to sample 1 is plotted against the corresponding extension. It is evident
that the sample exhibits elastic behavior up to an extension of 1.75 mm with a force of
510 N. Beyond this point, the material deviates from its elastic state. The maximum load
observed is 760 N, achieved at a stretch of 3 mm. Subsequently, as the sample is stretched
further, a decrease in force is observed until fracture occurs at a 7 mm extension. Similarly,
in Figure 3b, the load applied to sample 2 is plotted against the extension. The graph
shows that the sample retains its elastic properties up to an extension of approximately
1.00 mm, with a force of around 500 N. Upon exceeding this limit, the material loses its
elastic behavior. The maximum load recorded is 1050 N at an extension of 2.5 mm. As
the sample is stretched beyond this point, a decrease in force is observed until the sample
fractures at an extension of over 7.25 mm. Comparing the results of sample 1 and sample
2, it is noteworthy that sample 2, which was printed with a layer thickness of 0.25 mm
and width thickness of 0.6 mm, exhibited a 36 percent increase in maximum load and a 56
percent increase in the MTS of Elasticity compared to sample 1. Furthermore, the width
thickness of sample 2 was reduced to half of that in sample 1.

3.2. Weight

In ANOVA, Table 5, the designed model for the weight of the samples after 3D printing
is presented. In this model, the effects of the input parameters on the weight of the samples,
as well as the second-order effects of WT, are analyzed. Based on the p-values, the effects
of the parameters and the experimental model are found to be significant. Considering
ANOVA, Table 5, and the coefficients Equation (2), it can be concluded that the effects of
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the WT parameter on the weight of the printed samples are greater compared to the effects
of the LT parameter.

(Weight)3 = +655.92146 − 489.41132 × LT + 1087.08498 × WT − 942.73992 × WT2 (2)

 
(a) (b) 

 
(c) (d) 

Figure 2. (a) Normal plot of residuals of MTS (b) Perturbation plot of MTS (c) 3D surface plot of MTS
in terms of LT and WT (d) contour plot of MTS.

(a) (b) 

Figure 3. (a) Load (N) vs. Extension (mm) of Sample 1 (b) Load (N) vs Extension (mm) of Sample 2.

In Figure 4, the output graphs of the Design Expert software (version 11)for the weight
of the printed samples are shown. In Figure 4a, the normal plot of residuals for weight
is displayed, indicating the residuals align closely to the diagonal line, indicating the
adequacy of the DOE for this output. In Figure 4b, the surface plot for weight is presented.
Based on this plot and the 2D contour plot of weight (Figure 4c), it can be observed that
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increasing the weight of the samples is directly related to an increase in LT. This is because
an increase in LT leads to thicker printed layers, resulting in higher filament consumption
and ultimately increasing the weight of the samples. Additionally, considering the red
regions in Figure 4c, the weight of the samples is minimized when the WT parameter is
low and the LT parameter is set on high for the printer, as reducing WT increases print
density and filament consumption, leading to an increase in sample weight.

Table 5. Analysis of variance (ANOVA) for Weight.

Source
Sum of
Squares

Df
Mean

Square
F

Value
p-Value
Prob > F

Model 1.250 × 105 3 41,653.09 5.12 0.0348
A-LT 7185.70 1 7185.70 0.88 0.3787
B-WT 85,196.52 1 85,196.52 10.47 0.0143

B2 32,577.04 1 32,577.04 4.00 0.0855
Residual 56,966.61 7 8138.09

Lack of Fit 53,971.72 5 10,794.34 7.21 0.1263
Pure Error 2994.90 2 1497.45

Cor Total 1.819 × 105 10

 
(a) (b) 

(c) 

Figure 4. (a) Normal plot of residuals of Weight; (b) 3D surface plot of Weight in terms of LT and WT
(c) contour plot of Weight.
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4. Optimization

In this section, the optimization of 3D-printed PVA samples using the FFF method is
addressed. In this optimization, two input parameters of the printer, namely WT and LT,
were optimized based on the optimization Table 6, where the parameter ranges for both
samples were evaluated, considering the upper and lower limits. Since the responses for
this study are MTS and Weight, a goal was set for each in the optimization analysis, aiming
to increase the MTS and decrease the Weight of the printed PVA samples. Furthermore,
according to Table 7, three optimized samples were shown for this experiment, and the
predicted values by the Design Expert software and the actual data from the tests were
reported for these three optimized samples. As evident, the error values for the samples are
below 15%, which is highly suitable for predicting the optimization of the samples based
on previous studies, and conducted research. Additionally, considering the overlay plot
in Figure 5, it demonstrates the optimized regions for the input parameters of the printer,
where selecting a parameter within the yellow regions will result in optimal responses.

Table 6. Constraints and criteria of input parameters and responses.

Name Goal
Lower
Limit

Upper
Limit

Lower
Weight

Upper
Weight

Importance

A: LT is in range 0.1 0.3 1 1 3
B: WT is in range 0.4 1.2 1 1 3

MTS maximize 4.41779 17.925 1 1 3
Weight minimize 7.95 9.68 1 1 3

Table 7. Predicted optimum results and experimental validation.

No. LT WT Desirability
MTS

(MPa)
Weight

(g)

#1 0.3 0.85 1
Predicted 13.540 9.15

Actual 11.985 9.05

Error % 12.97 1.10

#2 0.25 0.85 0.953
Predicted 11.603 8.58

Actual 12.091 8.99

Error % 4.03 4.56

#3 0.25 0.95 0.947
Predicted 10.815 9.07

Actual 10.078 8.87

Error % 7.31 2.25

Figure 5. Overlay plots in terms of LT and WT.
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5. Conclusions

The constraints and future potential of PVA 3D printing encompass its susceptibility
to moisture, causing degradation, print issues, and extruder clogs, necessitating proper
storage. Primarily used as support material in dual-extrusion 3D printing, PVAs limited
application excludes standalone objects due to properties and cost. Slower print speeds
increase project duration, deterring time-sensitive tasks. Higher cost hampers larger
projects and cost-effectiveness goals. Its biocompatibility is promising for temporary
medical implants. PVA finds utility in education and rapid prototyping due to easy
support removal. Anticipated technological advancements could alleviate limitations and
expand prospects as researchers strive to optimize PVA-based 3D printing for diverse
applications. Below are notable accomplishments from this research:

• Mechanical properties of printed samples were significantly influenced by the width
thickness parameter.

• Low layer thickness and high width thickness combo reduces tensile strength due to
poor layer adhesion in width direction.

• Using 0.25 mm layer thickness and 1 mm width thickness requires less material but
increases voids and lowers tensile strength.

• Sample 8: 0.15 mm layer thickness, 0.6 mm width thickness, MTS of 17.925 MPa.
• Sample 3: 0.2 mm layer thickness, 0.4 mm width thickness, MTS of 17.515 MPa,

maximum load 1600 N. Sample 3 maintains good MTS with a reduced filament
consumption of 8.87 g (10.078 MPa).
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FFF Fused filament fabrication
DOE Design of Experiment
RSM Response Surface Methodology
PVA Polyvinyl Alcohol
ANOVA Analysis of Variance
ABS Acrylonitrile Butadiene Styrene
LT Layer thickness
WT Width thickness
UTM Universal Testing Machine
MTS Maximum Tensile Strength
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Abstract: Additive Manufacturing (AM) is the process of joining materials by selectively depositing
them layer upon layer for the purpose of manufacturing parts or assemblies which are based on a 3D
digital model. The nature of these processes results in the morphing of complex component geome-
tries, enabling a high degree of design freedom and resulting in lightweight structures with increased
performance. These processes, however, experience many limitations regarding manufacturability.
The aim of this study is to develop a method and tool that optimizes the design of a component
to avoid overhanging geometries and the need for supports during the Additive Manufacturing
process. A workflow consisting of steps for topology optimization, orientation optimization, material
addition, and machine code generation is described and implemented using Rhinoceros 3D and
Grasshopper software. The proposed workflow is compared to a conventional workflow regarding
manufacturing Key Performance Indicators (KPIs) such as part volume, support volume, and build
time. A significant reduction is observed regarding all the KPIs by using the proposed method.
Examining the results from both the conventional workflow and the proposed one, it is clear that the
latter has unquestionable advantages in terms of effectiveness. In the particular case study presented,
a total volume reduction of around 80% is observed. The reduction in the total volume (including the
required support volume) leads to a significant reduction in the material used as well as in the build
time, consequently resulting in cost reduction.

Keywords: additive manufacturing; DED; manufacturability; topology optimization; orientation
optimization; material addition; slicing; G-code

1. Introduction

The process of building up a part by depositing material layer by layer on a build
bed or within a build chamber is known as Additive Manufacturing (AM) [1]. Due to
the freedom to create complicated geometries without the use of specialized tools, AM
processes introduce an entirely novel realm within engineering design and manufacturing.
These advantages have made Additive Manufacturing appealing to numerous industries,
including automotive, aerospace, machine tool manufacturing, healthcare, and the food
industry [2]. One of the differentiating elements between the various AM process families
is the process mechanism used. This is a key aspect as the process mechanism can be
linked directly with the manufacturability limitations of the process. As such, categorizing
AM processes according to the process mechanism is useful [3]. From the plethora of
AM processes available, this work focuses specifically on the Directed Energy Deposition
(DED) process family. In DED, materials are fed through a narrow nozzle and are melted
during deposition using focused thermal energy. The energy source can be a laser beam,
an electron beam, or a plasma arc. The deposited materials are typically metals in the form
of wire or powder [4]. Powder-based DED processes typically use a laser as the thermal
energy source, while wire-based DED processes utilize an electric arc, a plasma arc, a laser
beam, or an electron beam as the thermal energy source [5].
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This paper presents a method and software tool that enhances the manufacturability
of a component for DED processes that has been generated from a topology optimization
procedure by limiting and modifying the geometry of overhanging areas and thus the
required support volume to be built. The goal of the presented method and tool is to
improve the manufacturability of highly optimized lightweight structural parts typically
designed using topology optimization, reducing the total volume of material that needs
to be deposited to manufacture both the part and the support structures, thus reducing
material usage, build time, and, ultimately, costs.

The emergence of Additive Manufacturing technologies and their competitive advan-
tage, in regard to the geometrical freedom that can be obtained, have led to the increased
popularity of topology optimization, a method that makes lighter and potentially equally
strong components by reducing unneeded material from the initial design [6]. Differ-
ent algorithmic approaches have been proposed to implement topology optimization.
Bendsoe et al. [7,8] presented a homogenization method that exploits infinitely microscale
holes in a design domain rather than deleting the whole of a finite element [9–13]. Solid
Isotropic Material with Penalization (SIMP) is another topology optimization method that
penalizes the stiffness tensor by a penalization factor (p) that helps force a solution of either
a solid or a void. A penalization factor greater than one turns the intermediate densities
into solid and void zones, while a penalization value equal to one will result in a density
gradient [14–18]. Besides density-based approaches, researchers inspired by the nature,
specifically by the optimal, organic structures, of shells, bones, and trees found that their
long evolutionary period and adaption to any environment they find themselves in are
the reasons for such geometries. This led them to develop a new topology optimization
method, called Evolutionary Structural Optimization (ESO). The ESO approach uses a
fixed model with typical finite elements to describe the initial design domain. The ultimate
optimal structure is a subset of the initial set of finite elements [19–22]. Based on the ESO
technique, Yang et al. [23] developed an extension dubbed bidirectional ESO (BESO) for
topology optimization sensitive to stiffness and displacement limitations.

All aforementioned topology optimization strategies produce objects with unique,
organic shapes aiming to be manufactured utilizing the increasingly available AM pro-
cesses. Nevertheless, even the most advanced AM processes have finite manufacturing
capabilities; therefore, an evaluation of the manufacturing process limitations against the
part to be additively manufactured should be conducted in order to attain a high level
of manufacturability. Manufacturability in general encompasses a parts’ design ease of
manufacturing and its potential for cost reduction [2]. Similarly, AM manufacturability is
the degree to which a part that is to be manufactured using an AM process will employ the
favorable properties of this given technique [24]. In order to achieve a high degree of AM
manufacturability, specific Design for AM (DfAM) rules must be taken into consideration
during the early design stages of a part. Bikas et al. [25] underlined the importance of these
guidelines, since following them will allow the part to fulfill the standards it is designed to
and attain the optimum degree of manufacturability. Furthermore, they classified them
into two groups, which are the design aspects (described as any characteristic which can
be measured at the design stage, such as overhangs, bores, channels, etc., as well as a
part’s programming parameters) and the design considerations (the consequence on the
manufactured part).

One of the most essential design aspects that significantly affects the manufactur-
ing process are the overhangs since they are directly correlated with the need to support
structures [26,27]. An overhanging feature is any shape whose orientation is not paral-
lel to the build vector, contributing to the reduction in the efficiency of the AM process
build time, material, post-processing equipment, and process cost. In their work, Ghiasian
et al. [28] presented a framework to evaluate manufacturing feasibility using AM con-
sidering limits imposed from parameters such as geometry, build orientation/generated
supports, required time, and cost. Thereupon, numerous methods based on computational
methodologies that are focusing on tackling manufacturability challenges have been of-
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fered [29–31]. Lianos et al. [32] provide a paradigm that analyzes the manufacturability of
a given design considering a Directed Energy Deposition (DED) technique. Subsequently,
an AM design workflow is proposed, starting with the determination of the stress situation
inside the build volume of the part and then orienting in order to minimize the overhanging
features and maximize its AM manufacturability.

A small amount of works have also been proposed to manipulate existing design
geometries with the aim of improving manufacturability. O’Hara et al. [33] proposed three
advanced mesh manipulation techniques, and post-print surface optimization can decrease
design time and improve physiological simulations, aiming to help plan surgical treatments
and contribute to the success of test devices.

All these approaches that address manufacturability limitations are problems that
need to optimize two or more parameters simultaneously under various constraints. These
problems are called constrained multi-objective optimization problems (CMOPs), and their
solution depends on evolutionary algorithms [34,35].

The last piece of this process is the development of the component that occurred from
the whole optimization procedure. This includes the slicing of the fully optimized mesh
and the generation of the appropriate machine code (G-code or otherwise) [36,37].

After studying the aforementioned works, the conclusion is that there is no software
tool available that is able to optimize the geometry of a component aiming to eliminate
the areas that reduce AM manufacturability. This work focuses on addressing this gap
by utilizing the significant advantages of algorithmic-aided design to propose a design
strategy based on manufacturability.

