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Welcome Message 

On behalf of the Organizing Committee, we are pleased to present the volume of 
Lecture Notes in Mechanical Engineering, which contains a selection of papers 
from The Third International Conference on Material, Machines, and Methods for 
Sustainable Development (MMMS2022) held from November 10–13, 2022, in Can 
Tho, Vietnam. Since 2018, MMMS has been focused on extending overall Sustain-
able Development Engineering to engage more researchers from different areas and 
various fields. Building on the success of the 2018 conference in Nalod, Danang, 
Vietnam, and the 2020 conference in Nha Trang, MMMS2022 aimed to evolve into 
one of the leading academic conferences in the field of Sustainable Development 
Engineering, underpinned by insightful lectures and presentations to attract even 
more attendees. 

MMMS2022 is an international symposium hosted by the Vietnam Association of 
Science Editing (VASE) in collaboration with prestigious institutions such as Hanoi 
University of Science and Technology (HUST), Nam Can Tho University (NTU), 
Phenikaa University (PKA), Thai Nguyen University (TNU), Kyungpook National 
University (KNU-Korea), Nagaoka University of Technology (NUT Japan), Vietnam 
Federation of Mechanical Engineering Associations (VFMEA), and Council of 
Asian Science Editors (CASE). The event covers a wide range of topics related 
to engineering and sustainable manufacturing for the benefit of a global society. 
Researchers, policymakers, industry professionals, practitioners, and students from 
all countries are invited to submit papers and participate in various sessions, keynotes, 
and workshops. 

The main objective of the conference is to explore critical aspects of sustain-
able development, particularly in the areas of materials, machines, and methods. 
Through interactive sessions, policymakers, researchers, and industry professionals 
can exchange feedback and inputs on the topics to ensure local technological develop-
ment toward sustainable development in a global context. Furthermore, networking 
is promoted between participants through special sessions organized by VASE, 
including those focusing on improving writing for publishing in advanced inter-
national journals, presented by Prof. Hyusun Kim, Former President of the Council 
of Asian Science Editors (CASE).

xiii



xiv Welcome Message

The purpose of this volume of Lecture Notes in Mechanical Engineering is to 
explore and ensure an understanding of the critical aspects that contribute to sustain-
able development, particularly materials, machines, and methods. The conference 
aims to assist policymakers, industries, and researchers at various levels to posi-
tion local technological development toward sustainable development in the global 
context and to promote decision-making toward a greener approach, especially for 
materials, machines, and methods. 

We would like to express our gratitude to the members of the International 
Organizing and Academic Committees of the Conference for their hardwork and 
advice, which helped to maintain the high level of the conference. We also thank 
Springer Nature Switzerland AG 2020 for publishing the selected papers in the 
Lecture Notes in Mechanical Engineering. We hope that all the papers will provide 
valuable information for academics, researchers, engineers, and students. 

Prof. Banh Tien Long 
Vietnam Association for Science Editing (VASE) 

Hanoi University of Science and Technology 
Hanoi, Vietnam 

Prof. Nguyen Duc Toan 
Hanoi University of Science and Technology 

Hanoi, Vietnam



Keynote Speakers 

Prof. Yun-Hae Kim 
Affiliation: Korea Maritime and Ocean University, Republic of Korea. 

Bio Statement: 

Professor Yun-Hae Kim graduated from the Department of Marine Engineering, 
Korea Maritime and Ocean University in 1983 and received Ph.D. degree from 
Kyushu University in Mechanical Engineering, Japan. He worked at NIST, USA, as 
a visiting professor from 1997 to 1998, and his studies focused on the fabrication and 
evaluation of composite materials. He worked as a research assistant, 1985–1987, at 
Korea Maritime and Ocean University. He published over 150 papers in international 
and national journals; He joined over 60 conferences and symposia at international 
and national levels as a general speaker, invited speaker, or keynote speaker. He 
founded two international conferences, namely Asian Conference on Engineering 
Education (ACEE, 2009) and Asian Conference on Campus Sustainability (ACCS, 
2015). He was the president of the Korea Association of Green Campus Initiatives
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(KAGCI). He was the ex-Acting president of Korea Maritime and Ocean University, 
ex-Dean of Student Affairs, and ex-Dean of Academic Affairs from 2014 to 2016. 
He was a conference chair of the Advanced Materials Development and Performance 
(AMDP 2014). At that time, over 400 delegates participated in this conference. He 
was the editor of SCI journal, International Journal of Modern Physics B. Now, he  
is working as the Editors-in-Chief of the Journal of Ocean Engineering and Tech-
nology for 9 years and Nano Hybrids Composites. In particular, he joined in the last 
five years (2013 and 2017) over 20 conferences as Keynote Speaker and Confer-
ence Co-Chairs. He is working as Director of Idea Factory Center at KMOU. He 
received many awards, Ministry of Science and Technology (Jang Young Sil Best 
Award, Korea), Ministry of Science and Technology, Korea, Distinguished Professor 
Award, The Korean Society of Engineering Education, Distinguished Service Medal, 
The Korean Society of Engineering Education, Ministry of Education, Science and 
Technology (Ministry Award) (Engineering Education Innovation Field), Ministry 
of Education, Science and Technology, Korea, Best Paper Award, ICPNS, Seattle, 
USA. His research interests include R&D of novel materials and composites based on 
polymer materials (in particular, environmental characteristics, fracture mechanics 
and strength evaluations, ocean applications of advanced materials and composites. 

Yun-Hae Kim was chairman and co-chairman of the following International 
Conferences: 

(i) 1st Asian Conference on Engineering Education (ACEE), ACEE 2009 (October 
28–30, 2009, Busan, Korea 

(ii) Advanced Materials Development and Performance (AMDP), AMDP 2014 
(July 17–20, 2014, Busan, Korea) 

(iii) Asian Conference on Campus Sustainability 2015, ACCS 2015 (November 
10–11, 2015, Busan, Korea) 

(iv) 6th International Joint Symposium on Engineering Education (IJSEE), IJSEE 
2016 (December 23, 2016, Busan, Korea) 

(v) 7th Advanced Materials Development and Performance (AMDP), AMDP 2017 
(July 11–15, 2017, Pune, India).
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Gyu Man Kim 
Professor, School of Mechanical Engineering 
Kyungpook National University 
Micro-System and Nano-Engineering (MSNE) Research Group 
http://msne.knu.ac.kr/ 
1370, Sankyuk-Dong, Daegu, Republic of Korea, 702-701 
Tel: 82-53-950-7570 Fax: 82-53-950-6550 Cp: 82-10-9902-6755 
e-mail: gyuman.kim@knu.ac.kr 

Research Interests 

• Research on micro-/nanoscale fabrication 

– microelectromechanical system (MEMS) 
– Micro-/nano-stencil (shadowmask) technology for micro-/nanoscale 

patterning 
– Soft lithography 
– Self-assembled monolayer for surface modification. 

• Research on microtechnology for life science 

– Micropatterned cell culture 
– Preparation of mono-dispersed biopolymer microparticles 
– Lab-on-a-chip (LOC) and bio-sensors. 

• Research on precision manufacturing for miniaturized mechanical systems 

– Micro-electro-discharge machining (MEDM) 
– Micro-electro-chemical machining (MECM). 

Gyu Man Kim received the B.S., M.S., and Ph.D. degrees in mechanical design and 
production engineering from the Seoul National University, Seoul, Korea, in 1993, 
1995, and 1999, respectively.
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Currently, he is an professor at School of Mechanical Engineering, Kyung-
pook National University, Korea. He has been a postdoctoral research fellow at 
MESA+ Research Institute, Twente University, the Netherlands, and at Microsystems 
Laboratory, Ecole Polytechnique Federale de Lausanne (EPFL). 

His recent research works include the formation of hydrogel microdroplet and 
particles in a microfluidic device, microfabrication using nano- and microstencil, 
soft lithography, and hybrid technologies of MEMS and precision manufacturing 
processes. His recent research project includes “Laboratory on microfabrication of 
enzymatic biofuel cell,” “Fabrication of micro/mesoscale hybrid structures based 
on porous biopolymer,” “Micropatterned cell culture for stem cell for therapeutic 
strategies in neurodegenerative disease,” “Inkjetting of biopolymer for Biomedical 
applications,” and “Nanoparticle and cell-laden microparticle fabrication and its 
bio application.” He has published over 100 peer-reviewed scientific publications. 
His research includes micro-/nano-scale fabrication, microfluidics, and miniaturized 
mechanical systems to be applied to the field of life science, industry, and energy. 
He is also co-inventor of over 20 patents. 

He is member of the KSME, KSPE, and KSMPE. He is an Editor-in-Chief of Inter-
national Journal of Precision Engineering and Manufacturing-Green Technology. 

Awards 

• Gaheon Award, Gaheon-Sindoh Foundation, 2021 
• Best Paper Award, Korean Society for Precision Engineering, 2017 
• IJPEM Highly Commended Paper Award, Korean Society for Precision Engi-

neering, 2016 
• Best Poster Award, International Symposium on Green Manufacturing and 

Applications, 2015 
• Baek-Am Award, Korean Society for Precision Engineering, 2015 
• Best Paper Award, JCK MEMS/NEMS with Nano Korea, 2014 
• Best Paper Award, International Symposium on Green Manufacturing and 

Applications, 2012 
• Best Poster Prize, International Conference for Micro- and Nanotechnologies for 

the Biosciences. 

Professional Association Activities 

• Editor/Editor-in-Chief International Journal of Precision Engineering and 
Manufacturing-Green Technology (IJPEM-GT), 2014~ 
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Influences of Various Bracing 
on the Buckling Behavior of Steel Frames 

Huy-Phuoc Nguyen and Phu-Cuong Nguyen 

Abstract Bracing systems are effective secondary structures. They are used 
commonly to increase the stability of structures, especially steel structures. Many 
types of braces are used in steel structures such as diagonal bracing, portal bracing, 
inverted V-bracing, X-bracing, K-bracing, etc. They will make structures to obtain 
the various buckling behaviors. This paper makes clear the influences of various 
bracing on the buckling behavior of steel frames. Structures of bracing systems must 
be paid attention to in steel structural design because structural stability is the one 
of significant criteria. The authors used a commercial software package SAP2000 to 
simulate the buckling behavior of multi-story planar steel frames by various bracing 
parameters to clarify this problem. Results of this study will help structural engi-
neers to understand more clearly these influences, therefore they can choose suitable 
bracing types for steel frames to ensure technical, economic, and aesthetic factors 
for practical design. 

Keywords Bracing · Stability · Steel frames · Buckling factor · Buckling load 

1 Introduction 

Steel is one of the types of material that is used commonly in all types of struc-
tures because of its strength and ductility. Besides, its all members can be connected 
conveniently by welding or bolting and it is not very difficult to create various struc-
tural shapes as architectural requirements. Steel structures are used to construct very 
tall buildings because of their less weight, high strength, and easier constructability 
compared to reinforcement structures.
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Most members of steel structures usually have small sections. This reduces the 
stiffness and stability of steel structures. Therefore, stability is one of the major 
concerns in studies of steel structures. There are several studies about the actual 
behavior of steel structures [1–11]. With various geometrical, material, and connec-
tion nonlinearity models and different analysis methods under dynamic and static 
loads [1–5], these studies determined stress–strain relationships to likely predict the 
second-order inelastic behavior of planar, 3D steel frames that include the effects of 
lateral-torsional buckling [6], residual stresses and shear deformation [7], and geom-
etry imperfections, and so on. Nguyen et al. [8] analyzed the nonlinear buckling 
behavior of steel frames under earthquakes. Tran et al. [9] investigated the nonlinear 
behavior of offshore wind turbines using the distributed plasticity method. Tran et al. 
[10, 11] examed the seismic behavior of electric devices in the nuclear power plant 
using seismic fragility analysis. Although these studies do not refer to the methods 
of stabilizing the steel frame, they clarified the instability problem in steel structures. 
From this, many methods can be carried out to stabilize steel structures. In this paper, 
the bracing system is one of them. 

A bracing system is an efficient solution to this problem. It not only increases 
the stiffness and stability of steel structures but also reduces lateral displacements 
significantly [12]. 

Compared to knee-braced frames (KBFs) and eccentrically braced frames (EBFs), 
concentrically braced frames (CBFs) are the most popularly used because of their 
practical and economical advantages for normal structures [13]. Three popular brace 
configurations that are often used in actual construction are Diagonal, X, and V (or 
inverted V) bracing. These brace configurations belong to CBFs. In this study, the 
concerned problem is to influences of Diagonal, X, and Inverted V bracing on steel 
frames through buckling loads. 

The value of load in service or an experimental loading test that makes a 
compressed element, member, or frame change suddenly shape and collapse is the 
buckling load [14]. To determine the buckling load, we have to find out the buckling 
factor. The formula used to calculate the buckling load is given as follows: 

Buckling Load = Applied Load × Buckling Factor [15]. 
SAP2000 [16] is used to execute the buckling analysis of planar steel frames 

without bracing and with various types of bracing systems to find out buckling 
factors and compare them to each other. 

2 Investigated Configuration of Steel Frames 

In this research, 16 planar steel frames were divided into 4 groups: 5 storeys, 10 
storeys, 15 storeys and 20 storeys. They are simulated with various bracing. Their 
geometry, dimension, section, and loading are shown in Table 1. Structural steel 
frames are simulated in 2 cases: A. Steel frames without any bracing. B. Steel
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frames with different types of braces. Steel frames considered for the examination 
are displayed in Figs. 1, 2, 3, and 4. 

Table 1 Geometry and loading of steel frames are simulated in this study 

Parameter Type/value 

Number of storeys 5, 10, 15, 20—storey 

Typical storey height 3.8 m 

Number of bays 4 

Bay width 5 m  

Beam size ISBM550 

Column size ISBM300 

Brace size ISBM100 

Load 60 KN/m 

Fig. 1 Steel frames without bracing
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Fig. 2 Steel frames have been installed diagonal bracing

3 Results and Discussions 

Table 2 displays the values of buckling factors that are obtained from analyses. The 
buckling factors increase from left to right in all cases of the number of storeys. The 
diagonal Bracing’s buckling factor is the minimum and the X- Bracing’s buckling 
factor is the maximum.

Table 3 displays the ratios between every buckling factor of the braced frame and 
bare frame. These ratios help us know how effective the bracing systems are. This 
explains why bracing systems have been used to increase stiffness and stability in 
steel structures widely.

Figure 5 displays the relationships between the number of storeys and buckling 
factors in cases without bracing and with every type of bracing as above, respec-
tively. These relationships are nonlinear. The buckling factors increase significantly 
in braced steel frames compared to those without braced steel frames. In addition,
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Fig. 3 Steel frames have been installed inverted V-bracing

the difference of buckling factors among these three braces is not considerable in 20 
storeys case, especially Inverted V-bracing and X-bracing. This is against 5 storeys 
case.

From these results, we can realize easily that the buckling factor decreases when 
the slenderness of steel frames increases and vice versa. The variation of buckling 
factors corresponding with the change of the slenderness in the case of X-bracing 
is the clearest. The difference between buckling factors of X-bracing and inverted 
V-bracing can be not significant as the slenderness of steel frames reaches some value 
or steel frames is higher than 15 storeys in this case.
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Fig. 4 Steel frames have been installed X-bracing

Table 2 Values of buckling factors with various types of braces 

No. storeys Bare frame Diagonal braced frame Inverted V-braced frame X-braced frame 

5 8.63 55.24 76.83 109.69 

10 4.23 27.43 38.01 50.69 

15 2.77 16.34 21.08 23.36 

20 2.04 9.40 11.34 11.85

Table 3 The ratios between every buckling factor of the braced frame and bare frame 

No. storeys Bare frame Diagonal braced frame Inverted V-braced frame X-braced frame 

5 1 6.40 8.90 12.71 

10 1 6.48 8.99 11.98 

15 1 5.90 7.61 8.43 

20 1 4.61 5.56 5.81
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Fig. 5 Variation of buckling 
factors with various types of 
bracing

4 Conclusion 

The results of these analyses show that the increasing of buckling factor is significant 
after the installation of bracing systems when compared to steel frames without 
bracing. Amongst all number of storeys cases, the buckling factor gained in the 
X-bracing system is maximum when compared to diagonal and inverted V-bracing 
systems. 

From this, we withdraw some conclusions as follows: 
To strengthen steel structures, the bracing system is one of the efficient solutions. 
The slenderness of steel frames plays a very important role in their stability. 
Compared to the others, the X-bracing makes the buckling factor increase in the 

best superior way. 
Moreover, the advantages of the bracing system in stabilizing steel structures 

are illustrated by numerical examples. It can be concluded that understanding the 
influence of bracing on the buckling behavior of steel structures and choosing suitable 
bracing types for steel structures are very necessary and significant for practical 
design engineers. 
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Structural Optimization via 3D Printing 
Technology Using NPR Materials 

Tran-Trung Nguyen, Phu-Cuong Nguyen, Thanh-Tuan Tran, 
and Nguyen Van Thuan 

Abstract 3D printing technology is now the trendiest term in engineering in general 
and advanced structural design engineering in particular. Finding structures with 
optimum geometry and materials that fit the technologies above is difficult. This 
study presents an approach to creating a hybrid structure by combining Rhino 
Grasshopper and Karamba3D to replace the hybrid structure reinforced with hard 
particles presented in Ref. (Tee in Jom 72:1105–1117, 2020 [3]). The proposed hybrid 
structure is improved from the honeycomb structure by the Galapagos optimization 
algorithm, one of Rhino Grasshopper’s optimization plugins. It considers the proper-
ties of materials with a Negative Poisson Ratio (NPR). These material properties were 
established based on the formulas presented in Sect. 3 using the Karamba3D para-
metric design tool. The tensile stress–strain curve demonstrates the optimal hybrid 
structure efficiency compared with the sample without the reinforcement and the 
two samples with the reinforced hard grain with different printing orientations in 
3D printing technology. This demonstration was established using ABAQUS finite 
element software with the Arruda-Boyce material model for polymer materials. 