2. Materials and Methods

The proposed method consists of 4 steps that are linked together to generate an
optimal (from an AM manufacturability perspective) design. Step 1 focuses on the topology
optimization process for a given boundary domain where the structural analysis is going
to be performed. Step 2 presents the orientation optimization process where the optimized
mesh that occurs from Step 1 is rotated around the x- and y-axis in order to minimize the
overhanging areas of the mesh and thus the required support material volume. Step 3 is the
material addition process, which utilizes the mesh from the previous step to create suitable
geometries with the aim of removing the remaining overhanging areas that are outside
the feasible limits of the used AM process. The final step slices the fully optimized mesh
from Step 3 to generate the machine code to manufacture the part. The aforementioned
workflow is summarized in Figure 1.

 
Figure 1. Method flow diagram.

The proposed workflow has been implemented utilizing the functionalities of the
Rhinoceros 3D and Grasshopper software tools. Rhinoceros 3D is a computational-aided
design-based software that uses NURBS-based tools in order to mathematically model and
represent 2D or 3D geometries [38,39]. Grasshopper 3D is a visual programming language
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that uses a block diagram environment so as to perform numerous functions. It is a plug-in
for Rhinoceros 3D, and it has the capability to run within it and can deploy its interface in
order to visualize the 3D voxelized models [40,41]. The following sections present in detail
each of the aforementioned algorithm steps.

2.1. Topology Optimization

Step 1 of the proposed method begins by defining the domain (boundary domain) in
which the 3D volumetric analysis and optimization will be executed. The domain of the
problem describes the region where the topology optimization operation will occur and
the final component, consisting of a 3D ISO mesh, will be produced. Following this, the
areas where the forces are applied and the constraints are installed must be specified in
order to perform the intended operations. Then, the maximum number of iterations that
the optimization algorithm will perform (the larger the number of iterations, the better the
voxelized mesh), the percentage of material that will remain inside the boundary domain
at the end of the procedure (it takes values between 0 and 1), and the penalty factor that
prevents the greyscale result at the voxelized component (values 2 or 3 return the best
problem covering) are determined to begin the topology optimization process.

2.2. Orientation Optimization

Step 2 of the proposed method deals with optimizing the orientation of the designed
component to minimize overhangs. The starting point of this procedure is the determina-
tion of the overhanging areas of the optimized mesh. To do that, the angle between the
normal vector of each triangular mesh facet and the global horizontal plane (XY plane)
is calculated [42]. If this angle surpasses the limit that the respective AM process can
create without supports, then this face is characterized as overhanging geometry [43]. The
required support volume for the manufacturing process is computed for every triangular
facet via the projection of the area of the overhanging geometry along the XY plane mul-
tiplied by their distance from the base plane. Aiming to minimize the required support
volume, the optimal combination of rotation angles around the X- and Y-axis has to be
determined. Searching every possible angle combination is time-consuming (and, depend-
ing also on the step size, possibly impractical). In order to tackle this multi-parameter
optimization problem, an evolution algorithm is implemented. The algorithm follows an it-
eration process by dividing the range of angles into smaller ranges with a higher resolution
when finding a better solution each time until it reaches the optimal one. The evolutionary
algorithm is implemented through a Grasshopper component called “Galapagos” [44].

2.3. Material Addition

The next step in the proposed method aims to cover all the remaining overhanging
areas with additional material to reduce or even eliminate the need for support structures
in the manufacturing process. The general idea behind the material addition procedure
is based on creating a geometry that complies with the manufacturing limitations of the
AM process. The basic geometrical shape that its entire surface maintains a constant angle
throughout its height is a cone. Therefore, the desired overlay geometry occurs from the
Boolean difference in a conical surface that has a θ-degree normal vector (where θ is the
limit imposed by the AM process) with a geometry that has been created from a set of
points that define the border around the problematic overhanging area. After creating the
conical surface, the next step of the procedure is to find the necessary points of the part
to project on the aforementioned conical surface in order to create a new geometry that
will cover the overhanging areas. At first, the points of the cluster are used to find their
closest points on the conical surface. Then, these points (of the conical surface) are used
to find a certain number of corresponding points of the initial mesh, and these, in turn,
are used to locate more points on the conical surface (Figure 2a). It has to be noted that
all the overlay geometries are separate meshes and are joined into a single mesh for the
next step (Figure 2b).
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(a) (b) 

Figure 2. (a) Set of points and cone on mesh; (b) creation of overlay geometry on mesh.

2.4. Machine Code Generation

The last step of the proposed method is to slice the resulting geometry and generate the
part program/machine code that is going to be used to build the part. This step is entirely
dependent on the AM process that is going to be used to manufacture the optimized
mesh that occurred from the previous process. In particular, parameters such as layer
height, track width, deposition speed, etc., depend on the AM process and machine that
will be used and determine the values that need to be entered towards generating the
part program. The process parameters and variables that were used for the slicing and
subsequent generation of the part program are summarized in Table 1.

Table 1. Process parameters.

Parameter Value

Layer height [mm] 0.2
Infill [%] 30

Nozzle diameter [mm] 0.4
Shell number 2
Bottom layers 8

Top layers 0
Print speed [mm/s] 70

Travel speed [mm/s] 130
Retraction speed [mm/s] 30
Retractions distance [mm] 3
Filament diameter [mm] 1.75

Flow rate [%] 100

At first, the optimized mesh is sliced using an even layer height determined by the
user based on the capabilities of the selected AM process. Then, the contours of the sliced
mesh are utilized in order to create the infill pattern. The infill is measured as a percentage
and expresses the area ratio of the layer enclosed by the contour that is going to be covered.
This parameter is also determined by the user. Then, the contour and its respective infill
curve are translated into points which are sorted in order to form a path that the process
is going to follow to manufacture the part. The entirety of all these point coordinates,
combined with the type of interpolation from point to point as well as the commands
regarding the key functions of the process and machine, form the part program. This can
be compiled as machine-specific code.
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2.5. Case Study

In order to validate the proposed method, a case study of a simple cantilever beam
was examined. The beam has initial dimensions of 300 × 200 × 120 (mm) for its length
(x-axis), width (y-axis), and height (z-axis), respectively. A fixed constraint is applied in
its left side, whereas a uniformly distributed linear load is applied throughout the y-axis,
in an upward direction, in the lower right edge of the structure with a value of 200 N/m.
(Figure 3a). The material is assumed to be 316L stainless steel with Young’s Modulus
E = 210 GPa and Poisson’s Ratio ν = 0.3 [45]. It is worth mentioning that the properties
used for the case study have been obtained from the literature and correspond to test
coupons that were experimentally characterized using the same DED machine and material
the authors intended to use [46]. These correspond to the properties directly obtained
by the DED process without any post-processing, as this can often be the case for DED
end users (contrary to the common practice of post processing in PBF processes). Since
properties are dependent on the direction (and are typically lower across the deposition
direction), the authors elected to use the worst scenario due to the orientation variation that
characterizes the proposed method. The final material properties used are summarized
in Table 2.

  
(a) (b) 

Figure 3. (a) Bounding box with constraints; (b) mesh after topology optimization.

Table 2. Mechanical properties of 316L stainless steel after DED process.

Property Meltio XY Properties Meltio XZ Properties

Yield Strength [MPa] 429 ± 6 347 ± 11
Ultimate Tensile Strength [MPa] 643 ± 16 655 ± 28

Elongation [%] 38 ± 2 41 ± 4

3. Results

In this section, the results from each step of the proposed workflow are presented.

3.1. Topology Optimization Bounding Box and Constraints

Starting with the topology optimization step, the resulting mesh that is extracted is
shown in Figure 3b.

3.2. Orientation Optimization

Then, the mesh is rotated in every possible angle combination, aiming to find the one
with the minimum support volume required. The optimal orientation that occurs from the
orientation optimization process is shown in Figure 4a. The mesh is rotated by 180◦ around
the X-axis and by 82◦ around the Y-axis with respect to the starting orientation.
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(a) (b) 

Figure 4. (a) Mesh before (left) and after (right) orientation optimization; (b) mesh before (left) and
after (right) material addition.

3.3. Material Addition

The next step is that the remaining overhanging areas are concealed with the suitable
geometries generated from the material addition process described in the previous chapter.
Figure 4b shows the fully optimized mesh next to the one that occurred from the orientation
optimization procedure.

3.4. Slicing and Machine Code Generation

As the last step, the fully optimized mesh is sliced (Figure 5a), and the machine code
to begin the manufacturing is exported. In this particular case, G-code is used; however,
the method would be the same regardless of the specific machine programming language.

  
(a) (b) 

Figure 5. (a) Contoured mesh (front view); (b) conventionally designed component.

Following the description of the proposed method to improve the manufacturability of
a component through design optimization is the analysis of its effectiveness and evaluation
of its results. In order to measure the effectiveness of the recommended workflow, a
comparison with a conventional workflow of designing the same component is made. The
parameters that will determine the evaluation procedure of the two workflows are the
volume of the final meshes, the support volume of the final mesh, and the manufacturability
time for a specific AM process. The values of the volumes are measured using Grasshopper
3D, while the manufacturing time is calculated using a commercial CAM software for AM
(Ultimaker Cura), based on the specifications of a typical DED three-axis machine (Table 1).

The conventional workflow starts by importing the boundary domain in CAD software
(in this case Dassault Systemes CATIA), and after applying the load case and the support
conditions, a structural simulation is executed. The results of the simulation are then
utilized to manually remove material from the initial domain in an iterative manner
until the final component occurs (Figure 5b). The different colors on the part represent
the different values of stress that are applied concerning the load and support scenario
mentioned above. A blue color corresponds to zero value of stress, and as the stress value
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increases, the color changes to green, then yellow, and at last red, which represents the
highest stress on the part.

The results of the conventional workflow and each sub-process of the proposed
workflow concerning the aforementioned parameters are presented in Table 3.

Table 3. Comparison table between the parameters of the two workflows.

Conventional Workflow Proposed Workflow

Parameter
Step 1: Topology

Optimization
Step 2: Orientation

Optimization
Step 3: Material

Addition

Mesh volume [mm3] 2667 507 507 723

Support volume [mm3] 2723 654 103 40

Total volume [mm3] 5390 1161 610 763

Build time [min] 13 6 10 9

4. Discussion

Taking into consideration the presented results from the conventional workflow and
those that occur from the material addition sub-process, we can clearly come to the con-
clusion that the proposed method offers significant advantages regarding its effectiveness
compared to the conventional one.

Regarding the results deriving from the conventional workflow and those from the
topology optimization process, the difference is obvious. A total volume and build time
reduction of around 80% and 50% is observed, respectively. Furthermore, it has to be noted
that the conventional workflow includes an iterative process of manually (re)designing and
simulating in order to minimize the part’s volume, a procedure which is highly dependent
on the designer experience, both in terms of the performance of the obtained part as well as
the time required to design the part. On the other hand, the topology optimization process
is completely automated, the results are consistent, and the whole workflow requires only
a few minutes of runtime on an average PC.

In addition, it is evident that utilizing the proposed method significantly reduces the
required support volume. This leads to a significant reduction in material usage but also
in build time, as supports do not have to be deposited. What is not clearly presented in
the above table, but is of equal significance, is the time savings that can be obtained due to
the minimization or even elimination of the required subtractive post-processing towards
removing support structures, which the proposed method eliminates. This results in a
further reduction in the total time required to produce the parts, but also has direct cost
reduction implications due to the elimination of cutting tools as well as of an additional
process step (no setup time and no additional equipment needed).

The software tools used to implement the proposed method are Rhinoceros 3D and
Grasshopper 3D due to their capability to combine a visualization environment and a
simple visual programming language which also allows the user to embed their own
custom code if needed (using Python or C#), combined with their affordability. The
implementation of the proposed method can also be developed using other software tools,
while the use of a programming language that includes 3D geometry libraries is proposed.

A limitation of the present work is the usage of bulk material properties in the topol-
ogy optimization step. To obtain more realistic results, material coupons from the DED
process to be used need to be characterized. In addition, actual manufacturing trials of the
optimized component need to be completed, and the performance of the AM optimized
part needs to be compared to the predicted values. However, this was beyond the scope of
this particular work, which focuses on the development of a method that tackles manu-
facturability limitations by enhancing the design of a component that occurred from the
topology optimization process, and not the verification of the topology optimization itself.
Nevertheless, the authors intend to carry out such validation tests as a part of future work.

77



Machines 2023, 11, 879

5. Conclusions

In this work, a process that optimizes the design of a given component to enhance its
manufacturability for a specific AM procedure was presented. This workflow, in order to be
accomplished, consists of certain steps which are the topology optimization, the orientation
optimization, the material addition, and, to complete this process, a step that slices and
generates machine code is also added. The results of this workflow regarding the mesh and
the support structures’ volume, as long as the estimated build time is compared to that of a
conventional workflow, where the design engineer optimizes the component manually, are
given as the outcome of a structural analysis. For the specific case study examined in the
manuscript, a total volume and build time reduction of around 80% and 50% is observed,
respectively, compared with a conventional workflow.

For the proposed method and tool, we have a direct practical implementation in mind,
and they could find application in the automotive, aerospace, and architectural industries,
where the need for optimized organic designs is constantly increasing, while optimizing
the manufacturability is a key factor concerning decision making for production.