Keywords 3D printing · Negative Poisson ratio materials · Galapagos algorithm ·
Karamba3d · Rhino grasshopper · Structural optimization
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1 Introduction 

Additive manufacturing (AM), often known as 3D printing, enables lighter, stronger 
components and systems in industrial production. Communications, photography, 
architecture, and engineering have undergone digital revolutions. AM improves 
digital flexibility and efficiency in industrial operations. 

AM adds material to an item. Creating an item by hand sometimes requires milling, 
machining, carving, sculpting, or other material removal methods. 

Polymer-based composites are one of the most widely used and robust materials 
in 3D printing technology that Bekas et al. [1] have done with an overview of this 
material. The material determines 3D printing. Homogenization and local function 
multi-functionality is required for these materials. However, everyday objects have 
complicated forms and materials. Therefore, Toursangsaraki [2] demonstrated that 
developing a structure with various materials is efficient when subjected to loads 
with a significant weight reduction. The combination also alters AM manufacturing 
from multi-stage to single-process. 

Furthermore, the work of Tee et al. [3] is interesting in using polymer-based 
composites. The rigid-rubbery polymeric material was used in PolyJet tensile testing. 
These tensile samples have two parts: VeroMagentaV polymer for rigidity and 
Agilus30 polymer for flexibility. His study examined these materials’ mechanical 
characteristics and interactions utilizing 3D-printed composite stiff reinforcement 
particles. 

Negative Poisson Ratio (NPR) is another Poisson ratio-related material property. 
Material and structure have this characteristic. The study by Lakes [4] demonstrated 
an overview of the advantages of materials and structures with NPR. NPR struc-
tures like honeycombs, diamond crystals, and Voronoi have parallels with nature. 
The characteristics of these structures are sustainability, considered in the field of 
engineering in general and the construction industry in particular, presented in the 
awe-inspiring study of Nazir et al. [5]. 

ABAQUS simulated a tensile test in this investigation. Based on the research 
[3]; the sample is made of two materials: rigid VeroMagentaV polymer and flexible 
Agilus30 polymer with a honeycomb structure. We optimize the honeycomb struc-
ture using NPR materials using Rhino Grasshopper’s Galapagos algorithm plugin. 
Through stress–strain relationship curves, the post-optimized structure has better 
tensile strength than the study’s constructions [3]. 

2 Effective Combination of Powerful Tools Rhino 
Grasshopper 

Rhino precedes Grasshopper. This software’s 3D rendering is unmatched. Rhino’s 
Render image processing technologies help create clean, vibrant results. Rhino 
software is used by major companies for industrial design, pattern design, reliefs,
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footwear design, jewellery design, mechanical engineering (ships, cars, etc.), and 
more. McNeel also improves RhinoBIM solutions. 

Rhino’s Add-ons, like other major solutions, include Grasshopper. It provides a 
“clear history” of the model and improves rendering in 3DMax and Maya. Rhino 
created “Clear History” to tackle user difficulties in the model creation process, 
allowing updated modeling to backtrack. Grasshopper explains this. 

Optimized add-ons, notably Galapagos, are Grasshopper’s best feature. Rutten 
[6] created the first Rhino Grasshopper optimization algorithm [6]. Rhino plugins 
like LadyBug and HoneyBee for form blending, Pufferfish for multi-objective opti-
mization, and Octopus for energy design are popular. Structural engineering analysis 
mentions Karamba3D. 

3 Structural Optimization Process 

As stated in the Introduction, this work builds on interesting concepts from studies [3] 
and [5], particularly [3]. The HoneyComb structure was used to optimize structural 
optimization with the Poisson ratio as a parameter. Pham et al. [7] and [8] examined 
the efficiency of this honeycomb construction. Auxetic honeycomb sandwich plates 
and nanoplates were studied for free vibration. 

As illustrated in Fig. 1, this optimization approach only considers the flexible 
region of the tensile sample studied [3].

The structure’s material is this study’s biggest optimization issue. The Karamba3D 
plugin’s settings changed the issue of the material’s Negative Poisson Ratio. These 
parameters are calculated from the proposed formulas of Kováčik [9]. 

Poisson’s ratio has been re-calculated to develop a new correlation between 
Poisson’s ratio and the porosity in materials Eq. (1), showing the relationship among 
ϑ , E, and G. 

ϑ = 
E 

2G 
− 1 (1)  

where E and G are defined based on the percolation model. E and G parameters have 
to consider the effect of porosity on parameters p and pc according to Eqs. (2) and 
(3). 

E = Eo

(
pc − p 
pc

) fE 

for p ≤ pc (2) 

G = Go

(
pc − p 
pc

) fG 

for p ≤ pc (3) 

where Eo and Go are respectively Young’s modulus and shear modulus of the solid 
material, pc is the percolation threshold with Young modulus and shear modulus
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Fig. 1 Structural optimization process

being fixed at zeros, f E and f G are the characteristic exponents for the elastic and 
shear modulus of the porous material, respectively. 

From Eqs. (1), (2), and (3), Poisson’s ratio can be calculated as follows: 

ν = 
Eo 

2Go

(
pc − p 
pc

) fE− fG 
− 1 with p ≤ pc (4) 

It can be noted that in Eq. (4), Eo 
2Go 

is equal to vo + 1, and Poisson’s ratio can be 
rewritten as: 

ν = (νo + 1)
(
pc − p 
pc

) fv 

− 1 with p − pc ≤ 0 (5)  

Where f v = f E − f G. Equation (5) provides a new percolation model for Poisson’s 
ratio. The porosity of porous material depends on homogeneous and isotropic 
characteristics.
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Step 3 of Fig. 1 illustrates this paper’s optimization challenge. This graphic shows 
how to use Galapagos. The slider’s features enable it to constrain optimization diffi-
culties. Minimize displacement (d) is the objective function. Tension load (F) causes 
this displacement: 

Min(d) where d is defined by d = 
j∑

i=1 

Di (6) 

where Di is the displacement at the ith element. Moreover, j is the total number of 
structural elements. The displacement is given by: 

D = 
F 

K ′ (7) 

where F is the tension load, and K ′ is the bending stiffness of the structure calculated 
in Karamba3D. 

4 Verification with FEM 

The structure must be validated. We may use third-party technologies to verify the 
optimized design. This numerical verification analyzes using ABAQUS. Pre- and 
post-processing includes analysis. 

Pre-processing builds models. This study imports a Rhino model into ABAQUS. 
Import *.igs or *.iges formatted models. 

The next stage is defining the material, a vital portion of the simulation. The mate-
rial Hybrid VMVmA30p is mentioned in the Introduction section [3]. It comprises 
a flexible polymer, Agilus30 (A30), and a rigid polymer, VeroMagentaV (VMV). 
Equation (8) Arruda et al. [10] shows that the Arruda-Boyce model explains the A30 
material, which is ideal for hyperelastic materials. 

U =μ

{
1 

2

(
I 1 − 3

) + 1 

20λ2 
m

(
I 
2 
1 − 9

)
+ 11 

1050λ4 
m

(
I 
3 
1 − 27

)

+ 19 

7000λ6 
m

(
I 
4 
1 − 81

)
+ 

519 

673750λ8 
m

(
I 
5 
1 − 243

)}

+ 
1 

D

(
J 2 el − 1 

2 
− ln Jel

)
(8) 

The initial shear modulus (μ) and the locking stretch (λm) are the model coeffi-
cients added in ABAQUS. Typical values of μ and λm are presented in Fig. 2a from  
the study in [3]. The VMV material has an elastic–plastic mechanical characteristic. 
The elastic modulus (Es) and yield strength ( f y) are the essential parameters, and
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Fig. 2 The following 
material properties and 
conditions have been given 
to modeling: a Material 
properties, b Interaction 
conditions, c Boundary 
conditions, and d Tension 
loading 

Fig. 3 The stress–strain 
curves obtained from the 
research [3] and the current 
work 

their values are taken from the work in [3], as shown in Fig. 2a. The boundary and 
contact criteria are imposed in the next phase. It is necessary to define the interac-
tion between the contact surfaces. The requirements are depicted in Fig. 2b, c. As 
illustrated in Fig. 3d, the hybrid construction is solely exposed to tension stress. The 
research [3] refers to typical load values. The elements utilized in the model for the 
end parts of the specimen are 8-node cubic C3D8R elements. The honeycomb struc-
tures were created by using C3D8H elements in the middle part. The stress–strain 
curves are obtained from the analytical findings in the post-processing stage. The 
following section contains a summary of all findings. 