Future work will include validation tests to obtain realistic material properties, as well
as comparing the predicted and achieved properties of the part through an application of
this method in real parts. In addition, the proposed tool is to be improved and developed
further so that it can produce a variety of components and geometries and be able to take
into account additional AM manufacturability restrictions. Another goal is to upgrade the
slicing and machine code generation sub-process to accommodate AM processes that can
take advantage of five degrees of freedom (DoF) deposition.
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Abstract: The dynamic scheduling problem (DSP) in unreliable flexible manufacturing systems
(UFMSs) with concurrency, conflicts, resource sharing, and sequential operations is a complex
optimization problem that requires the use of efficient solution methodologies. The effectiveness
of scheduling UFMSs relies on the quality of equipment maintenance. Currently, UFMSs with
consistently large queues of parts awaiting service employ a repair-after-failure approach as a
standard maintenance procedure. This method may require unexpected resources, incur costs,
consume time, and potentially disrupt the operations of other UFMSs, either partially or fully. This
study suggests using a predictive maintenance (PdM) strategy that utilizes the Internet of Things
(IoT) to predict and avoid early mechanical equipment failures before they happen in UFMSs,
thereby reducing unplanned downtime and enhancing reliability. Therefore, the objective of this
paper is to construct timed Petri net (TPN) models using the IoT for the PdM configuration of
mechanical equipment in the dynamic scheduling problem of UFMSs. This necessitates that users
represent the specific problem using TPNs. The process of PN modeling requires the utilization of
domain knowledge pertaining to the target problems as well as to machine information. However,
it is important to note that the modeling rules for PNs are straightforward and limited in number.
Consequently, the TPN model is applied to generate and formulate mixed-integer linear programming
(MILP) instances accurately. This is done to identify the optimal production cycle time, which may be
implemented in real-life scenarios. Several UFMS instances are used to demonstrate the applications
and effectiveness of the proposed method. The computational results demonstrate that the proposed
method shows superior solution quality, effectively solves instances for a total of 10 parts and
6 machines, and achieves a solution in a reasonable CPU time.

Keywords: flexible manufacturing systems; Petri net; Internet of Things; predictive maintenance;
reliability; scheduling

1. Introduction

Flexible manufacturing systems (FMSs) are computer-controlled systems that can
automatically execute a variety of activities based on predetermined process plans. The
FMS includes a restricted number of resources, including machines, robots, automated
guided vehicles (AGVs), and buffers, which are shared by multiple production processes
within the system [1]. In an FMS, raw components are simultaneously processed in a
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predefined sequence to efficiently use constrained system resources and enhance overall
system performance [2].

There are two major issues involved with the operation of an FMS: structural (design)
issues and operational issues. The number of machine tools of each kind, the size of the
material handling system, and the capacity of the buffers are FMS design considerations.
FMS operational issues involve problems with planning, scheduling, and control. The
decision of which parts should be sequentially machined and the assignment of pallets and
fixtures to part kinds are planning issues. Given the selected part mix, the FMS scheduling
problem involves deciding the optimal input order for components and the optimal order
at each machine. The FMS control problems include observing the system to ensure that
requirements and deadlines are met as well as addressing deadlock problems [3]. Real-
world FMSs can be subject to unexpected uncertainties, including operator errors, machine
malfunctions, and uncertain part processing times. Subsequently, the FMS encounters
difficulties dealing with modifications in the manufacturing plans or orders. Hence, in
order to enhance the promptness and adaptability of FMSs in dealing with uncertainties,
it is imperative to optimize production scheduling, which is referred to as the dynamic
scheduling problem (DSP). This entails adjusting the production scheduling strategies of
FMSs based on the current production status in order to effectively adapt to the dynamic
environment. Several combinatorial optimization problems (COPs) are NP-hard, and
no solutions to these problems have been presented [4]. In the fields of manufacturing,
agriculture, transportation, medical services, and sciences, combinatorial optimization can
be used to minimize costs or maximize the impact of different systems. Optimization plays
a crucial role in obtaining sustainable development objectives [5,6]. The era of big data has
increased the significance of optimization studies, which extract important information
from data using optimization methods [7–9]. Thus, this study has been considered one
of the most significant subjects. If the feasible area is bounded, “integer programming”
(IP) can be used to formulate combinatorial optimization problems [10]. This method is
known as “integer linear programming” (ILP) if the objective function and all constraints
of the COP are stated as linear equations. By combining integer and real variables in
the mixed formulation, a greater number of COPs can be generated in comparison with
simple IPs [11]; this is known as “mixed-integer programming” (MIP). When only linear
constraints and objective functions are involved, therefore, MIP problems are referred
to as “mixed-integer linear programming” (MILP) problems [12]. The FMS scheduling
problem is a complicated optimization problem that is defined as NP-hard [13–16]. It is
not feasible to find an exact solution to an FMS scheduling problem within an acceptable
amount of time, even for instances of small size [16]. The optimal solution necessitates an
exponential time frame. Hence, the solution to this NP-hard problem needs the utilization
of metaheuristic methods. Researchers in the field of FMS scheduling have proposed
several metaheuristic approaches, including the genetic algorithm (GA) [14–18], the ant
colony optimization algorithm (ACO) [18,19], particle swarm optimization (PSO) [18,20],
simulated annealing (SA) [21,22], Tabu Search (TS) [23,24], etc.

At present, simulation software is widely used for scheduling in several industries
to guarantee the effective running of manufacturing processes, both technically and eco-
nomically. Gholami and Zandieh [25] integrate the simulation and the genetic algorithm
to minimize makespan and mean tardiness in flexible job-shop scheduling with machine
stochastic breakdowns. Pergher et al. [26] combine simulation with the flexible and interac-
tive tradeoff compensatory approach in job-shop production systems to determine the best
combination of due order release, date assignment, and shop dispatching rules. Different
combinations are assessed based on production quantity, total cost, total throughput time,
and tardiness. Thenarasu et al. [27] integrate the simulation and the multi-criteria decision-
making approaches to the model and evaluate flow time, makespan, and tardiness-based
measures in partial flexible job-shop scheduling with both static and dynamic job arrivals.
The open-source program Lekin is used to analyze and simulate the impact of dispatching
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rules on the makespan time in the flexible job-shop system [28]. The software also identifies
the most efficient manufacturing process layout that minimizes production time [29].

Petri nets (PNs) are effective modeling and simulation tools for LP, ILP, and MILP prob-
lems because PNs contain mathematical expressions indicated as linear equations [30,31].
The work in [32] presented a method for constructing MILP based on PN models for
combinatorial optimization problems involving “traveling salesman problems” and a “sim-
ple resource assignment problem”. Tuncel and Bayhan [33] provided a comprehensive
study of scheduling challenges in which they highlighted the integration of Petri nets with
other approaches and addressed both theoretical developments and practical experiences.
Existing approaches have been divided into four categories: (1) Petri net-based simulations
connected with “heuristic dispatching rules” for the control and scheduling of manufactur-
ing systems; (2) generative scheduling methods in which Petri nets are applied to develop
schedules in terms of the transition firing sequences through the “reachability graph”; (3) a
special Petri net class model employed to construct the planning and scheduling problem
as a mathematical model; and (4) Petri net modeling approach providing a basis for the
search procedure of metaheuristic methods to find the near-optimal “resource allocation”
and the “event-driven schedule” in terms of the Petri net model firing sequences of the
transitions. Wu et al. [34,35] constructed a Petri net model to represent wafer produc-
tion processes in cluster tools requiring wafer revisitation. They proposed a systematic
approach for evaluating their effectiveness, which leads to the derivation of optimality
requirements for three-wafer period scheduling. Qiao et al. [36,37] constructed a model to
represent wafer production processes using a “timed Petri net” to optimize their schedule.
Analytical expressions can be used to determine whether the systems are schedulable. They
also provided a simple implementation method for the obtained schedule. Using PNs,
Zhou et al. [38] modeled and evaluated an FMS cell. They used “top-down refinement”,
“system decomposition”, and “modular composition ideas” to obtain the structure and
preservation of essential system characteristics, such as “liveness”, “boundedness/safety”,
and “reversibility”, which ensure the system’s “stability”, “deadlock-free”, and “cyclic
manner”. A reduction approach was applied to transform the timed PN to an equivalent
time-marked graph. Then, the typical method for determining cycle time for the marked
graphs was implemented. In addition, Zhou et al. [39] developed PN models for FMS by
scheduling the modeled FMS based on the firing sequences of the PN model from the initial
marking to the final one. Using a class of timed PNs, they applied a branch-and-bound
approach to determine the optimal schedule for the FMS. Artigues and Roubellat [40]
proposed a PN model in the context of a generic approach for “on-line” scheduling in a job
shop environment with various setup times and resources based on a detailed definition of
essential states, decisions, and events for “on-line” and “off-line” scheduling. They used
an “acyclic directed graph” to illustrate a set of static scheduling problem solutions. Mejia
and Odrey [41] introduced Beam A* Search, a PN-based algorithm (BAS). This approach
systematically increases segments of a PN “reachability graph” in order to identify a sched-
ule that is close to optimal. Their proposed technique was evaluated by applying it on
various FMS scheduling problems. Zhang et al. [42] modeled the assembly processes of
the “flexible assembly system” using timed Petri nets (TPNs). A scheduling model was
developed for the FAS, and a dynamic programming method was used to determine a
viable allocation of processes to machines and to optimize the time to completion for either
a “single product” or a “batch of products”. In their study, Kim et al. [43] introduced a new
scheduling approach for production systems that relies on the TPN model and a “reactive
fast graph search” approach. The main objectives of this method are to minimize the
maximum completion time (makespan) and the overall tardiness. In order to accomplish
the objectives, they proposed a new search algorithm that integrates the “RTA*” with a
“rule-based supervisor”. Lee and Lee [44] developed heuristic functions for the A* method
based on T-timed PNs for the purpose of optimizing the FMS scheduling problem by
reducing the makespan. In addition, they developed enhanced versions of these heuristic
functions, which obtained an initial near-optimal solution faster. Wang and Wang [45]
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investigated the FMS scheduling problem based on a PN with the objective of minimizing
the makespan. Combining a “dynamic search window” with a “best-first algorithm” and
“backtracking search”, they proposed a hybrid heuristic search method for the scheduling
problem. Kammoun et al. [46] developed a mathematical model that uses the properties of
decomposed TPNs to address the FMS scheduling problem. The model aims to determine
the optimal firing sequence of TPN transitions and minimize the total processing time.
Moreover, a genetic algorithm was presented to find effective solutions for large-scale
scheduling problems. With the objective of finding an optimal transition sequence that
minimizes firing time, the authors of [47] proposed a new “admissible heuristic function”
for scheduling FMSs utilizing P-timed PNs. Using the structural symmetry of a PN model
of an FMS to make a partial reachability graph reduces the state explosion problem as much
as possible. The estimate function is applied to each generated marking to calculate the cost
of firing the transition sequence. PNs’ ability to describe multiple states concisely, capture
priority relations and structural connections, and model “deadlocks”, “conflicts”, “buffer
sizes”, and “multi-resource constraints” are the primary advantages of implementing PNs
in the FMS scheduling issue compared with alternative approaches. This will assist system
analysts in modeling complicated, integrated scheduling issues [45]. Most researchers who
studied the scheduling problem in industrial systems used the “reachability tree”. It is
well known that the size of a “reachability tree” increases exponentially as the size of a
PN increases. This makes it rather challenging to evaluate PN models with a significant
number of places and transitions.

Several organizations are depending on a single maintenance approach to guarantee
the optimal efficiency of their resources. Regrettably, only a small number of individuals
take into account the expenses incurred by ignoring the monitoring of asset deterioration
during the early phases of defect formation. Maintenance can be categorized into three
distinct types: corrective maintenance (CM), preventive maintenance (PM), and predic-
tive maintenance (PdM). PM and CM primarily revolve around the age of the asset and
adhering to a regular maintenance schedule. However, their drawback lies in the fact
that they address resource repairs only when they have reached an advanced degree of
deterioration. Frequently, these resources experience failures during the intervals between
inspections, resulting in escalated repair expenses and significant hazards to human safety.
Many companies mistakenly believe that a strategy that combines breakdown maintenance
and the life of the resource is enough to accurately anticipate resource failure. Frequently,
they neglect significant faults that result in severe malfunction and necessitate the replace-
ment of resources rather than their repair, resulting in additional expenses. During CM,
maintenance workers promptly commence work upon the occurrence of a problem. The
objective of CM is to expedite the restoration of systems to their normal functioning state.
CM does not involve a scheduled program for normal maintenance. Maintenance can
take place only when there is an existing problem. The cost of repairs may be marginally
higher, but it is significantly more affordable than the expense of routinely employing staff
to maintain equipment. The equipment is repaired promptly; however, this approach can
have adverse consequences in the event of a catastrophic occurrence. PdM is an improved
approach to performing maintenance activities. It involves using test results and trends
to anticipate or identify issues with a component of equipment. These methods employ
noninvasive testing procedures to quantify and calculate trends in equipment performance.
Some examples include vibration analysis, infrared analysis, thermography, ultrasound,
and various other techniques.

The IoT enables the connection of physical things, enabling them to communicate
information via the Internet. This capability has the potential to facilitate the collection
of large volumes of data, which may be a strong asset for the success of businesses and
future predictions [48,49]. At present in the field of maintenance, the use of embedded
hardware consisting of sensors and other intelligent equipment controlled by the IoT is
changing industrial and manufacturing operations [50,51]. The utilization of IoT in the
predictive maintenance approach can be highly effective in this context. It involves directly
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monitoring equipment by continuously capturing real-time data on key stress-related
variables, such as noise level, temperature, vibration, pressure, power consumption, and
other interconnected devices [52]. This allows users to gain visibility into the performance
of their assets and discover valuable insights. It also enables the detection of anomalies,
the identification of patterns, and the recognition of warning signals that may indicate an
imminent failure [52,53].

As mentioned in the literature, repairing UFMS equipment is a standard procedure
because the equipment often fails without any prior communication to the maintenance
team. As a result, the detection of faults and the subsequent unplanned maintenance can
disrupt the current operations of the remaining UFMSs, either fully or partially. In order to
enhance the use, availability, and reliability of equipment and minimize the costs associated
with equipment maintenance, it is crucial for the maintenance team to have access to
real-time condition-based data. This allows for efficient repairs and minimizes downtime,
unnecessary inspections, maintenance time, and undue pressure on the maintenance
team [54,55]. Motivated by the issues mentioned previously, this study identifies a lack of
adoption of current PdM systems for this type of equipment. This is caused by variations in
mechanical characteristics among various equipment and the absence of historical or real-
time performance data. Therefore, the main contribution of this paper is to develop TPN
models for the dynamic scheduling problem of UFMSs with concurrency, conflicts, resource
sharing, and sequential operations. Subsequently, the proposed TPN model is utilized to
generate the MILP in order to determine the optimal production cycle time, which can
be implemented in real-life situations. Additionally, the paper proposes the utilization of
the IoT for the PdM configuration to prevent early mechanical equipment malfunctions
in UFMSs and avoid interruptions in the scheduled operations of other UFMSs. Finally,
several cases of UFMSs are used to demonstrate the practical applications and effectiveness
of the proposed approach.

The rest of the paper is organized as follows: Section 2 introduces timed Petri net
synthesis and the estimation of resource failure time using the Internet of Things. Section 3
describes a statement and MILP model based on TPN to address the dynamic scheduling
problem in unreliable flexible manufacturing systems with concurrency, conflicts, resource
sharing, and sequential operations constraints. Section 4 demonstrates the practical use
and effectiveness of the developed MILP model through the use of instances. Section 5
presents a brief summary and outlines the future research endeavors of the study.

2. Preliminaries

2.1. Timed Petri Nets Synthesis

Petri nets are a mathematical modeling tool that involves symbols such as place,
transition, arc, and token, as depicted in Figure 1. The original PN did not indicate any
time aspect. Timed Petri nets (TPNs) are created by including time in the PN to evaluate
performance associated with time. TPNs are formally defined as a six-tuple N = (P, T, F, W,
h(T), M) where:

1. P = PA ∪ PR: represents a non-empty finite set of model places, where PA = ∪i∈|m|{pi},
m > 0 and PR = ∪i∈k{pmk}, k > 0 represent sets of model operation and resource places,
respectively;

2. T = ∪j∈|T|{tj}: represents a non-empty finite set of model transitions, P ∩ T = ∅, and
P ∪ T �= ∅;

3. F ⊆ (P × T) ∪ (T × P): represents flow relations and is denoted by arcs connecting
places to transitions (P × T) or from transitions to places (T × P);

4. W: (P × T) ∪ (T × P) → IN: is the weight-to-arc affectation function, where IN = {0, 1,
2, . . .}.

5. h(tj) ∈ h(T): denotes the static time that is assigned to tj, tj ∈ T;
6. •pi(pi

•): represents the input transitions (and corresponding output) of the place pi;
7. •tj(tj

•): represents the input places (and corresponding output) of the transition tj;
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8. M: P → IN denotes the function of the marking, which allocates to pi ∈ P a number
of tokens, the initial marking is denoted by Mo, and place marking is represented by
M(pi);

9. M[tj〉: represents that at marking M, the transition tj can be fired.

Figure 1. Icons for the Petri net symbols.

It is essential to note that marking M enables the transition tj to be fired if
M(pi) ≥ W(pi, tj), tj ∈ pi

•. When the transition tj ∈ T is enabled at marking M, the marking
M can be modified from M to a new marking M′, designated as M[ t〉 M′ and expressed
as follows:

M′(pi) =

⎡
⎢⎢⎢⎣

M(pi) + W
(

pi, tj
)

if pi ∈ •tj � tj
•

M(pi)− W
(
tj, pi

)
if pi ∈ tj

•
�

•tj
M(pi) + W

(
tj, pi

)− W
(

pi, tj
)

if pi ∈ tj
• ∩ •tj

M(pi) otherwise

⎤
⎥⎥⎥⎦ (1)

To represent the synthesis of the TPN model, consider Figure 2, which consists
of three places and two transitions. The transition t1 is enabled at the initial marking
Mo = p1 + 0p2 + 0p3, i.e., Mo[t1〉. At Mo, the transition t1 fires after two time slices (t.s). It
selects a token from p1 and deposits one token into p2. Then, it creates a new marking
M1 = 0p1 + p2+ 0p3 and expresses it as Mo[t1〉 M1. Similarly, at M1, the transition t2 is en-
abled and can be fired with a delay of 4 t.s to create a succeeding marking, which can be
expressed as M1[t2〉 M2 with M2 = p1 + 0p2 + p3.

Figure 2. An example of a timed Petri net.

There are typically three types of places for PN models of FMSs: the set of idle places,
the set of operation places, and the set of resource places. The number of tokens in the
corresponding operation place at the initial marking indicates the maximum number of
jobs that can be processed concurrently for a certain job type. In this study, an idle place
is referred to as a sink place. The sink place is free of output transitions. A token at an
initial operation place denotes a raw job that is ready for processing, while a token in a
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sink place indicates a finished job. In an FMS, resource places represent the resources (such
as machines and robots). At the initial marking, the tokens in a resource place reflect the
available resource units. The operation places, which are initially unmarked, represent the
procedures that must be completed for the jobs in the production sequences. On the basis
of timed PNs, each transition is associated with a time delay that indicates the time that is
required to perform the appropriate operation. When the token’s time delay finishes, it
becomes available at an operation place.

In order to demonstrate the modeling of TPNs, consider an FMS, presented in Figure 3,
that is composed of two machines m = 1, 2, operating two different jobs i = 1, 2, in a
sequential manner; one robot, r1 (material-handling equipment); and a load/unload station.

Figure 3. An example of an FMS.

Table 1 displays the sequence of job-production operations, the duration of each
operation, and the machine that can be used for each operation. As shown in Table 1, each
job involves a set of operations. For instance, job 1 contains two operations that sequentially
require m1 and m2. Thus, job 1 can be completed sequentially using machines m1 and m2
with corresponding processing times of 4 and 6, respectively.

Table 1. Scheduling data of an FMS shown in Figure 3.

Job Operation Time Machine

1
1 4 1
2 6 2

2
1 8 2
2 10 1

Figure 4 illustrates the TPN model for this system, and the description of places and
transitions in the TPN model is given in Table 2.

Table 2. Description of places and transitions of the TPN model shown in Figure 4.

Places Description

p11 Process 1 for part 1
p12 Process 2 for part 1
p21 Process 1 for part 2
p22 Process 2 for part 2
pm1 Machine 1 is available
pm2 Machine 2 is available
t11 End process 1 of part 1
t12 End process 2 of part 1
t21 End process 1 of part 2
t22 End process 2 of part 2
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Figure 4. A timed PN model of the system shown in Figure 3.

2.2. Estimation of Resource Failure Time Using IoT

In the context of FMSs, the term “resource failure” denotes an issue characterized by
temporal uncertainty. In case of a “resource failure”, it is necessary to establish a “recovery
subnet” with the ability to fix the problem [56]. The resource possesses the characteristic of
reusability. This section aims to provide formal definitions for the purpose of estimating
the occurrence of faults in an FMS using the IoT. It is assumed that the system contains
sensors for the purpose of detecting the occurrence of resource breakdowns. The sensors
facilitate the transmission of data to the Internet. Consequently, the gathered data can be
accessed from any geographical point across the world. After the transmission of data to
the Internet, a computer system will initiate the process of downloading and then utilize
the acquired data to identify and rectify any cases of malfunction or failure. Hence, in
the case of a failure of any given resource, online operations can persist by utilizing the
availability of other resources. The value obtained from the sensors serves as a “set point”
or “threshold value” to aid the system in determining its self-regulation strategy. Figure 5
illustrates the flowchart and architecture of the developed systems.

 

Figure 5. Resources failure detection flowchart.

Consider a TPN denoted by N, where N is defined as N = (P, T, F, W, h(T), Mo).
Let NIoT be an estimation resource of the pi failure time and recovery net based on IoT,
denoted as NIoT = ({pmi, pSij, pDT, pRT, pX, pPC, pRmi}, {tImi, tfmi, ttmi, tDT, tRT, tX, tPC}, FIoT),
where MIoTo indicates the initial markings of NIoT, MIoTo(pi) ≥ 0. FIoT = {(tImi, pSij), (pSij,
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tDT), (tDT, pDT), (pDT, tRT), (tRT, pRT), (pRT, tX), (tX, pX), (pX, tPC), (tPC, pPC), (pPC, tfmi),
(pmi, tfmi), (tfmi, pRmi), (pRmi, trmi), (trmi, pmi)}, where pSij represents the sensor’s system for
resource pi failure sensing, pDT indicates the “data capture with wireless shield”, and pRT
denotes the router. The data collected by the pSij sensors are transmitted to the Internet,
specifically to the servers of Xively (expressed as pX), which is a platform specifically
developed for the IoT. The data that have been gathered can be accessed and observed
through the PC-LabVIEW program, which is denoted as pPC. The transitions tImi, tfmi, trmi,
tDT, tRT, tX, and tPC represent various types of transitions within the system. Specifically,
these transitions correspond to the resource input sensors data pmi, the resource failure
time pmi, the resource recovery of the resource pmi, the data capture, the router, the Xively,
and the PC/lab view, respectively. An unreliable net is formed when the TPN (N, Mo) is
joined with the estimating resource failure net (NIoT, MIoTo), as shown in Figure 6. This
combination is denoted by the formula (NS, MSo) = (NIoT, MIoTo) ‖ (N, Mo), where ‖ indicates
the combination of (NIoT, MIoTo) and (N, Mo).

tIm1 tfmi

Data capture  with 
wire less shieldSensors Router Xive ly PC/Labview

Estimated machine 
failure time

Recovery net 

Resource/Machine  

Figure 6. Estimation resource failure time using IoT.

Algorithm 1 illustrates the steps of synthesizing a network for estimating resource
failure and recovery using the IoT. Algorithm 1 has the capability to rapidly identify
changes in sensors through the monitoring function software integrated into the resource
failure monitoring system. When an important malfunction happens in any machine within
the system, there is a substantial increase in the amplitude of the sensors. The software will
issue a notification in the event of a substantial breakdown in the resource and when the
sensor data reach the predetermined threshold.

In order to demonstrate the synthesizing of an estimating resource failure time using
the IoT, reconsider the TPN presented in Figure 4. It has one unreliable resource, which
is pm1 (machine 1). The unreliable resource pm1, as illustrated in Figure 7, consists of
three sensors designed to identify tool failure: ps11 for the current sensor, ps13 for the
accelerometer sensor, and ps13 for the acoustic emission sensor. The data transmission
procedure to the Internet comprises multiple different phases.

During the initial phase, data readings from the sensors ps11, ps12, and ps13 are ob-
tained (via tImi) and subsequently transmitted to the “Wi-Fi wireless shield” represented
by tDT and pDT. Subsequently, the shield transmits the data to a wireless router, denoted
by tRT and pRT. Integration of objects into a communication network constitutes a funda-
mental component of the IoT. Fundamentally, it represents an innovative methodology in
which each entity is fully interconnected via the Internet infrastructure and participates
in immediate transfers. In practical terms, the IoT refers to the seamless connection of
equipment, sensors, and common household items via wired or wireless networks with
the Internet. The implementation of this methodology is viable, and its operation will
yield financial benefits due to the pervasive availability of the Internet. The integration
of this technology will enable seamless integration of sensors across various automation
applications, including residential and commercial settings. Therefore, a correlation be-
tween an object and a digital network can be established, facilitating the storage of the
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object’s data and their subsequent visualization in the physical environment. This study
presents a PC-LabVIEW-based system that has been designed to send Internet data to the
TPN. The data stored in the cloud are retrieved and sent to the TPN at tfmi for analysis and
transmission. This is performed using a PC that is equipped with LabVIEW, referred to as
the tPC and pPC. The TPN implements the OPC communication standard to implement the
execution of the PC-LabVIEW program for estimating resource pm1 failure time.

Algorithm 1: Synthesizing of estimating resource failure time and recovery net using the IoT.

Input: The TPN with N = (P, T, F, W, h(T), Mo);
Output: The TPN based on IoT (NS, MSo);

1. To the given TPN

1.1 Add places pDT, pRT, pX, pPC, pRmi;
1.2 Insert transitions tDT, tRT, tX, tPC;
1.3 Connect arcs (tDT, pDT), (pDT, tRT), (tRT, pRT), (pRT, tX), (tX, pX), (pX, tPC), (tPC, pPC);

2. for (1 ≤ |PR| ≤ k++), do/* for all unreliable places */

2.1 Insert an input transition tImk of place pmk;
2.2 Insert a failure transition tfmk of place pmk;

3. for (1 ≤ ψki ≤ i++), do/* ψki is the number of sensors in pk*/

3.1 Add a sensor place pSkj to pmk;
3.2 Connect an arc from tImk to pmk;
3.3 Connect an arc from pSkj to tDT;

4. end for
5. Connect arcs (pPC, tfmk), (pmk, tfmk), (tfmk, pRmi), (pRmi, pmk);
6. end for
7. Output: The net (NS, MSo);
8. End

trm1 pRm1

tfm1pDTtDT

Data capture  with 
wire less shield

Router

pRTtRT

Xive ly

pXtX

PC/Labview

pPCtPC

Estimated machine 
failure time

Recovery net 

tIm1

Sensors

pS11

pS12

pS13

p11

t11(4) p12 t12(6)

p21 t21(8) p22 t22(10)

pm1

pm2

Figure 7. Estimating resource failure time and recovery net using the IoT for Figure 6.

3. Problem Formulation

3.1. Problem Definition

This study concentrates on a specific type of FMS where the machine’s flexibility
allows it to perform a variety of tasks. The machine’s time taken to switch between modes
of operation is insignificant. The studied FMS is described as a compilation of multiple
job types with a predetermined and well-known processing sequence for all jobs inside
the machine set. In the FMS scheduling problem, there are n independent job types, Ω
independent machines, and Ψi operations. Indexes i,j represent job types, m denotes
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machines, and k,l indicate operations, where i,j = 1, 2, . . ., n; m = 1, 2, . . ., Ω; and k,l = 1, 2,
. . ., Ψi. Each job i has a predetermined sequence of Ψi operations, and each operation has
to be processed on a predetermined machine m denoted as Oi,k,m with processing time Di,k.
The following assumptions are considered:

1. n jobs of various types are initially inserted in the initial place.
2. The starting and finishing places of each job type are represented, respectively, by pi1

and pi, where i = 1, 2, . . ., n.
3. At time zero, all machines are available for job processing.
4. All jobs are available for processing at time zero.
5. Each job is processed based on its defined and known sequence through the machine

set.
6. Due to PdM actions, machines could be unavailable for a period of time.
7. The processing time varies by job type.
8. Effective part processing (no rework allowed).
9. Each machine can process only one type of job at a time.
10. Each job must be completed without interruption.

The purpose is to find the optimal sequence of parts and minimize the overall time it
takes to complete them. Furthermore, our focus lies on implementing an efficient way to
construct the production system supervisor that is connected to the first TPN model.

3.2. MILP Formulation

PN time constraints are typically related to places or transitions. In this study, TPNs
are employed. The graphical models of TPNs are constructed from the logical sequence of
the modeled system. Therefore, they are simple to build, extend, and apply to production
system scheduling problems. In FMS, there are three major precedence relations for part
processing: operations are processed in accordance with specific sequences, operations
are processed in any sequence, or both relations are included in a part process plan.
Synchronization and concurrency principles are essential to the study of FMS, and TPNs
enable simple structures to describe these crucial concepts, as well as “conflicts”, “non-
determinism”, “timing information”, and “resource sharing environment”. In this paper,
the problem is FMS scheduling with PdM to minimize the total completion time.