5 Results and Discussion 

In Fig. 3, stress–strain curves of the optimized structure are compared to those of the 
Hybrid VMVmA30p specimen test, which was subjected to similar tensile loading 
[3]. The red dashed-line curve shows the optimized structure’s significant influence 
in the middle part. The Arruda-Boyce model’s flexible polymer material describes 
hybrid architectures’ behavior.
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6 Conclusion 

This research shows how Rhino Grasshopper and Karamba3D can build stronger 
hybrid structures. Karamba3D contains a subroutine for negative Poisson’s ratio 
porous materials. Better mechanical properties than the Honeycomb structure. Finite 
element analysis characterizes advanced constructions’ stress–strain curves. The 
Arruda-Boyce model makes advanced structures behave like hyperelastic materials. 

This study’s behavior curves motivate polymer model development and further 
analysis and creation of novel hybrid structures with parameters. This simplifies 
structural characteristic data collection. Machine learning is one optimization model 
in data sciences. 
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Improving the Accuracy of ACI 318-08 
Design Standard for Predicting Strength 
of CFST Columns Using Machine 
Learning 

Tran-Trung Nguyen and Phu-Cuong Nguyen 

Abstract This study proposes a new modified ACI 318-08 formula based on 
machine learning (ML) to forecast better the compressive strength of Concrete-
Filled Steel Tube (CFST) columns. The prediction ML model is established from 
663 experimental samples. CFST columns’ ultimate compressive strength results 
show differences when comparing experiments with the current calculation formulas 
using the Linear Regression algorithm to modify the original ACI 318-08 formula by 
determining the regression coefficient or slope coefficient and the required intercept 
value. The prediction model with the updated ACI 318-08 formula yields a more 
reliable CFST column ultimate compressive strength. 

Keywords ACI 318-08 · CFST columns · Linear regression · Machine learning ·
Ultimate compressive strength · Structural design 

1 Introduction 

The finest Civil Engineering structures are circular Concrete-Filled Steel Tube 
(CFST) columns. Steel sheets, W-section steel, or tubes may support a steel–concrete 
composite structure. Concrete-filled or concrete-coated steel structures are linked to 
work. 

Several studies have examined CFST columns’ advanced behavior. ACI 318-08 [1] 
is the most frequent country-specific standard for CFST column strength. Recently,
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numerous research employing ABAQUS simulation analysis software presented 
improved equations to compute compressed circular CFST columns, such as Nguyen 
et al. [2], Pham et al. [3–6] found that regular and high-strength concrete affects 
CFST column axial compression. Nguyen and Pham’s FEM-ABAQUS nonlinear 
behavior study of CFST columns yields reliable findings. Nguyen et al. [7] showed  
finite element software’s power in parameter characteristics utilizing Ansys DesignX-
plorer, an integrated Ansys Workbench program. In Nguyen et al. [8] study, para-
metric design is used to build steel sections with strength and beauty. Industry and 
offshore use circular CFST columns. Tran et al. [9] analyzed an offshore wind turbine 
using plasticity. Kim et al. [10] built a concrete-filled double-skin steel tube column 
using two concentric steel pipes of various diameters (CFDST). Concrete grades and 
diameter/thickness ratios were evaluated. Concrete double-layer steel tube (CFDST) 
columns function better with an adequate inner steel tube profile ratio. Nguyen et al. 
[11] employed a unique fiber plastic hinge technique to examine how residual load 
and shear deformation affect the nonlinear inelastic behavior of 2D steel frames. 
These approaches are accurate and numerically stable. However, they can only be 
utilized for one data; hence the planned formula modification has not been done yet. 
Lack of coverage factor (big data fields) leads to high accuracy. With such obstacles, 
modern approaches have been studied. Thai [12] reviews machine learning. Jayalek-
shmi et al. [13] and Zarringol et al. [14] found this useful for time factor data issues 
with multiple mathematical models. Le et al. [15] employed several machine-learning 
methods to predict the CFST column’s axial compressive load capability. 

This research shows that linear regression can predict CFST circular column 
strength. ACI 318-08 formula increases the axial compressive strength of 663 circular 
CFST column experimental samples. [2]. The model shows a substantial disparity 
between observed axial compressive strength and ACI 318-08’s formula. The loop 
and intercept coefficients are needed to modify the original formula ACI 318-08 to 
produce more reliable results for CFST columns’ ultimate compressive strength. 

2 ACI 318-08 Standard 

The following formula determines the strength of axial compression of CFST 
according to the ACI 318-08 standard [1]: 

N = 0.85Ac fco' +  As f 
s 
y + Atube  f 

tube  
y (1) 

where Ac, As , and Atube  are the cross-sectional areas of concrete, reinforced steel, 
and steel tube, respectively; fco' is the cylindrical compressive concrete strength; f s y 
is the reinforced steel yielding stress; and f tube  y is the steel tube yielding stress.
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Fig. 1 Test setup of CFST columns (Su et al. [16]) and data reconstruction 

3 Establish a Prediction Model 

3.1 Create and Review Data 

The input data is the geometrical dimensions and material strength of 663 samples 
[2] a. CFST column compressive strength is output. Figure 1 shows a new dataset 
with one column of axial compressive strength obtained from Eq. (1). 

The new data label in Fig. 1 shows the difference in the CFST column axial 
compressive strength. This research must also address this. This dataset has no noise 
components when summarizing the data and checking for missing data. 

Next, we created prediction models using the cross-sectional geometric dimen-
sions, concrete and steel tube strengths, and CFST columns’ axial compression 
capacity. 

3.2 Prediction Model 

Section 3.1 prepares the prediction model. Cross-sectional shape and steel and 
concrete tube strength are inputs. The experiments and formula ACI 318-08 [1] 
(Ntest and N[1]) provide the CFST columns’ axial compressive strength values. 

The prediction model is unchanged. The original dataset is split into 20% testing 
and 80% training. Figure 2 shows the axial compression strength of 663 samples 
after analysis from the study of Nguyen et al. [17].
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Fig. 2 Compare the value of axial compressive strength N (kN) of CFST Columns as determined 
by actual test (Ntest) and standard ACI 318-08 [1] (N[1])  

Fig. 3 Procedure using a 
linear regression model to 
calibrate formulas to 
determine the axial 
compressive strength of 663 
CFST column samples [5] 

Figure 2 shows a considerable discrepancy, requiring model change. N[1] is the 
ultimate strength predicted by ACI 318-08 [1] using input parameters, and Ntest is 
the compression strength from testing. Figure 3 illustrates calibration. 

Figure 3 depicts the new ACI 318-08 formula technique. The linear regression 
error is high when predicting the experimental findings for CFST column ultimate 
strength (Ntest kN) and Eq. (1) (N[1] kN). Thus, the correlation matrix with a coeffi-
cient of 0.98 indicates that Ntest kN and N[1] kN must be considered together. Linear 
regression is used to create the new ACI 318-08 formula N, displayed in Fig. 3 and 
Eq. (2). Slope multiplies N[1] kN. The intercept coefficient is applied to minimize 
N[1] kN and Ntest kN error.
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Fig. 4 Correcting CFST columns’ axial compressive strength using ACI 318-08 [1] fitting with 
experimental data 

4 Results and Discussions 

This effort shows again that machine learning can solve engineering problems by 
utilizing massive volumes of data. It helps [1] estimates match experimental data. 
Equation (1) becomes Eq. (2). The CFST column axial compression strength curve 
in Fig. 4 is closer to the Ntest curve than the previous one in Fig. 2. 

The new formula based on ACI 318-08 [1] is proposed as follows: 

N = 1.54 
( 
α Ac fc' +  β As f y 

) + 154 (2) 

Some experimental specimens show contradictory projected outcomes. Unpro-
cessed data may cause this issue. We utilize all experimental data without prejudice to 
demonstrate machine learning algorithms’ capability. This study’s simplistic Linear 
Regression technique may reduce prediction accuracy. 

The modified ACI 318-08 formula [Eq. (2)] is obtained by using the Linear Regres-
sion method to 663 circular CFST columns’ ultimate strength based on the previous 
formula and experimental testing. Figure 5 shows that the anticipated (0.965) and 
observed (0.961) axial compressive strength models have virtually relative standard 
deviation R2. The circular CFST column ultimate compressive strength prediction 
model is trustworthy since the standard deviation R2 for training and test data is 
more significant than 95%. In real structural engineering, we require dependable and 
accurate experimental data sets to use Machine Learning algorithms to enhance the 
accuracy and dependability of existing design standard formulae.
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Fig. 5 The circular CFST 
columns’ compressive 
strength 

5 Conclusion 

We use circular CFST columns to demonstrate that, using massive data, machine 
learning (ML) can anticipate structural behavior. Machine learning verifies the 
present formula ACI 318-08. A natural raw dataset of 663 circular CFST columns 
predicts their eventual strength. CFST columns’ ultimate compressive strength is 
inaccurately calculated using the ACI 318-08 formula. The Linear Regression tech-
nique readily innovates the ACI 318-08 formula, producing Eq. (2) with more excel-
lent reliability [1]. Accurate prediction requires reliable specimen testing. Random 
Forest Regression, Support Vector Regression, K-nearest Neighbor Regression, and 
Artificial Neural Network may solve this prediction problem. 
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The Recognition Accuracy in the SSD 
Model 

Van-Nam Nguyen 

Abstract The Single Shot Multibox Detector (SSD) technique is currently among 
the fastest and most accurate detection algorithms available. However, the majority 
of research on the accuracy of this approach has focused on noiseless objects. Thus, 
this study evaluates the algorithm’s accuracy with both noisy and noiseless objects. 
To that goal, the algorithm is trained to recognize ten different flower species. Exper-
iments are then carried out on photographs in four different scenarios: the item is 
totally lighted, 1/3 of the object is darkened, 1/2 of the object is darkened, and 
the object is fully darkened. The performance of the algorithm is then evaluated 
using SPSS 20.0 software and the analysis of variance (ANOVA) and least signifi-
cant difference (LSD). The experimental results reveal that the algorithm accuracy 
is strongly dependent on the noise level. The detection accuracy is 100%, 81.3%, 
44.7%, and 62%, respectively, when the item is fully lighted, 1/3, 1/2 size of the 
object is darkened, and the object is fully darkened. 