3.2.1. Decision Variables

The FMS scheduling problem requires the assignment of machines to all jobs without
machine conflicts. Such a machine assignment involves job scheduling. To represent the
behavior of Petri nets, three types of decision variables are used. First, for all jobs, ti,k
denotes the transition for the operation k of a job i; the firing start and end times of operation
k for job i are represented as follows:

h
(

tStart
i,k

)
, h

(
tEnd
i,k

)
≥ 0 ∀i, k (2)

Second, the machine m assignment for each operation k of a job i is defined, which
provides the conditional information of the token for the transition ti,k to fire, as follows:

Xi,k,m ∈{0,1} ∀i,k,m (3)

where Xi,k,m = 1 indicates that the machine m is allocated to a transition ti,k, and Xi,k,m = 0 otherwise.
Third, to define the precedence relation of operations for a job i in the scheduled Petri

net, the following variables are defined:

Yi,k,l ∈{0,1} ∀i,k,l (4)

where Yi,k,l = 1 indicates that the operation l is processed after operation k for job i, and
Yi,k,l = 0 otherwise.
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Fourth, to address the machine conflict between jobs i and j, the following variables
are used to determine the utilization priority of shared machines:

Oi,k,m,j,l ∈{0,1} ∀i,j,k,l,m (5)

where Oi,k,m,j,l = 1 indicates that the operation l for job j is processed after operation k for
job i in machine m, and Oi,k,m,j,l = 0 otherwise.

Finally, to represent the maintenance activity for machine m, the following variables
are used:

Zi,k,m ∈{0,1} ∀i,k,m (6)

where Zi,k,m = 1 denotes that the maintenance activity is conducted before processing job i
in machine m, and Zi,k,m = 0 otherwise.

3.2.2. Constraints and Objective Function

The constraints and objective function for the FMS scheduling can be formulated by
extracting the required information from the timed PN model. To execute an operation k
for a job i, a machine m must be allocated to each operation defined by Ri, where Ri denotes
•ti,k ∩ PR, or the set of resource places associated with ti,k. M0 contains tokens representing
the available machines. To allocate the necessary machines to each job i, the following
constraints are used:

∑Ω

i=1 Xi,k,m ≤ 1 ∀i, k. (7)

As shown in Figure 8, the completion time of the operation k for each job i depends on
the processing time of operation k and the time to repair for corrective maintenance of the
assigned machine m and can be formulated as follows:

h
(

tEnd
i,k

)
≥ h

(
tStart
i,k

)
+ Di,k·Xi,k,m ∀i, k, m (8)

where Di,k is the processing time of operation k in the job i.

i

Figure 8. An example of the completion time of an operation for a job.

Figure 9 illustrates the sequence of operations when operation k precedes operation l
for job i. The processing time of the first operation (k) is included in the firing time of the
end transition h

(
tEnd
i,k

)
. If there are two operations in series, as shown in Figure 8, then

the time interval between the firing completion of both the end transitions h
(

tEnd
i,k

)
and

h
(

tEnd
i,l

)
must be equal to or larger than the operation time of the second operation. By

testing the condition ti,k
• ∩ PA = •ti,l ∩ PA, the precedence relation can be obtained from

the timed PN model shown in Figure 9, where ti,k
• ∩ PA = •ti,l ∩ PA = pil. This constraint

can be represented as follows:

h
(

tEnd
i,l

)
− h

(
tEnd
i,k

)
≥ Di,l ∀i, k, l ti,k

• ∩ PA = •ti,l ∩ PA (9)
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Figure 9. Start and end of operations for job i (operations k and l).

In many cases, some operations in a job are not linked by precedence. This can be
modeled in TPN by utilizing the synchronization and mutual exclusion properties of PN,
as shown in Figure 10. In this case, the machine can start processing the selected operation
without precedence restriction, but both operations will be processed in a certain sequence
because the job entity is considered a shared job.

Figure 10. Representation of two independent operations for the same job type.

By checking the condition ti,k
• ∩ PA = •ti,l ∩ PA, the precedence relation can be derived

from the TPN model. The precedence variable, Yi,k,l is introduced in (4) to prevent machine
conflicts, which can be formulated as

h
(

tEnd
i,l

)
− h

(
tEnd
i,k

)
+ H·(1 − Yi,k,l) ≥ Di,l ∀i, k, l, k �= l, ti,k

• ∩ PA = •ti,l ∩ PA (10)

h
(

tEnd
i,k

)
− h

(
tEnd
i,l

)
+ H·Yi,k,l ≥ Di,k ∀i, k, l, k �= l, ti,k

• ∩ PA = •ti,l ∩ PA (11)

Yi,k,l + Yi,l,k ≤ 1 ∀i, k, l, k < l, ti,k
• ∩ PA = •ti,l ∩ PA (12)

where H represents a sufficiently large number.
As shown in Figure 11, if the same machine m is allocated to both jobs i and j, there

cannot be any processing overlap. The precedence variable Oi,k,m,j,l is introduced in (5), to
prevent machine conflicts.

Figure 11. Shared machine in an FMS for jobs i and j.

If Oi,k,m,j,l = 1, Constraints (13) and (14) guarantee that job j cannot start before job i is
completed. Moreover, Constraints (15) and (16) are required to guarantee that the variables
Oi,k,m,j,l have the correct values: Oi,k,m,j,l or Oj,l,m,i,k should be either one or zero if jobs i and
j use the same machine m; otherwise, both variables must be zero.
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h
(

tEnd
j,l

)
− h

(
tEnd
i,k

)
+ H·

(
1 − Oi,k,m,j,l

)
≥ Dj,l ∀i, j, k, l,i �= j, Ri ∩ Rj �= ∅ (13)

h
(

tEnd
i,k

)
− h

(
tEnd

j,l

)
+ H·Oi,k,m,j,l ≥ Di,k ∀i, j, k, l,i �= j, Ri ∩ Rj �= ∅ (14)

Oi,k,m,j,l + Oj,l,m,i,k ≤ 1 ∀i, j, k, l,i < j, Ri ∩ Rj �= ∅ (15)

Xi,k,m + Xj,l,m − Oi,k,m,j,l − Oj,l,m,i,k ≤ 1 ∀i, j, k, l,i < j, Ri ∩ Rj �= ∅ (16)

Constraint (17) guarantees that the end firing time of a transition for any operation is
greater than the corresponding processing time.

h
(

tEnd
i,k

)
≥ Di,k ∀i, k (17)

In Figure 10, the shared resource is the job, while in Figure 9, the shared resource is
the machine. The proposed formulation restricts the use of shared resources to an optimal
sequence. As shown in Figure 12, consider that all FMS machines are available at time
0. Each machine m is subject to failure, and it is assumed that the time to failure can be
estimated using the IoT. To provide higher machine reliability, the age of a machine cannot
exceed a maintenance period [t f

m, tR
m], where t f

m and tR
m indicate the time to failure and

repair time on machine m, respectively. Therefore, Constraints (18) and (19) guarantee that
the completion time of job i on machine m must respect the estimated failure time and
repair time [t f

m, tR
m].

h
(

tEnd
i,k

)
− Zi,k,m·(t f

m + tR
m

)
≥ Di,k ∀i, k, m (18)

h
(

tEnd
i,k

)
− H·Zi,k,m ≤ t f

m ∀i, k, m (19)
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Figure 12. Representation of maintenance period for machine in an FMS based on IoT.

In addition, Constraints (20)–(22) guarantee the non-negativity of the variables.

h
(

tStart
i,k

)
≥ 0 ∀i, k (20)

h
(

tEnd
i,k

)
≥ 0 ∀i, k (21)

Di,k ≥ 0 ∀i, k (22)

Finally, the objective function is to find the optimal firing sequence (denoted as δ) of
transitions according to the time intervals related to the completion time of firing h

(
tEnd
i,k

)
of the last transition, which corresponds to operation k for job i in the last machine m. Thus,
the objective function is defined as follows:
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Min

⎛
⎜⎜⎜⎜⎝ max

i = 1, 2, . . . , Ω
k = 1, 2, . . . , Ψi

h
(

tEnd
i,k

)
⎞
⎟⎟⎟⎟⎠ (23)

3.3. Validation of the MILP Formulation

This section illustrates the MILP formulation’s validity. In other words, it implies
that viable solutions to the formulation above relate to feasible schedules in the sense
that all jobs must be completed while meeting the precedence connection and conflict-free
constraint on shared jobs and machines.

Theorem 1. A viable schedule for the UFMS scheduling problem is constructed by a solution that
satisfies all of the constraints from (7) to (25).

Proof. In the MILP formulation, there are five main types of decision variables: h
(

tStart
i,k

)
and h

(
tEnd
i,k

)
are real variables, while Xi,k,m, Yi,k,l, and Oi,k,m,j,l are binary (integer) vari-

ables. Consider the ζ to be a viable solution. The ζ is guaranteed to meet the precedence
relationship by Constraint (24). The value of Xi,k,m in ζ indicates that operation k for job
i has been assigned to machine m. The value of Yi,k,l shows that operation l is processed
after operation k for job i. The value of Oi,k,m,j,l specifies the order of precedence between
operations k and l that use the shared machine m. Using the values of Xi,k,m, Yi,k,l, and
Oi,k,m,j,l, a scheduled timed PN can be constructed. �

Using the developed MILP formulation, the optimal solution for the UFMSs’ schedul-
ing problem is converted into a system controller to ensure that the resulting sequence is
executed. The final TPN model is reconstructed based on the optimal firing sequences and
the number of shared resources (machine tools) in the systems, as presented in Algorithm 2.

Algorithm 2: Controlled TPN model based on the optimal firing sequences

Input: A TPN-based IoT (NS, MSo);
Output: The optimal firing sequences δ and scheduling controllers for shared resources;

1. Create a MILP model based on the timed PN;
2. Solve the MILP model;
3. Compute the optimal firing sequences δ;
4. Generate copies of the shared places for an optimal firing sequence δ, i.e., the number of shared resource

copies = the number of end transitions in δ – the number of the shared machines in the model;
5. Generate the incidence matrix for the δ;
6. Design scheduling controllers for shared resources based on the above matrix.

Theorem 2. The controlled TPN model based on the optimal firing sequences is live.

Proof. It is necessary to demonstrate that all transitions in T in (N, Mo) are live. For all ti,k ∈ T;
if ∀pi,k ∈ •ti,k, M(pi,k) > 0, then ti,k can fire. Therefore, the controlled net (N, Mo) is live. �

3.4. Illustrative Example

Consider the FMS example presented in Figure 13 to demonstrate the modeling of
timed PNs. It consists of three machines (resources) (m1, m2, and m3) that can process four
kinds of parts (part 1, part 2, part 3, and part 4) in a sequential manner; two robots, r1 and
r2 (material handling equipment); and a load/unload station. Table 3 displays the sequence
of job-production operations, the duration of each operation, and the machine that can be
used for each operation. As shown in Table 3, each part involves a set of operations. For
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instance, part 1 contains three operations that sequentially require m1, m2, and m3. Thus,
part 1 can be completed sequentially using machines m1, m2, and m3 with corresponding
processing times of 3, 5, and 6, respectively.

Figure 13. An illustrative example of an FMS.

Table 3. Scheduling data of an FMS shown in Figure 13.

Part (Operation, Operation Time, Machine)

1 (1, 3, M1) (2, 5, M2) (3, 6, M3)
2 (1, 8, M3) (2, 4, M1) (3, 9, M2)
3 (1, 2, M1) (2, 7, M3) (3, 5, M1)
4 (1, 3, M1) (2, 2, M2) (3, 6, M2)

Figure 14 illustrates the timed PN model for this system, and the transitions of the
TPN model are given in Table 4. The parameters of machine maintenance are displayed in
Table 5.

Table 4. Description of places and transitions of the TPN model shown in Figure 13.

Places Description Transitions Description

p11 Process 1 for part 1 t11 End process 1 of part 1

p12 Process 2 for part 1 t12 End process 2 of part 1

p13 Process 3 for part 1 t13 End process 3 of part 1

p21 Process 1 for part 2 t21 End process 1 of part 2

p22 Process 2 for part 2 t22 End process 2 of part 2

p23 Process 3 for part 2 t23 End process 3 of part 2

p31 Process 1 for part 3 t31 End process 1 of part 3

p32 Process 2 for part 3 t32 End process 2 of part 3

t33 Process 3 for part 3 t33 End process 3 of part 3

p41 Process 1 for part 4 t41 End process 1 of part 4

p42 Process 2 for part 4 t42 End process 2 of part 4

p43 Process 3 for part 4 t43 End process 3 of part 4
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Table 4. Cont.

Places Description Transitions Description

pm1 Machine 1 is available tPM
B1 Start PdM on machine 1

pm2 Machine 2 is available tPM
B2 Start PdM on machine 2

pm3 Machine 3 is available tPM
B3 Start PdM on machine 3

pPM
1 PdM on machine 1 tPM

E1 End PdM on machine 1

pPM
2 PdM on machine 2 tPM

E2 End PdM on machine 2

pPM
3 PdM on machine 3 tPM

E3 End PdM on machine 3
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Figure 14. A timed PN model of the system shown in Figure 13.

Table 5. PdM parameters for machines presented in Figure 13.

Parameter
Machine

1 2 3

t f
m (hr) Based on sensor system

tR
m (hr) 3 3 3

A portion of a mill dataset is used to assess the tool’s condition in a specific operational
setting, as conducted by [57]. Data gathering involves the sampling of data using three
different kinds of sensors: a “vibration sensor”, an “acoustic emission sensor”, and a
“current sensor”. Figure 14 illustrates that the system utilizes nine sensors to detect tool
failure. These sensors include the current sensors ps11, ps12, and ps13, which monitor
changes in both the direct current (DC) and alternating current (AC) spindle motors for
machines 1–3. Additionally, the system uses the accelerometer sensors ps21, ps22, and ps23,
which measure vibrations in the table and spindle for machines 1–3. Finally, the acoustic
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emission sensors ps31, ps32, and ps33 are used to measure how acoustic stress waves affect
the table and spindle. This helps find a tool break for machines 1–3. The sensors initially
collect the data and transmit it to the “Wi-Fi wireless shield”, the “wireless router”, Xively,
and ultimately to the PC/lab view. The data collected by the sensors and transmitted to
the Internet are illustrated in Figure 15. It allows for the analysis and visualization of the
data to detect possible patterns or significant occurrences. When the sensor data surpass a
certain threshold, the TPN model initiates the system’s response.

 

Figure 15. Data collected by sensors to monitor the condition of the tool used in the model depicted
in Figure 14.

98



Machines 2024, 12, 192

With this example, the Lingo solver solves the MILP model derived from Figure 14.
Table 6 provides the optimal results. Figure 16 depicts Gantt charts for the results obtained
by the proposed MILP model.

Table 6. Optimal results for the illustrative example.

Job Operation Time Machine tStart
i,k tEnd

i,k

1
1 3 1 5 8
2 5 2 13 18
3 6 3 18 24

2
1 8 3 0 8
2 4 1 8 12
3 9 2 21 30

3
1 2 1 3 5
2 7 3 8 15
3 5 1 16 21

4
1 3 1 0 3
2 2 2 3 5
3 6 2 5 11

41 31 11 22 33

42 43 12 23

21 32 13

Figure 16. The optimal schedule for the illustrative example.

The optimal sequence of start firing transitions is: t41, t21, t31, t42, t11, t43, t22, t32, t12, t33,
t13, t23. The controlled TPN model is designed and displayed in Figure 17 using Algorithm
2 and the optimal firing sequences achieved. Note that the arcs connecting the last place to
the first place are excluded in each sequential system and in the estimation resource failure
time networks, as depicted in Figure 17.

Figure 17. The controlled TPN for the model shown in Figure 14.
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4. Computational Experiments

To validate the effectiveness of the proposed optimal scheduling and modeling ap-
proach, MILP generation software was developed. This software was created using the
MATLAB-based GPenSIM tool [58]. The GPenSIM tool is particularly useful for modeling
target-scheduling problems and exporting Excel documents. The Lingo solver utilizes the
Petri net structure and tokens extracted from Excel documents as input data for the MILP
process, which is subsequently used to solve the problem. The developed methodology is
applied to systematically create MILP instances for the dynamic scheduling problem of
unreliable flexible manufacturing systems. The developed methodology necessitates that
users represent their desired problems using a Petri net. However, the modeling process is
easy, provided the users possess expertise in the specific problem domain and are familiar
with the fundamental concepts of Petri nets.

Case study 1: The system has two machines and three components. Parts 1, 2, and 3
were subjected to 3, 2, and 3 processes, respectively. The data related to this example are
depicted in Tables 7 and 8.

Table 7. Scheduling data of case study 1.

Part (Operation, Operation Time, Machine)

1 (1, 3, M1) (2, 5, M1) (3, 6, M2)
2 (1, 8, M1) (2, 4, M2) -

3 (1, 9, M2) (2, 2, M1) (3, 7, M2)

Table 8. PdM parameters for the machines presented in case study 1.

Parameter
Machine

1 2

t f
m (hr) Based on sensor system

tR
m (hr) 3 3

The inputs for the derived mathematical model are acquired from the TPN model, as
previously explained. The resultant model is solved using the Lingo solver to obtain the
optimal schedule. The minimal compilation time is 34 h. Figure 18 depicts Gantt charts for
the results obtained using the proposed MILP model. The optimal sequence of start firing
transitions is: t11, t31, t21, t32, t22, t12, t32, t13, t12. The controlled TPN model is displayed in
Figure 19 using Algorithm 2 and the optimal firing sequences achieved.

11 21 32

31 22 33

12

13

Figure 18. The optimal schedule for case study 1.

Case study 2: The system has four machines and five components. Each component
is subjected to a series of four processes. The data related to this example are depicted in
Tables 9 and 10.

The minimal compilation time is 25 h. Figure 20 depicts Gantt charts for the results
obtained using the proposed MILP model. The optimal sequence of start firing transitions
is: t11, t51, t41, t21, t12, t42, t31, t43, t52, t22, t13, t53, t23, t32, t44, t14, t33, t54, t24, t34. The
controlled TPN model is displayed in Figure 21.
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pDTtDT

Data capture  with 
wire less shield

Router

pRTtRT

Xively

pXtX

PC/Labview

pPCtPC

Estimated machine 
failure time

tIm1

Sensors

pS11

pS12

pS13

tIm2

pS21

pS22

pS23

Figure 19. The controlled TPN for the system in case study 1.

Table 9. Scheduling data of case study 2.

Part (Operation, Operation Time, Machine)

1 (1, 2, M1) (2, 2, M3) (3, 2, M4) (4, 3, M2)
2 (1, 2, M1) (2, 2, M4) (3, 3, M3) (4, 4, M2)

3 (1, 5, M1) (2, 3, M2) (3, 3, M3) (4, 2, M4)
4 (1, 3, M3) (2, 2, M4) (3, 6, M2) (4, 3, M4)
5 (1, 3, M2) (2, 4, M3) (3, 5, M1) (4, 6, M4)

Table 10. PdM parameters for the machines presented in case study 2.

Parameter
Machine

1 2 3 4

t f
m (hr) Based on sensor system

tR
m (hr) 2 3 2 3

11 21 31 53

51 43

33

14

41 12 52

24

23

42 22 13 44 54 34

32

Figure 20. The optimal schedule for case study 2.
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Figure 21. The controlled TPN for the system in case study 2.

The proposed approach is applicable to problems of large scale. The number of
controllers will be augmented in proportion to the increase in shared resources, and the
final result of the developed mathematical model might require the use of heuristic methods
to minimize computational time. Despite the fact that most FMS scheduling problems are
small, the proposed approach is applied to address larger problems. In order to validate the
effectiveness of the proposed approach for more complex, dynamic scheduling problems
with unreliable flexible manufacturing systems, it is implemented on a larger scale.

Case study 3: The system consists of 10 different types of parts and 6 machines. Each
component is subjected to a series of five processes. The data related to this scenario are
depicted in Tables 11 and 12. Figure 22 depicts the optimal schedule for this problem. The
minimal cycle time is 64 units of time.

Table 11. Scheduling data of case study 3.

Part (Operation, Operation Time, Machine)

1 (1, 3, M1) (2, 5, M2) (3, 6, M3) (4, 7, M4) (5, 8, M5)
2 (1, 8, M3) (2, 4, M1) (3, 9, M2) (4, 6, M6) (5, 5, M6)
3 (1, 2, M1) (2, 7, M3) (3, 5, M1) (4, 4, M5) (5, 6, M4)
4 (1, 3, M1) (2, 2, M2) (3, 6, M2) (4, 3, M4) (5, 2, M5)
5 (1, 5, M6) (2, 4, M3) (3, 6, M1) (4, 7, M2) (5, 5, M5)
6 (1, 6, M5) (2, 1, M6) (3, 8, M6) (4, 9, M4) (5, 7, M5)
7 (1, 6, M1) (2, 5, M2) (3, 9, M3) (4, 8, M4) (5, 7, M6)
8 (1, 5, M5) (2, 4, M4) (3, 3, M3) (4, 4, M2) (5, 5, M1)
9 (1, 6, M6) (2, 7, M6) (3, 7, M4) (4, 6, M1) (5, 5, M5)
10 (1, 6, M4) (2, 5, M3) (3, 4, M2) (4, 5, M5) (5, 6, M6)

Table 13 illustrates the size and efficiency of the proposed approach across all of the
studies. It demonstrates that the proposed approach includes a greater number of variables
and constraints when the problem size is larger. Furthermore, the CPU processing time
undergoes a significant increase as the problem size is increased. Thus, the scheduling
problem is a complicated and NP-complete problem with a combinatorial structure.
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Table 12. PdM parameters for the machines presented in case study 3.

Parameter
Machine

1 2 3 4 5 6

t f
m (hr) Based on sensor system

tR
m (hr) 5 3 1 1 2 2

21 102 52 32

102 82 9344 64 74

83 73 13

14 35

81 61 45 104 34 95 65 55 15

51 91 62 92 63 105 24 25 75

41 31 71 2211 53 33 94 85

42 43 72 103 23 84 12 55

 

Figure 22. The optimal schedule for case study 3.

Table 13. Performance of the developed model in all case studies.

Parameter
Case Study

1 2 3

No. of Parts 3 5 10
No. of Machines 2 4 6

CPU time (second) 2 8 5160

5. Conclusions

This paper presents a method for generating MILP models using timed Petri nets.
The method is designed to address the dynamic scheduling problems in UFMSs’ complex
industrial conditions. The objective is to construct TPN models using the IoT for the PdM
configuration of mechanical equipment in the dynamic scheduling problem of UFMSs to
determine the optimal production cycle time. The effectiveness of the proposed approach
is demonstrated through several computational instances. The main contributions of the
proposed method are as follows:

1. It can methodically build MILP instances based on TPN models for UFMSs under
complex operational conditions such as concurrency, conflicts, resource sharing, and
sequential processes, which can be applied in practical scenarios.

2. It provides a hybrid approach that integrates the TPN, the PdM configuration, and
the IoT to predict and prevent early mechanical equipment failures in UFMSs, thereby
avoiding disruptions to the scheduled operations of other UFMSs.

3. The optimal solution for the UFMS scheduling problem obtained from MILP can be
converted into a system controller to guarantee the execution of the resulting sequence.

The following is a list of the significant results of the proposed method:

1. The computational results are better in terms of the quality of the obtained solutions.
2. It enables faster, optimal decision-making in DSP and solves instances for up to

10 parts and 6 machines.
3. It is capable of handling all unreliable machines in the UFMSs, and it is perfectly

adequate to reach a solution in an acceptable CPU time.
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While the current optimization solvers, such as LINGO and high-performance com-
puters, are capable of solving large-scale scheduling problems with significant CPU time,
there is a need for approximate approaches such as GA, ACO, PSO, SA, and TS to ad-
dress these scheduling problems. This will be the focus of future research in this field.
Furthermore, our objective is to expand our approach to address optimization issues that
involve uncertainty. Stochastic TPNs can be applied to address uncertainty and formulate
stochastic optimization problems based on PN models.
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Abstract: This paper explores the integration of intelligent digital twin technology with PID regulators
in industrial process control utilizing smart meter data. It presents a novel approach involving the
creation of mathematical models to simulate real-time system behavior, thereby enhancing the
PID control loop. The focus is on the development of specialized IT infrastructure to support this
integration, which includes data acquisition, processing, and control optimization. This integration
aims to not only improve control system efficiency but also introduce a robust predictive maintenance
framework, offering significant benefits across a wide range of industrial applications.

Keywords: digital twin; intelligent digital twin; PID control optimization; state estimator; biomass
boiler; process control

1. Introduction

In the relentless pursuit of efficiency, industrial systems are increasingly required to
tackle challenges such as aging components, production variability, and the management
of nonlinear dynamics. The paramount goal is to ensure the stability and adaptability of
closed-loop systems, particularly in the face of resource scarcity. As mass-produced prod-
ucts inherently undergo aging and transformation, there is a pressing need for methodolo-
gies that dynamically tune controller parameters to accommodate characteristic fluctuations.
Moreover, many industrial systems inherently display nonlinear behavior, complicating
the control process.

In this context, Reinforcement Planned Control (RPC) emerges as a potent solu-
tion for nonlinear systems. It offers an intuitive approach, particularly when applied
to proportional–integral–derivative (PID) controls, known for their low computational de-
mand. Consequently, in the industrial landscape, there is a discernible inclination towards
RPC-augmented PID controls, favored for their ease of implementation in mass-produced
controllers. An integral objective of our research is to innovate in this domain by developing
a method for designing RPC-enhanced PID controls directly.

However, it is crucial to acknowledge that traditional PID controls, despite being a
cornerstone for process control, often falter in dynamically evolving environments. They
may not adequately address unexpected disturbances caused by continuously changing
operational contexts, which often necessitates manual intervention. This is particularly
problematic in scenarios where immediate fluctuations—such as those induced by varying
atmospheric temperatures—can adversely impact industrial processes. This gap under-
scores the significance of our research, aimed at enhancing industrial process control:
integrating intelligent digital twin technology with PID regulators. By melding the preci-
sion of intelligent digital twin technology with the robustness of PID controls, we envision
a transformative leap in industrial process management.
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Additionally, our exploration delves into data-based control, leveraging input/output
datasets to compute optimal parameters. Nonetheless, this approach is not devoid of
challenges; a limited dataset can precipitate overfitting, thereby jeopardizing the stability of
closed systems—a predicament reminiscent of the hurdles faced in machine learning, par-
ticularly in the development of nonlinear controllers for nonlinear systems. To navigate this
complexity, we propose an adaptive, learning-based PID model, integrating the foresight of
intelligent digital twin technology to refine its learning process. The implementation of this
adaptive, learning PID, fortified with digital twin insights, constitutes a pivotal objective of
our research, aiming to bring forth a new paradigm in industrial process control.

This article introduces EA-SAS, a newly developed intelligent digital twin platform,
and presents a systematic exploration of the integration of intelligent digital twin tech-
nology with PID regulators in industrial process control, utilizing smart meter data. It
begins with a literature analysis, situating our research within the broader academic context.
Subsequent sections discuss the intelligent digital twin and PID technology integration IT in-
frastructure, including our developed Data Collector, Data Reader, Data Writer subsystems
and PID loop integration approach. We present a high-level architecture overview, which
addresses the complex demands of data processing within digital twins, a cornerstone
for achieving operational efficiency and adaptability in contemporary industrial settings.
Then, we describe the basics of the intelligent digital twin computational methodology for
biomass boiler modeling and the state estimator technique.

These optimizations, facilitated by the integration of intelligent digital twin tech-
nology with the PID control loop, significantly enhance the system’s adaptability and
operational efficiency.

2. Related Work

2.1. Autonomous Manufacturing

In the literature review, a few real-world examples of autonomous management in
manufacturing processes were identified. One of the cases involved an experimental
solution deployed by Yokogawa Electric Corporation and JSR Corporation, detailed in
the article from 22 March 2022, titled “In a World First, Yokogawa and JSR Use AI to
Autonomously Control a Chemical Plant for 35 Consecutive Days” [1]. This study reported
a successful field trial where artificial intelligence was utilized for the autonomous control
of a chemical plant process, a claimed global first. In this instance, artificial intelligence
(AI) autonomously managed distillation column valves at ENEOS Materials Corporation’s
chemical plant in Japan for 35 days.