Keywords Artificial intelligence · Computer vision · Deep learning · Identifying 
the object · Image processing 

1 Introduction 

Many scientists have been interested in the implementation of Deep Learning models 
in practice in recent years, particularly the Single Shot MultiBox Detector (SSD) 
model [1, 2]. SSD is a well-known algorithm for dealing with issues including large 
data processing, input noise management, and online processing. In addition, the 
Faster region-based convolutional neural networks (Faster R-CNN) model is also 
one of the best models available today [3, 4].

V.-N. Nguyen (B) 
The University of Danang—University of Technology and Education, Da Nang, Vietnam 
e-mail: nvnam@ute.udn.vn 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
B. T. Long et al. (eds.), Proceedings of the 3rd Annual International Conference 
on Material, Machines and Methods for Sustainable Development (MMMS2022), 
Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-3-031-31824-5_4 

27

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-31824-5_4&domain=pdf
mailto:nvnam@ute.udn.vn
https://doi.org/10.1007/978-3-031-31824-5_4


28 V.-N. Nguyen

Table 1 Data collection and labeling for flowers [7] 

System VOC2007 test mAP FPS (Titan X) Number of Boxes Input Resolution 

Faster R-CNN 
(VGG16) 

73.2 7 ~6000 ~1000 × 600 

SSD300* 
(VGG16) 

77.2 46 8732 300 × 300 

YOLO 
(customized) 

63.4 45 98 448 × 448 

SSD512*(VGG16) 79.8 19 24,564 512 × 512 

SSD is intended for real-time object detection [5, 6]. Faster R-CNN creates 
boundary boxes using a region proposal network and then uses those boxes to clas-
sify objects [3]. While it is called cutting-edge inaccurate, the entire process runs 
at 7 frames per second, which is much below what real-time processing requires. 
By eliminating the requirement for the region proposal network, SSD speeds up the 
procedure. SSD uses a few innovations, such as multi-scale features and default boxes 
[2], to compensate for the decline in accuracy. These enhancements allow SSD to 
match the accuracy of the Faster R-CNN utilizing lower quality pictures, increasing 
the speed even further. Table 1 shows that it reaches real-time processing speed and 
even outperforms the accuracy of the Faster R-CNN [7]. 

SSD does not employ a delegated region proposal network. Instead, it boils down 
to a really simple operation. Both the location and class scores are calculated using 
small convolution filters. SSD predicts using three convolution filters for each cell 
after extracting the feature maps. These filters produce the same results as traditional 
CNN filters. 

Recognition accuracy is an essential factor of the model when applied in practice. 
When the input is noisy (noise: the image is in a dark environment, it’s raining or 
the image is partially obscured…), how does it affect the identification process? In 
this study, the influence of input noise on the accuracy of recognition will be shown. 

2 Research Deployment 

It is critical to create a data collection in order to train learning models. Because it 
has an impact on the trained model’s output. The data for training learning models 
include 10 different flower species that were collected from internet sources.
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Table 2 Data collection and labeling for flowers 

No. Name Total number Number train Number test Label name 

1 Apr1 50 40 10 Apricot blossom 

2 Chr2 50 40 10 Chrysanthemum 

3 Ger3 50 40 10 Gerbera 

4 Hyd4 50 40 10 Hydrangeas 

5 Lil5 50 40 10 Lily 

6 Lot6 50 40 10 Lotus 

7 Nar7 50 40 10 Narcissus 

8 Por8 50 40 10 Porcelain flower 

9 Ros9 50 40 10 Rose 

10 Sun10 50 40 10 Sun flower 

Sum 500 400 100 10 (flowers) 

2.1 Data Collection and Flower Labeling 

A total of 500 photos of objects were gathered for the training of geometric models 
[8]. The objects (flowers) are labeled and divided into two data sets: one data model 
was trained to account for 80% of the total item recorded, while the test data set was 
trained to account for 20%. Data sets for teaching and testing are chosen at random. 

The LabelImg software is used to label the objects during the picture preprocessing 
stage. Table 2 details the number of photos of each object that was gathered and 
tagged. 

2.2 Operating Model Environment 

Experimental author on PC Intel: CPU core i7 9700F, Memory (RAM) 32 GB, Hard 
Drive (SSD) 128 GB, Graphics card (VGA) 1050TI. 

2.3 Model of Training for Learning 

SSD architecture based on VGG with 256 output channels, 3 × 3 kernel, 2 × 2 stride, 
and pad 1 × 1 (Fig. 1).

The author model’s training was halted during the training phase due to a tensor-
board graph and a histogram of loss over time. As demonstrated in Fig. 2, the  loss  
in training ranges from 0 to 1.5 in step 12,000. As a result, after the model has 
been trained to this step limit, learning can be stopped. At step 18,000, the author
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Fig. 1 a The procedure for beginning model data training; b the procedure of terminating model 
data training

Fig. 2 Loss chart over time 
of the model 

finished training the model and received a value of 1.5, which reflects the training 
loss (Fig. 1b). One step takes an average of 1.300 s to train. 

2.4 The Real Model Operation 

With 15 samples (pictures) for each flower and an identification process for four 
distinct environmental variables, the author created a real-life identification model 
for recognizing 10 species of flowers. The photos were acquired from a Google video 
source and were inspired by reality. A total of 600 (images) were collected for the 
identification model [9]. The findings of the author’s photo identification have been 
preserved in reference [10]. 

2.5 The Performance of the Algorithm 

The performance of the recognition process is based on the number of correctly 
recognized sample images divided by the total number of recognized model sample 
images. 

A(%) = S 

T S  
100; 

where:A: Accuracy of the algorithm;
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Table 3 The findings of item identification are fully lightened 

These are the flowers that the model identified 

Apr Chr Ger Hyd Lil Lot Nar Por Ros Sun Total 

Identification 
results 

Wrong 
identification 

0 0 0 0 0 0 0 0 0 0 0 

Correct 
identification 

15 15 15 15 15 15 15 15 15 15 150 

No 
identification 

0 0 0 0 0 0 0 0 0 0 0 

Total 15 15 15 15 15 15 15 15 15 15 150 

Accuracy 
(%) 

100 100 100 100 100 100 100 100 100 100 100 

S: Number of the correctly identified sample images; 
TS: Total number of the identified model sample images. 

3 Actual Model Performance 

Identification result conventions: A verified input sample produces the correct iden-
tification result; the effect of poor identification with the validated input sample 
produces a false identification result. An unidentified result is one that does not 
identify any species or recognizes more than one species. 

3.1 The Results of Identification with the Object Is Fully 
Lightened 

Table 3 illustrates the outcomes of model recognition when the image is not shaded. 
Table 3 shows a total of 150 input control samples in the red box, and the number of 
samples defined by the model in the blue box. The findings revealed that all samples 
were correctly recognized. In this scenario, the model accurately recognizes and the 
accuracy rate is 100%. 

3.2 The Results of Identification with the 1/3 Size 
of the Object is Darkened 

Similarly, Table 4 shows that the model recognized 122 objects out of 150 input 
samples, resulting in an identification rate of 81.3%. There were four objects in
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Table 4 The results of identification with the 1/3 size of the object is darkened 

These are the flowers that the model identified 

Apr Chr Ger Hyd Lil Lot Nar Por Ros Sun Total 

Identification 
results 

Wrong 
identification 

1 2 6 6 

Correct 
identification 

11 12 15 15 9 11 11 8 15 15 122 

No 
identification 

4 2 6 2 4 1 22 

Total 15 15 15 15 15 15 15 15 15 15 150 

Accuracy 
(%) 

73.3 80 100 100 60 73.3 73.3 53.3 100 100 81.3 

this scenario that had a 100% identification rate. The model correctly recognized 
3 samples, 1 sample was not detected, and 6 samples were incorrectly identified. 
Porcelain flowers had the lowest recognition rate, with a ratio of 53.3%. There are 
22 unidentified objects and 6 false positives in this environment. 