In the article “AI used to control process manufacturing operations,” [2] the creator
of the control solution, PhD. Hiroaki Kanokogi, noted that AI management in industrial
process plants is not as advanced as AI technology used in predictive maintenance. External
atmospheric temperature changes can significantly impact many processes, necessitating
complex control of temperature, pressure, and flow rate to avoid potential undesirable
chemical or physical reactions. Typically, a proportional–integral–derivative (PID) control
mathematical algorithm is used for process control. However, it may not adequately
handle unexpected disturbances caused by continually changing environmental models,
often requiring human intervention in situations where short-term changes due to varying
atmospheric temperatures could negatively impact processes.

In this experiment, Yokogawa utilized artificial intelligence—the Factorial Kernel Dy-
namic Policy Programming (FKDPP) protocol, co-developed in 2018 by Yokogawa and Nara
Institute of Science and Technology (NAIST). The experiment confirmed that reinforced
learning AI could be safely applied in a real production environment and demonstrated
that AI could independently manage complex processes previously controlled manually
based on operator experience. During the field trial, the AI solution successfully dealt with
the complex conditions required to maintain consistent product quality and the appropriate
liquid level in the distillation column, maximizing the use of waste heat as a heat source.
This led to stabilized quality, high product yield, and energy savings.
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The article “Online Exclusive Technical Q&A: AI’s use in chemical plant operations” [3]
discussed the advantages of the next-generation Factorial Kernel Dynamic Policy Program-
ming (FKDPP) control technology. In the industrial sector, a significant portion of AI
technologies is made up of “problem analysis AI.” This type of AI analyzes the presented
data to detect predictive maintenance anomalies, forecast quality, or determine the cause
of problems, typically supporting human decision-making. FKDPP represents a type of
autonomous control AI, which seeks the optimal control model and then implements it.
This uniqueness is highly beneficial, as this next-generation control technology can manage
operations where existing methods (PID/APC) are insufficient, requiring manual control
based on the qualifications of the plant personnel.

Recent advancements in autonomous manufacturing have extensively utilized digital
twin technologies to enhance operational efficiencies and facilitate real-time decision-
making. Specifically, studies have demonstrated various facets of digital twin applications:
The authors of [4] presented methodologies for deriving project-specific digital twins tai-
lored to industrial automation needs, focusing on modular integration and technology
adaptability. An early implementation of digital twin technology was showcased in [5],
where educational setups leveraged cloud computing and 5G networks for process au-
tomation. The authors of [6] analyzed digital twins for improving manufacturing systems’
reconfiguration efficiencies, showing significant enhancements in setup time reductions.
The authors of [7] explored deep reinforcement learning for optimizing manufacturing
processes, contributing robust solutions to dynamic production challenges. Additionally,
the authors of [8] discussed the implementation of flexible manufacturing cells under
the ISO 23247 standard [9–12], emphasizing resilience and adaptability in production
environments. The study by [13] also addressed safety and reliability in human–robot
collaborations through advanced digital twin frameworks, which thus improved the pre-
dictive maintenance and interaction dynamics. Moreover, the authors of [14] focused on
data-driven approaches to optimize control processes in manufacturing systems, integrat-
ing continuous feedback mechanisms for system enhancements. Lastly, the authors of [15]
provided insights into AI-enhanced industrial automation systems using intelligent digital
twins, showcasing the scalability and effectiveness of AI implementations in complex
industrial settings.

2.2. Data-Driven Control

The article “Direct Data-Driven Control for Cascade Control System” [16] proposed
a fresh perspective on cascade control systems, focusing on a direct synthesis method
that eliminates the need for explicit plant modeling. The approach utilizes a direct data-
driven PID design, extracting system dynamics directly from operational data, which is
particularly advantageous in systems where mathematical models are difficult to obtain or
are unreliable.

In “Designing Experiments for Data-Driven Control of Nonlinear Systems” [17], the
authors delved into data-driven control solutions for complex systems. They highlighted
the potential for such methods to adaptively learn and predict system behavior, thereby
enabling more effective control strategies compared to traditional model-based approaches.
The study demonstrated the viability of these methods through simulation and application
in various control scenarios.

“Data-Driven Control in Autonomous Energy Systems” [18] focused on the theoretical
aspects of data-driven control. The paper analyzed the stability and robustness of control
systems that rely on data-driven techniques, providing a critical evaluation of their effi-
cacy in real-world applications. The authors underscored the importance of robust data
collection and processing methods to ensure the reliability of the control system.

These studies collectively underscore the shift towards leveraging real-time data for
control purposes, reflecting a broader trend in automation and control engineering. Other
papers in the field [19–26] corroborated these findings, showcasing data-driven control’s
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adaptability to different system types and its capability to enhance system responsiveness
and efficiency.

Multivariable data analysis, a cornerstone of statistical analysis, intricately explores the
relationships and patterns among multiple variables. This foundational approach, detailed
in “Multivariate Data Analysis” [27], is crucial for understanding complex data structures
and making informed decisions. It employs a range of techniques, from exploratory factor
analysis to structural equation modeling, offering insights into the interplay of variables
and the underlying structure of data. These methods are invaluable across various domains,
enabling a deeper comprehension and effective handling of multifaceted datasets.

2.3. Decision-Making Algorithms

By examining digital twin technology, our research emphasizes the utility of Markov
Decision Processes (MDPs) and Dynamic Policy Programming (DPP) for enhancing decision-
making in simulated environments. The literature highlights the importance of MDPs and
DPP in complex decision-making frameworks [28,29], integrating these algorithms with
digital twins to navigate intricate system dynamics effectively, thereby elevating process
control and management in industrial settings.

MDPs facilitate the modeling of multi-state systems to determine optimal transitions,
aiming for energy-efficient outcomes. This aligns with our goal to develop an intuitive
platform for users to generate technological process states and associated rewards, like
energy savings, showcasing MDP’s role in energy optimization as a novel contribution.

Similarly, DPP tackles objectives akin to MDP but through the decomposition of
problems into manageable sub-tasks, solved recursively. This method suits scenarios with
overlapping tasks, enhancing problem-solving efficiency.

MDPs provide a solid structure for sequential decision-making under uncertainty,
useful for various processes, from operations to AI. The adaptation of MDPs in Approx-
imate Dynamic Programming (ADP) reflects their evolving frameworks for more stable,
efficient learning processes in complex decision environments [30]. Policy iteration meth-
ods, promoting iterative policy refinement for optimal solutions, are gaining interest for
their contribution to decision-making enhancement [31].

Garrett Thomas [32] explored MDPs’ mathematical basis, crucial for discrete-time
decision modeling, including state/action spaces and reward dynamics. The analysis
stresses the discount factor’s role in valuing future rewards and the policy’s impact on
decision-making, underlining policy optimization and convergence.

Rolf Iserman’s contributions, particularly through his books “Fault-Diagnosis Sys-
tems” [33] and “Identification of Dynamic Systems” [34], provide foundational insights
into process control and fault diagnosis integral to digital twin technology. Ref. [33] delved
into fault detection and tolerance using statistical models and AI, which are crucial for
enhancing system reliability—a key component of digital twins. Ref. [34], co-authored by
Münchhof, focused on modeling dynamic systems, offering essential methodologies for
accurate digital replication. While offering extensive theoretical and practical knowledge on
system reliability and identification, Iserman’s research could further benefit from address-
ing integration with newer technologies such as IoT and advanced predictive analytics,
which are vital for modern digital twins’ adaptability and efficiency.

To summarize, MDP focuses on current state-dependent future modeling, contrasting
with DPP’s broader application for scenarios where outcomes hinge on both current and
historical states. MDPs excel in rapid decision scenarios like control theory and machine
learning, whereas dynamic programming suits information-rich decision contexts, enabling
more informed choices based on past influences.

2.4. PID Regulation and Auto-Tuning

For proportional–integral–derivative (PID) regulation and auto-tuning, the literature
presents a multifaceted picture, showcasing various approaches and methodologies. The
seminal work by Åström [35] outlines the ubiquity of PID controllers in industry, emphasiz-
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ing their adaptability and the evolution of their tuning mechanisms due to advancements
like microprocessors.

Furthermore, Liao and Zhao’s research [36] presented an auto-tuning method for rotorcraft,
integrating system identification procedures and a neural network to map controller parameters
to performance, highlighting a novel approach to tuning cascade PID controllers.

“Multivariable Controller Tuning” by Johansson et al. [37] delved into the complexities
of tuning individual loops in multivariable controllers. It explored the relation between a
loop’s performance and a specific row in the controller matrix, offering various interpre-
tations and an algorithm for model estimation through relay feedback experiments. This
process does not require prior system or controller knowledge, marking a significant stride
in the tuning of interconnected control systems, especially where traditional models are
not readily available or feasible to develop.

2.5. Digital Twin and Intelligent Digital Twin

With the advent of Industry 4.0, digital twin technology has become integral to
enhancing both energy efficiency and process optimization. It necessitates comprehensive
data analysis, including the mathematical modeling of physical systems and processes,
forecasting, and applying statistical algorithms. Digital twin uses fresh monitoring data to
represent the real-time state of the system and to estimate the future state [38]. For instance,
the integration of digital twins across various industries has demonstrated significant
benefits, including reduced operational costs, enhanced productivity, and superior decision-
making capabilities [39]. Moreover, a review of Industry 4.0 from the perspective of
automation and supervision systems identified digital twins as pivotal in the evolving
architectures and functionalities of modern industrial systems, particularly in enhancing
connectivity and intelligent automation [40].

An intelligent digital twin (IDT) is an extension of this definition, enhanced by the
ability to observe its physical environment and to analyze and learn from it, so that existing
models can be adapted or a real asset can interact with the resultant environment [15].

Traditional DTs do not anticipate future events or adjust actions to meet future
goals. An IDT provides active assistance by working with and providing information
as needed [41]. In our case here, we create an IDT that actively searches for the optimal
conditions to achieve future goals and performs PID control corrections.

3. Intelligent Digital Twin Computational Methodology

Within this section, we describe the integration of combustion physics and state
estimation algorithms to solve the equation system for biomass boiler operations. By
applying decision-making algorithms, we define the optimal set points and PID coefficients
to automate tuning and directly adjust the control system for enhanced regulation.

3.1. Biomass Boiler Modeling

The EA-SAS boiler intelligent digital twin uses continuous real-time data collection and
cloud-based processing for mathematical modeling. This enables a real-time assessment
of boiler efficiency, calculated using the ratio of produced heat (Qproduced) and the heat
generated from fuel consumption (Qfuel):

ηk =
Qproduced + Qeconomizer

Qfuel(actual)
. (1)

The fuel calorific value is calculated as follows:

Qfuel(actual) = Qfuel(LHV)·mefficient − 0.02443·M, (2)

Here, Qfuel(LHV) is the net calorific value (MJ/kg); mefficient is the efficient burnable mass;
0.02443 is the correction factor of the enthalpy of vaporization (constant pressure) for water
(moisture) at 25 ◦C (MJ/kg per 1 w% of moisture); and M is the moisture content (w%).
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The efficiently combusted biomass fuel mass is calculated as follows:

mefficient = mburnable·
(

1 − A
100

)
=

(
1 − M

100

)
·
(

1 − M
100

)
, (3)

Here, A is the ash content (w%).
The net calorific value can be calculated in two ways. If fuel composition is known,

empirical equations may be used. The Mendeleev empirical equation used for determining
the lower value is as follows:

Qfuel(LHV) = 339C + 1035H − 109(O − S)− 25M, (4)

Here, C is the carbon content (w%); H is the hydrogen content (w%); O is the oxygen
content (w%); and S is the sulfur content (w%).

As it is problematic to determine the fuel composition, a lower heat value may be calculated:

Qfuel(LHV) = qV, gr, d − 212.2·H − 0.8(O − N), (5)

Here, qV, gr, d is a gross calorific value of fuel as determined by the biomass fuel sample.
The specific heat of biomass changes during devolatilization, and the particle tempera-

ture increases. The value of the raw biomass specific heat varies not only with temperature
but also with water content [42].

The specific heat capacity of chemical species in the volatiles’ non-condensable fraction
is well known, with extensive information available in the literature. The most common
method for approximating the relationship between specific heat and temperature is the
NASA-type polynomial function, with up to seven coefficients, which are usually specified
for two temperature ranges (below and above 1000 K) [42], although the used method
depends on the needed accuracy. Lanzafame and Mesina [43] proposed the following
logarithmic polynomial equation for specific heat at constant pressure:

∼
cp(T∗) = a0 + a1ln(T∗) + a2[ln(T∗)]2 + . . . + a5[ln(T∗)]5, (6)

Here, T∗ is the flue gas temperature and ak is the polynomials provided in Table 1
of [43].

Table 1. EA-SAS Data Hub VM computational requirements.

Operating System Window Server Linux

Version - Ubuntu Server 22 LTS

CPU Dual core processor with
virtualization

Dual core processor with
virtualization

Storage * 70 GB SSD 50 GB SSD
Memory 6 GB 4 GB

* Additional space may be needed according to the amount of collected information.

The enthalpy of the mixture is calculated as follows:

hmix(T∗) =
∑

n.gases
k=1 xk(T∗)

∼
hk(T∗)

∑
n.gases
k=1 xk(T∗)Mk

, (7)

Here, M is molecular weight, x is the molar fraction, and
∼
hk is specific enthalpy.

Then, the isobaric specific heat of a mixture can be calculated as follows:

cp,mix(T∗) =
∑

n.gases
k=1 xk

∼
cp,k(T∗) + ∑

n.gases
k=1

dxk
dT∗

∼
hk(T∗)

∑
n.gases
k=1 xk(T∗)Mk

, (8)
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The amount of heat produced in the economizer by the water content change from d
to dH2O can be calculated as follows:

Qeconomizer = Cpflue gas·Tflue gas +
(

Ltd + CpH2O·Tflue gas

)
d − Cpflue gas_eco −

(
Ltd_eco + CpH2O·Tflue gas_eco

)
dH2O, (9)

Here, Tflue gas is the temperature of the flue from the furnace; Tflue gas_eco is the temper-
ature of the flue gas exhausted from the economizer; Cpflue gas and Cpflue gas_eco are specific
volumetric heat capacities in accordance with the Tflue gas and Tflue gas_eco temperatures;
and Ltd and Ltd_eco are the latent heat of evaporation.

The boiler heat transfer coefficient U is calculated using real-time boiler data according
to Equation (10):

q = U·A·ΔTLM, (10)

Here, q is the heat transfer rate (W); U is the overall heat transfer coefficient (W/(m2·K)); A
is the heat transfer surface area (m2); and ΔTLM is the logarithmic mean temperature difference.

3.2. State Estimator

In our research, we deploy an advanced computational framework for determining
the energy balance within complex engineering systems, modeled by our digital twin
technology. EA-SAS Cloud uses the special state estimator technique, which allows for the
set of Functions (1)–(10) to be solved together with the metered value vector z:

z = h(x) + error, (11)

where z represents the vector of measurements, x denotes the true state vector (set of
unknown variables), h(·) signifies the nonlinear vector function relating the measurements
to the states, and e is the measurement error vector with zero mean and a variance denoted
by Rz.

To estimate the state vector x, we solve a minimization problem of the following form:

J(x) =
1
2
(z − h(x))′R−1

z (z − h(x)), (12)

Here, the weighted least-squares problem is framed within an iterative process that
leverages the gradient of J(x), denoted by g(x), and a gain matrix G(x), which varies
depending on whether we employ the Gauss–Newton or Newton–Raphson methods
for minimization.

In employing the Gauss–Newton method, we linearize the nonlinear function h(x)
through a Taylor expansion, leading to the following:

h = (x + Δx)\R−1
z H(x))−1H(x)′R−1

z Δz, (13)

Here, Δz = z − h(x) and H(x) represents the Jacobian matrix of h(x).
Alternatively, the Newton–Raphson method introduces second-order derivatives into

the equation, adjusting the state vector correction as follows:

Δx =

(
H(x)′R−1

z H(x)− ∑m
j=1γjΔzj

δ2h
δx2

)−1

H(x)′R−1
z Δz (14)

The correction to the state vector (Δx) is critical, ensuring that our digital twin’s
estimation aligns closely with the real-world energy flows at each node within the system.
It is noteworthy to mention that the inclusion of second-order derivatives tends to have a
negligible effect on the convergence of our state estimation models, as the term involving
these derivatives can often be omitted without significant loss of accuracy.
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Employing combustion equations and state estimators, our digital twin precisely
calculates the system’s energy equilibrium. This method improves the model accuracy and
optimizes the operations via exact energy flow measurements. Subsequently, we discuss
the specialized IT infrastructure designed to facilitate PID auto-tuning.

4. Intelligent Digital Twin PID Control IT Infrastructure

4.1. Data Hub

Data Hub is a program specially designed for data collection and writing to a client’s
control system or directly into equipment. Data Hub consists of Data Collector and Data
Writer. Data Collector is an application responsible for collecting measurement data from
configured Data Readers and for transferring data readings to the main EA-SAS Cloud
server. Data Collector can be installed and configured on the premises of the customer IT
infrastructure (when most of the data are collected via the local server) or in the Cloud
(if the data can be accessed from an external network). The Data Collector configuration
allows IT admin to change the frequency of the data collection from configured Data
Readers. Data Collector serves as a data pusher via the REST API to periodically transfer
data to the EA-SAS Cloud server. The monitoring server is then dedicated to monitoring
the VM server resources.

Data Reader is a service that is the part of Data Collector. It is responsible for collecting
data from the source (measurement device or server). Data Reader configurations (data
update frequency, etc.) are performed in the Data Collector interface.

Data writing into the control system is executed via the Data Writer program. Data
Writer is also a part of the EA-SAS Data Hub. The Data Writer program was designed for
data writing from the main server to the required equipment (usually the control system).
Data Writer configurations (setting the data writing frequency, etc.) are performed in the
Data Collector environment. Data Writing sequences are depicted in Figure 1.

Figure 1. Example of a data writing sequence.

The startup sequence initiates the configuration by reading task parameters and
preparing the scheduler for operation, while the data write task sequence involves regularly
fetching, processing, and mapping data to the Programmable Logic Controllers (PLCs) for
the execution of control tasks. The startup sequence (above) can be described as follows:

• Local Configuration MySQL (SQL-Structured Query Language) Database: The startup
sequence commences with reading the task configuration from the local configuration
MySQL database.

• Local Scheduler: A local scheduler then schedules the data write task based on the
configuration it has read.

Data write task sequence (below):
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• Local Configuration MySQL Database: Parallel to the startup sequence, during the
data write task sequence, the system again reads the task configuration from the local
MySQL database. The choice of MySQL, an open-source database, aligns with the
principles of Industry 4.0, which emphasizes transparency, interoperability, and the
strategic use of open-source technologies.

• Local Scheduler: The local scheduler operates as part of this sequence as well, although
the specific action it takes in this phase is not detailed in the diagram.

• Main EA-SAS Server: The main EA-SAS server retrieves the latest dataset via a
REST service.

• Python Script Execution: With the latest data acquired, a Python script is executed
to process the dataset and apply the necessary logic. This script, which is defined
within the local task configuration, is written in Python due to its open-source nature
and its status as a standard programming language widely adopted across various
industries. The choice of Python not only ensures flexible and robust data handling
but also aligns with industry best practices in software development, enhancing the
system’s interoperability and adaptability.

• Mapping to PLC Addresses: In this example, processed data are mapped to PLC
addresses following the guidelines specified in the task configuration. It is essential to
recognize that the communication options within automation systems extend beyond
PLCs, offering broad possibilities for integration. Available protocols include BACnet,
HTTP, M-Bus, Modbus, OPC Data Access, MQTT, SQL, S7, and Wonderware, each
providing unique features and capabilities for versatile system integration. Most of
the PLCs have external communication capabilities. The implementation depends on
the manufacturer, model, and series of the PLC and sometimes requires additional
communication modules or protocol converters installed. The communication protocol
also depends on the manufacturer, but newer models tend to support open-source
industrial protocols and can be directly connected to the internet network.

• PLC: Finally, in the PLC, the mapped data are utilized as per the control logic requirements.

4.2. Computational Requirements for the EA-SAS Data Hub VM

The local server must have access to the same network as the object (boiler, cool-
ing, drying, or other) control system and or any other measurement devices that can be
connected. There must also be a constant internet connection to non-local IP addresses.

Usually, a virtual machine is created, but dedicated hardware is also acceptable. This
server will be used for EA-SAS Data Hub installation. This software manages to read data
from the control system and to then send it to the main EA-SAS Cloud. The requirements
are presented at Table 1.

There are no particular requirements for VM IP address assignment. It can be static or
dynamic. VM must have network access to the control system equipment that the data will
be collected from.

The VM access requirements are listed here:

• EA-SAS Cloud, TCP, used for sending read data;
• EA-VPN, UDP, used for managing VM and accessing internal resources.
• EA-Docker register, TCP, used for installing/updating the EA-SAS Data Hub.
• APT registry. Official repositories are used for installing the packages required for

the software;
• Additional network firewall requirements (which network ports will be used) depend

on the protocol that EA-SAS Data Hub will use to read data from the control system.
The protocol depends on the used control system implementation.

4.3. Intelligent Digital Twin PID Loop Integration

Referencing Figure 2, the system architecture integrates a digital twin within the PID
control loop to refine the control strategy for a given process. The digital twin receives input
data streams, which include measured data, set points, and additional system information.
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This data assimilation enables the digital twin to create an accurate representation of the
process, taking into account current conditions and desired outcomes.

Figure 2. Intelligent digital twin PID loop integration.

Upon receiving the data, the digital twin performs real-time analyses and computes
the necessary adjustments to the control set points. These computations are facilitated
by the digital twin’s capabilities to handle multiple parameters, represented by Pk, Ik,
and Dk gains within the PID algorithm. Adjustments are made based on the process
feedback and limits, ensuring that the PID controller’s outputs are continuously tuned for
system equilibrium.

The PID controller, equipped with the refined set points and limits provided by the
digital twin, generates control outputs that drive the actual process towards the desired
state. This closed-loop system is further fine-tuned through feedback loops, where the
process outputs are continuously monitored and fed back into the digital twin, fostering an
adaptive control environment.

The efficacy of this integrated approach lies in its ability to synthesize a high volume
of data and translate it into actionable control strategies. By doing so, the PID loop, aug-
mented with the digital twin’s computational intelligence, offers a robust and responsive
control mechanism, ensuring process stability and efficiency. This fusion of technologies
underpins the contemporary drive towards smarter, data-driven process management
within industrial systems.

4.4. High-Level Architecture Overview

The International Standardization Organization issued a series of standards (ISO
23247 [9–12],) that suggest a generic framework for digital twins for manufacturing. The EA-
SAS intelligent digital twin architecture aligns with contemporary standards in digital twin
technology, echoing the guidelines of ISO/IEC AWI Standard 30172 [44] and ISO/IEC AWI
Standard 30173 [45]. The framework consists of the user entity for hosting software systems
and interfaces, the digital twin entity for the digital representation and synchronization of
observable manufacturing elements (OMEs), and the device communication entity for data
interaction and device control. Each entity is further divided into sub-entities and functional
entities, such as the data collection sub-entity for data acquisition and pre-processing and
the device control sub-entity for actuation and operational control [38].
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Within the high-level system architecture, depicted in Figure 3, the Energy Advice
virtual machine (VM) hosts a specialized Data Hub, which comprises distinct Data Collector
and Data Writer programs. These programs are fundamental to the execution of our
methodological framework, executing two primary functions: the collection of process data
and writing control data.

Figure 3. High-level architecture scheme.

The Data Collector program is tasked with interfacing with the process control net-
work, utilizing various protocols to gather real-time operational data. These data are
collected in a read-only mode, precluding any direct control interactions that could po-
tentially affect process integrity. The VM operates within a VLAN specifically allocated
for supervisory process control, which is segregated from the standard office VLANs to
mitigate any cross-traffic interference, enhancing data security and system reliability.

Concurrently, the Data Writer program within the Data Hub processes the collected
data, employing the established PID loop control methodology to ascertain the appropriate
control set points. These set points are computed based on the analysis of live process data,
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reflecting the current state of the system. Once determined, the set points are communicated
to the PLCs. The PLCs, in turn, implement these set points to adjust operational parameters
in alignment with the desired control objectives.

Overall, the VM’s operations within the control system are methodically structured
to support the PID loop control approach, adhering to the scientific principles of data
collection, process control theory, and network design, as detailed throughout our article.
The VM’s function is critical in synthesizing the diverse streams of process data into
coherent control actions, embodying the core of our data-driven control methodology.

5. System Performance and Efficiency Insights

In this study, we demonstrated the successful deployment and operational efficacy
of our digital twin of the biomass boiler within a dual-boiler system, comprising boilers
K3 and K2, with only K3 currently operational. Illustrated in Figure 4, the application
results validate our theoretical approach described in Section 3.1. ‘Biomass Boiler Mod-
eling,’ revealing the system’s operational dynamics. Through the EA-SAS platform, we
achieved the autonomous adjustment of critical parameters like hot water temperature
control for district heating, optimizing the fan efficiencies and fuel combustion rates. These
results underscore the practicality and effectiveness of integrating digital twin technol-
ogy with PID control loops, reflecting significant advancements in system control and
operational precision.

Figure 4. Visual representation of the calculation results on the EA-SAS intelligent digital twin system
interface system.

The parameters automatically controlled without human intervention are listed in
Table 2. All listed parameters are calculated in real time by the intelligent digital twin,
considering the calculated calorific value of the fuel burned and the forecasted demand for
thermal power. The calculated control commands are sent directly to the control system.

Undoubtedly, all parameters are closely related, and the created model of the boiler
house and heat network is complex and comprehensive. It evaluates the influence of
different components on the overall boiler house operation.

One of the main parameters that we aimed to stabilize in the biomass boiler operation
is boiler output temperature. Stabilizing the biomass boiler water output temperature is
critical for maintaining the efficiency of heat production. Figure 5 Illustrates the impact
of control using the intelligent digital twin: post-implementation, temperature stability is
significantly improved, reducing energy losses.
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Table 2. Comparative analysis of ETL scheduling tools.

Equipment
EA-SAS Automatically
Controlled Parameters

Description

Three-way valve Temperature set point for the three-way
valve, ◦C

Optimized temperature of the hot water
supplied to the city heat network to minimize
heat losses in the network while maintaining
technological requirements.

Primary air fans

Fans’ efficiency, %

Optimizing the performance of primary,
secondary, and tertiary air fans to ensure efficient
fuel combustion.

Secondary air fans
Tertiary air fans

Flue gas draft fans
Optimizing fan performance for optimal draft
and combustion processes at the current boiler
operation mode.

Flue gas recirculation fans Optimizing fan performance to stabilize
temperatures.

Fuel feeders Feeder pause, s Optimizing fuel layer and grate speed for
efficient fuel combustion.

Grate
I grate speed,
sII grate speed,
sIII grate speed, s

Figure 5. Boiler output water temperature stabilization.

By facilitating optimal remote control and proactive operational set point adjustments,
the PID with intelligent digital twin in loop technology ensures precise temperature reg-
ulation. This results in increased energy efficiency, decreased fuel consumption, lower
emissions, and improved longevity and reliability of the biomass power plant.

6. Conclusions

Our investigation into the integration of digital twin technology with PID control
loops for biomass boiler operations demonstrates both methodological deployment and
operational viability. This practical application, notably within a dual-boiler system where
only K3 was in operation, highlights the real-world applicability and effectiveness of our ap-
proach. Recognizing the potential limitations such as data dependency and the continuous
need for algorithmic refinement, we propose several avenues for future research.

First, further enhancements to the digital twin model should focus on increasing its
predictive capabilities. This could involve incorporating more sophisticated machine learn-
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ing algorithms to predict system behaviors and failures before they occur, thus improving
the system’s operational efficiency and reducing downtime.

Second, addressing the adaptability of the digital twin and PID control loops to manage
and optimize operations in real-time across these varied settings will be essential. This
could involve developing adaptive algorithms that can learn from the system’s performance
over time and adjust control strategies dynamically.

These research directions will not only push the boundaries of control technologies
but also significantly contribute to the field of industrial process optimization, supporting
a wider adoption and technological evolution in various sectors.
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