3.3 The Results of Identification with the 1/2 Size 
of the Object is Darkened 

Table 5 shows that we have 150 objects, with the model identifying 67 of them. The 
identification rate for this scenario is 44.7%, and no object has a 100% identification 
rate. With an accuracy score of 86.7%, the rose specie has the best identification 
accuracy, while the apricot blossoms specie has the worst with a rate of 20%. Using 15 
objects samples as input The model detected three samples, whereas ten samples were 
not identified and two samples were incorrectly identified. There were 51 correctly 
recognized objects in total, with 7 incorrectly identified objects. Moreover, half of 
the model objects were not detected when the object was occluded 1/2.

3.4 The Results of Identification with the Object is Fully 
Darkened 

Table 6 reveals that a total of 93 objects samples were accurately recognized. With 
15 input samples, the model correctly identified one sample, four samples were 
incorrectly identified (Lily: three samples; Apricot Blossom: one sample), and ten 
samples were not identified. There were 28 unidentified samples and four incorrectly 
recognized samples in the case of the objects in the dark.
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Table 7 The effect of the shade on the model recognition 

State of the object Level of 
significance 
(P) 

LSD0,05 

Object fully 
lightened 

1/3 object is 
darkened 

1/2 object is 
darkened 

Object fully 
darkened 

A 
(%) 

100.0 ± 0.0a 81.3 ± 17.7a 44.7 ± 21.1b 62.0 ± 31.3b 0.000 18.9 

Note Values followed by the same letter are not significantly different based on LSD Test with α = 
5% 

3.5 Comparison of the Effect of the Shade on the Model 
Recognition 

To test whether the noise affects the model recognition, we compared the accuracy 
of the model recognition corresponding to different part shades. 

The results showed that the accuracy of the model recognition when the object 
is fully lightened, 1/3 size of the object is darkened, then 1/2 size of the object 
is darkened and the object is fully darkened is 100.0 (%), 81.3(%), 44.7(%) and 
62.0 (%), respectively (Table 7). The results of the analysis of variance (ANOVA) 
illustrated a significant difference (p < 0.05) in the accuracy of the model recognition 
from different part shades. The accuracy of the model recognition was significantly 
higher in the case of the object being fully lightened and 1/3 size of the object being 
darkened than in the case of 1/3 of the size of the object being darkened and the object 
being fully darkened (p < 0.05, Least Significant Difference Test). However, there 
were no significant differences were found between the object being fully lightened 
and 1/3 size of the object being darkened (p > 0.05, Least Significant Difference 
Test). A similar tendency was detected also for 1/2 size of the object is darkened and 
the object is fully darkened (p < 0.05, Least Significant Difference Test). 

4 Conclusions 

In this paper, we have proposed an experimental method for the SSD model to detect 
objects in normal states and noisy states. The algorithm has been shown to be able to 
detect objects under poor conditions, such as changes in illumination, 1/3, 1/2 size 
of the object is darkened. The results showed that the detection accuracy decreases 
when the subject is placed under poorer conditions. The proposed algorithm achieves 
modern detection accuracy of 100.0% and 62.0%, the object is fully lightened and 
the object is fully darkened, respectively. The accuracy rate of the model is also 
reduced in the case of 1/3 and 1/2 of the objects being obscured, to 81.3% and 
44.7%, respectively. This research result will certainly bring offer much value to 
the application of the SSD model in practice. In our future works, we will aim to
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improve the recognition accuracy of the model when the object is placed under poor 
conditions. 
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Research and Fabrication of Metal 
Powder Dispersing Equipment for 3D 
Printing Technology 

Doan Van Phuc, Vu Van Quang, and Vu Toan Thang 

Abstract Liquid alloy dispersion is considered to be the most popular manufacturing 
technology of 3D printing metal powder fabrication technology nowadays. This paper 
presents some research results, design and fabrication of 3D printing metal powder 
dispersing equipment based on liquid alloy dispersion technology using centrifugal 
atomization and an inert gas at high pressure. The survey results have determined a set 
of geometrical parameters and basic specifications for the metal powder dispersing 
equipment; accordingly, metal powder has been successfully manufactured with the 
properties that meet the requirements for 3D printing metal technology. 

Keywords Metal powder · 3D printing powder · Liquid alloy dispersion ·
Dispersion chamber · Gas nozzle 

1 Introduction 

The development of science and technology frequently leads to more stringent input 
materials requirements. A prominent example of this is metal 3D printing based on 
Selective Laser Sintering (SLS). Currently, a significant obstacle to the widespread 
implementation of the technology in production is the very high cost of metal 
powders—the input materials for 3D printing, due to having to meet very strict 
requirements for particle size, morphological structure and chemical composition
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Fig. 1 Diagram of the hybrid atomizer by centrifugal and inert gas: a diagram of the device; 
b centrifugal and high-pressure gas injector 

[1, 2]. The solution to this problem is none other than mastering the fabrication 
technology of metal 3D printing powder. 

Today, several well-known methods for fabricating metal powders can be listed as 
mechanical grinding, ore reduction, electrolysis, an electric explosion of wires, liquid 
alloy dispersion via centrifugation (centrifugal atomization), liquid alloy disper-
sion by high-pressure gas/liquid flow (pneumatic atomization), or combination of 
the mentioned methods. Among them, over 90% of metal powders for 3D printing 
purposes are fabricated based on the last two methods [1, 3]. In this study, the method 
of fabrication of metal powder using a combination of centrifugation and high-
pressure gas will be taken into consideration. It is the most universal and synthetic 
metal powder fabrication method that is able to achieve powders of various mate-
rials, including those with high viscosity, low surface tension or low density, such as 
aluminum alloy [4]. The working principle of the method is illustrated in Fig. 1 [4]. 

The essence of this method is to use a centrifugal rotating disc to create primary 
atomization for the liquid metal in order to increase their specific surface energy. 
The liquid metal stream at the end of the primary atomization will move due to its 
inertia to the area where the atomized gas velocity has a large value Wmin (which 
is temporarily called the minimum required velocity) and is further atomized by 
high-pressure gas streams (secondary dispersion). 

Although molten alloy atomization technology has been used in metal powder 
production since the 60 s of the last century, the study of the movement and dispersion 
of metal streams at high temperatures is still a challenge today. The urgency of the 
problem is evidenced by a large number of patents as well as scientific publications 
related to metal powder dispersion equipment and processes. At the same time, the 
relationship between the geometrical parameters of the fabrication equipment, the 
technological process parameters and the properties of the powdered material still 
has not been fully studied. The objective of the research is to design and fabricate 
equipment for metal powder dispersion using a combination of centrifugal and high-
pressure gas, oriented for application in SLS 3D printing technology. Thus, the 
research objects are listed as bellow: Dynamic process and dispersion process of
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AlSi10Mg liquid alloy under the effect of centrifugal force and high-pressure gas 
flow; Fabrication of AlSi10Mg metal powder. 

2 Numerical Simulation Study 

2.1 Determine the Minimum Required Velocity 
of the Atomized Gas 

A prerequisite for the formation of liquid metal droplets of diameter dk is that the 
kinetic energy of the dispersed gas stream must be greater than the viscous force and 
surface tension of the liquid metal [1, 5]. 

ρG · W2 

2
≥ 

We  · σm 

2c f · dK (1) 

where: W—dispersion gas velocity at the vicinity of the liquid alloy droplet surface, 
m/s; ρAr—density of dispersed gas Ar. In the dispersion condition, the density of 
Ar gas has an average value of ρAr = 1,85 kg/m3; We—Veber coefficient; σ m—the 
surface tension of the liquid alloy (for aluminum alloys at temperatures from 850 to 
900 °C, σ m = 520.10–3 N/m [6]); dk—diameter of liquid metal droplet formed; cf — 
front aerodynamic drag coefficient; cf = 1 [1, 5]. Due to inequality (1), the minimum 
velocity of the dispersed gas flow to obtain a drop of liquid metal of diameter dk can 
be determined: 

Wmin =
/
We  · σm 

ρG · dK (2) 

The minimum gas velocity required to obtain a liquid metal droplet of diameter 
dk = 50 μm is  W 50 min = 300 m/s. 

2.2 Determine the Necessary Gas Pressure pPT 
for the Atomized Gas Velocity to Reach the Required 
Minimum Value W50 

min 

The simulation was performed on a representative nozzle (Fig. 2). The simulation 
results are shown in Fig. 3. Conduct a survey on the particle size distribution of the 
metal powder group with the above spherical shape. It can be seen that the particle 
size distribution of AlSi10Mg metal powder follows Gauss’s law, has the particle size 
is very concentrated with the average size (Median size) d50 = 31.11 μm. Based on
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Fig. 2 Distributed gas nozzle model with loading conditions (a) and actual nozzle pictures (b) 

Fig. 3 Velocity field (a) and graph depicting the dependence of the dispersed gas velocity on 
pressure (b) 

the graph describing the dependence of the dispersed gas velocity on the pressure in 
Fig. 3b, it is possible to determine the necessary gas pressure for the gas velocity at 
the injector W 50 min = 300 m/s to be pPT = 24 atm. 

2.3 Distribution of Residual Pressure in the Dispersion 
Chamber 

The residual pressure is investigated with different ratios of inlet gas cross-sections 
Sinlet and Soutlet gas cross-sections. The Distribution of residual pressure in the disper-
sion chamber is shown in Fig. 4. The result also shows that with the inlet gas pressure 
pinlet = 24 atm, the outlet pressure poutlet = 1 atm, the residual gas pressure in the 
dispersion chamber reaches the smallest value when the ratio Soutlet / Sinlet ≥ 76.
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Fig. 4 Residual pressure 
distribution in the dispersion 
chamber with the ratio of 
inlet and outlet gas 
cross-sections Soutlet / Sinlet 
= 76 

2.4 Determine the Area Where Atomized Gas Flow 
with Maximum Kinetic Energy, Giving the Best 
Atomization Effect 

Based on the graph describing the change of gas flow velocity when exiting the 
nozzle, shown in Fig. 5, the best atomization effect, it can be seen that the gas flow 
has the maximum velocity at the position from 1,0 to 1.5 cm to the nozzle. 

Based on the distribution of dispersed gas velocity, for the best dispersion effect 
it can be determined that at a distance of 1.5 cm from the nozzle outlet, the region of 
space where the dispersed gas velocity has a value above 300 m/s is in the circular 
sector with the radius 1.5 cm and the chord about 1.8 cm.

Fig. 5 Change of gas flow 
velocity along the nozzle axis 
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Fig. 6 Technological scheme (a) and actual picture of metal powder fabrication equipment using 
a combination of centrifugal and compressed gas (b) 

3 Experiment of Fabricating Metal Powder 

Based on the numerical simulation results, the optimal set of parameters for metal 
powder fabrication equipment has been determined. Those parameters will be used 
in order to construct the metal powder dispersion device. The production process of 
AlSi10Mg aluminum powder is carried out on equipment with the following main 
settings: AlSi10Mg aluminum alloy is completely melted at 900 °C in the period of 
about 20 min; speed of the motor (attached to the centrifugal disc) is set at about 
10 000 rpm; the valves at the outlet of the cyclones are opened while increasing the 
flow of inert gas into the dispersion chamber; the inert gas flow rate is about 60 m3/ 
hr. Under the action of gravity, the liquid metal flows along the conduit down to the 
dispersion chamber. Liquid metal flows with a velocity of about 30 kg/hour (Fig. 6). 

Figure 7 shows the SEM images of metal powder fabricated by the research team 
with different particle sizes. The imaging results of obtained metal powder SEM 
show that the powder group with a size of less than 63 μm has a standard spherical 
shape (Fig. 7c). The content of metal powder in this group accounts for about 8% 
of the total volume of fabricated metal powder. Those metal particles with a double 
sphere shape (Fig. 7b) and rod-shaped (Fig. 7a) will be separated and used as smelting 
materials for subsequent dispersions.

The survey results are presented in the graph in Fig. 8. It can be seen that the particle 
size distribution of AlSi10Mg metal powder follows Gauss’s law, has the particle size 
is very concentrated with the average size (Median size) d50 = 31.11 μm.
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Fig. 7 SEM image of fabricated AlSi10Mg metal powder with different particle sizes: a dK > 
125 μm; b 63 μm < dK ≤ 125 μm; c dK ≤ 63 μm (× 250); d dK ≤ 63 μm (× 1000)

Fig. 8 Grain size distribution of AlSi10Mg metal powder produced by the project team 

4 Conclusion 

In this work, an atomizer using a combination of inert gas and centrifugation has 
been studied and fabricated. By calculations based on similarity theory and dynamic 
simulation, the minimum gas velocity to obtain a metal powder with average particle 
size d50 = 50 μm has been determined W 50 min = 300 m/s; The required dispersive 
gas pressure is pPT = 24 atm. The simulation results also investigated the residual 
pressure distribution in the dispersion chamber with different geometrical parameters 
and, at the same time, determined the area of dispersed gas flow with maximum 
kinetic energy for good atomization efficiency. On the basis of those calculations 
and simulation results, an atomizer has been designed and fabricated. The results 
of experimental production of AlSi10Mg aluminum powder on the device gave a 
good performance, and the fabricated AlSi10Mg aluminum powder has a spherical 
morphological structure with a relatively smooth surface and high concentration of 
particles with size average particle size d50 = 31.11 μm. 

Acknowledgements All individuals agree to acknowledge.



44 D. Van Phuc et al.

Funding This research was funded by Military Institute of Science and Technology of Vietnam 
with the project code 152/2021. 

Institutional Review Board Statement: Not applicable. 
Informed Consent Statement: Not applicable. 
Data Availability Statement: Not applicable. 
Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Oglesneva SA, Smetkin AA, Mitin VI, Kalinin KV (2017) Influence of melt atomization 
parameters on technological characteristics of 12Kh18N10T powder. Mech Eng, Mat Sci 
19b(4):122–138. 10.155-93/2224-9877/2017.4.09 

2. Sentyurina A (2016) Fabricating spherical powders from alloys based on nickel aluminide NiAl 
for additive technologies. Dissertation for the degree of candidate of technical sciences 

3. Czisch C, Lohner H, Fritsching U, Bauckhage K, Edlinger A. In: Bauckhage K, Fritsching U, 
Ziesenis J, Uhlenwinkel A, Leatham A (Eds.) Proc Spray Deposition and Melt Atomization 
Conference SDMA 2003. University of Bremen, Bremen, June 22–25 

4. Fritsching U, Uhlenwinke V (2012) Hybrid gas atomization for powder production. Powder 
Metall. https://doi.org/10.5772/35807 

5. Nechiporenko OS (1980) Atomized metal powders, Nechiporenko OS, Naida YI, Medvedovsky 
AB. Science. Dumka, Kyiv, 240 

6. Nizhenko VI, Floka LI (1981) Surface tension of liquid metals and alloys (one- and 
two-component systems): Handbook. Metallurgy, .208

https://doi.org/10.5772/35807


Cutting Methods in the Single Point 
Diamond Turning and Surface 
Roughness of the Ultra-Precision 
Products—A Brief Review 

Pham Van Tuan, Duong Xuan Bien, Pham Quoc Hoang, Do Tien Lap, 
and Le Thanh Binh 

Abstract The single point diamond turning (SPDT) method is an ultra-precise 
machining (UPM) method and holds the unique position in the field of material 
removal mechanical machining such as turning, milling, drilling, and more. The 
surface quality produced by the SPDT method is typically characterized by a surface 
shape tolerance of a micrometer fraction and a nanometer scale surface rough-
ness (RS). Achieving such fine surfaces requires good assessment and control of 
factors affecting surface quality ultra-precision (UP) products. This paper focuses 
on surveying the influence of cutting methods (CM) in the SPDT on surface quality in 
general and surface roughness in particular. The main CM mentioned include Slow 
Tool Servo (STS) and Fast Tool Servo (FTS). The related research results in the 
SPDT method and some comments are presented in order to contribute to improving 
the products surface quality in the SPDT method. 

Keywords Diamond turning machining · Cutting methods · Slow tool servo · Fast 
tool servo 

1 Introduction 

Precision and UPM has developed rapidly thanks to the advent and continuous devel-
opment of CNC machines, high-speed machining, the controllers with nanoscale 
precision and accompanying auxiliary systems. The UPM technology is also 
supported based on advances in techniques and measuring equipment for the inspec-
tion and products quality evaluation with the accuracy that seems “unattainable” [1]. 
The SPDT method was researched and developed quite early in the US, UK, Japan,
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Table 1 Studies related to 
SR in the SPDT and UPM 
method 

Related contents Publications 

Machine tools, kinematics and 
dynamics machine and CM 

[1, 5] 

STS method [1, 5, 8–10, 16–18, 23] 

FTS method [1, 5, 7, 12–15, 23–25] 

Fly cutting, Raster Milling [5, 6] 

Cutting parameters, toolpaths, and 
CM 

[1, 10, 19, 22] 

Workpiece materials, tool 
materials, vibration and CM 

[1, 5] 

China [2] from the 1980s onwards. The comparison between different the UPM 
methods with the SPDT through the criterion of the SR and material removal rate is 
described in detail in [3]. Some of the UPM methods with diamond cutting tools can 
be mentioned as the SPDT, Raster Milling (RT), Fly Cutting (FC), Ultra-precision 
grinding (UPG), Ultra-Precision Polishing (UPP) [4–6]. Among them, the SPDT 
method has emerged as a perfect and comprehensive super-precision machining 
method. This method is used to machine the UP products for applications in key 
fields such as the aerospace, defense industry and biomedical field [1, 8]. Some 
typical papers relating to CM and SR in the SPDT are briefly listed in Table 1. 

This paper focuses on surveying the recent research about the influence of FTS and 
STS cutting methods in the SPDT on surface quality, especially surface roughness. 

2 Effect of Cutting Methods on the Surface Roughness 

Synchronizing the motion of axes for machining asymmetrical surfaces can be 
accomplished by the main methods of the STS or Slow Slide Servo (SSS) and the 
FTS method [1, 7]. The STS method is determined based on the synchronization 
of the spindle rotation and Z-axis linear motion available on the SPDT machine. 
The STS method is often applied to machining free surfaces with high slopes or 
large deflections [10, 11]. The FTS method is defined based on the addition of an 
extra reciprocating motion on top existing linear motion of the SPDT machine. The 
sampling and interpolation strategies of each CM have a great influence on the surface 
quality of the products [1]. 

Influence of the STS and FTS methods on SR 

An overview of the FTS method for machining optically free surfaces is presented 
in [7]. Some challenges when applying FTS are also pointed out. The FTS method 
applied with large size range surface is also reviewed and presented in [12]. The 
displacement of the cutting tool reaches 2 mm. The surface roughness of the product 
reaches 20-30 nm in Ra units. The FTS method was applied in [13] for machining
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non-coaxial symmetric surfaces. The research results show that, if the FTS drive 
system has high rigidity and small mass, it can achieve vibration frequencies higher 
than 2 kHz. The off-axis parabolic faces were machined by FTS method in study 
[14] with 1 mm motion range, 50 Hz minimum bandwidth and 25 nm resolution. 
The machined surfaces are used to fabricate the Keck telescope. A design of a SPDT 
machine using rotational FTS method to fabricate ophthalmic surfaces is described in 
[15]. The nanoscale microstructures introduced in [8] with the application of the STS 
cutting method allow to create many new applications in the fields of telecommu-
nications, security monitoring equipment and display systems with high definition. 
STS technology is also applied in [9] to fabricate glass arrays for use in microscopes 
and other optical devices. The off-axis conic-shaped aspherical surface described 
in [16] was also studied and fabricated by the STS method. The freeform surface 
prism array for 3D microscopy studied and fabricated using STS technology is also 
presented in [17]. The workpiece material is aluminum alloy. Yi in [18] describes 
the problem of designing and manufacturing optical glass arrays based on STS size 
5 × 5. 
Influence of the toolpaths and control algorithms in STS and FTS on SR 

An overview study of different types of toolpaths in UPM in general and SPDT in 
particular is presented in detail in [19]. The linear interpolation problem for toolpaths 
is difficult to generate surfaces with nanometer level of accuracy and roughness 
[20]. The newly proposed spline interpolation method in [21] can satisfy the perfect 
coordination of motion between axes in FTS and STS cutting method. The general 
spiral toolpath proposed in [18, 22] for machining freeform surfaces using the FTS 
method shows higher efficiency and surface quality than with traditional toolpaths. 
The toolpath compensation technique in the STS method is described in [10]. 

Regarding control in SPDT machining, the sliding mode control algorithm is 
applied to the FTS toolpath in [23]. The movement frequency resonance between the 
FTS drive, the spindle and the heat dissipation are the main problems that need to be 
solved. The work [24] studies on FTS control method with extremely low feed rate 
in UPM. An adaptive controller developed to control the trajectory of the CT in FTS 
machining during free optical surface fabrication was developed in [25]. Similarly, 
the adaptive control system in [26] is also developed to further improve the accuracy 
and SR for freeform optical surfaces. 

3 Conclusions 

In SPDT method, in addition to applying conventional CM such as traditional lathe 
machining to fabricate spherical surfaces, FTS and STS methods have been developed 
to be able to fabricate diffraction surfaces and freeform surfaces. These CM require 
a coordinated and synchronized movement of the cutting tool with two rotations of 
the spindle. The problem of calculating the mathematical constraints to generate a 
suitable toolpath is very complex. Among the many factors that affect surface quality,
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the choice of FTS or STS machining method is also significantly influenced because 
it is related to the generation of the toolpath and the corresponding tool compensation 
techniques. Motion characteristics such as position interpolation, velocity and accel-
eration of the cutting tool can all affect vibrations, cutting heat and cutting forces 
during the machining process, directly affecting SR. 

Based on the analysis of the above research results on the influence of cutting 
methods on SR, some comments can be shown as follows. 

• For most optical surface types, rotary tool machining methods such as FC, Raster 
milling give lower surface quality than FTS and STS methods. The SR level 
achieved by non-SPDT cutting methods is in sub-micron level. In SPDT, the SR 
values can be achieved at nanometer level. The SR response for STS and FTS 
methods can reach from 1 to 20 nm, the surface shape error is less than 1 µm. 
Conventional SPDT method can give even higher surface quality. 

• The FC method is an intermittent cutting process, the machining efficiency is low, 
the relative motion of the tool-workpiece is not continuous, the geometry shape of 
the tool is deeply imprinted on the machined surface. For array optical surfaces, 
the STS method gives higher surface quality than other methods. The FTS method 
of machining takes the least amount of time. 

• The STS method has the advantage of being able to process curved surfaces with 
large slopes. However, the main drawback is the low cutting speed, the low input/ 
output tool frequency, so the spindle speed is also low. This also greatly affects 
the surface quality when considering the selection of cutting parameters. 

• The FTS method has the opportunity to grow stronger than other methods because 
of the flexibility of the structure and the number of degrees of freedom that this 
method can generate. From there, it is possible to expand the scope and machining 
capabilities of the machine system. On the other hand, FTS can be combined with 
FC method more easily than STS method. 

• The choice of FTS or STS machining method will largely determine the cutting 
force, cutting heat, vibration and cut marks on the machined surface, thereby 
greatly affecting the SR. Therefore, studying the relationship between these factors 
associated with surface quality is always a very necessary issue and needs to be 
analyzed more specifically. 

• It should be remembered that the machining time of ultra-precise optical surfaces 
in general and freeform surfaces in particular is very large. Similar automatic 
tool change system on CNC machines in most SPDT machines (including FTS, 
STS) is currently not integrated in order to reduce the cost of machining time, 
setting time, and adjustment. Accordingly, the algorithm of motion control, tool-
path generation, and tool compensation will be greatly complicated problems. 
However, this trend is expected to develop in the near future. 

• The problems of toolpath optimization, energy consumption optimization, 
machining costs, and environmental issues are still open and need to be considered 
and studied more in the future. 

• It should be recalled that, for freeform optical surfaces and complex profiles, the 
choosing the cutting method and choosing the right toolpath interpolation method
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problems are always the biggest challenge. They will determine the size of the 
machining data set, directly affecting the working efficiency of the control system 
and the machining time. Continuity and smoothness of the toolpath is also a huge 
issue. 

• Many studies have shown that, despite choosing the suitable cutting method, 
the role of the building the corresponding manufacturing process, mounting, 
measuring equipment, monitoring and feedback mechanisms is extremely impor-
tant. They are all challenges that need to be thoroughly addressed for SPDT 
machining in order to achieve sub-micrometer accuracy and nanometer level 
surface roughness. 
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Defects Classification on Garment 
Fabrics and Application of Artificial 
Intelligence to Detect Defects During 
Fabric Inspection 

Nguyen Thi Thuy Ngoc, Nguyen Thi Ngoc Lan, and Nguyen Minh Hieu 

Abstract This report presents the study results of defects classification that often 
appear on garment fabrics and a defects identification model made by artificial intel-
ligence. The classification system of fabric defects is created for the artificial intel-
ligence recognition model to ensure a comprehensive and general overview in many 
aspects: the type of garment fabric, the stage and causes of the defects, objects and 
the degree of defects. The recognition model for identification of fabric defects is 
built on the experimental method using the YOLO algorithm version 5. The data for 
model training and testing are selected and made by the algorithm’s requirements, 
including 261 samples of fabric defect on 2D images of fabrics that have different 
characteristics such as weaves, textures, thicknesses, weights, yarn densities, and 
compositions. The testing results show that the model achieves an average of over 
65% accuracy depending on the difficulty of the detected defect types. This model is 
the initial basis for designing an automatic detection system of the defects for many 
different types of fabrics. 

Keywords Fabric inspection · Fabric defects · Artificial intelligence ·
Convolutional neural network 

1 Introduction 

The fabric inspection process plays an extremely important role, one of the deci-
sive steps to the quality of the garment. Actual fabric inspection is the process of 
determining the location, type and size of irregularities present in the fabric. Human 
quality inspection of fabric to detect fabric defects to prevent unnecessary damage
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later. However, Vietnamese garment enterprises have been implementing superfi-
cially, not methodically and not paying attention to the necessity of pre-production 
fabric inspection (especially in small and medium enterprises). In fact, at present, 
there is only one study in the world on the model of fabric inspection, automatic fault 
detection and the application of automatic fabric inspection machine to detect fabric 
defects, which is only applicable to fabrics without textures. Therefore, it is neces-
sary to study, classification, and systematize errors that frequently appear on fabrics 
in the process of industrialization, modernization and economic integration requires 
a high level of competition today. It will be the basis for building and designing a 
system that can check and identify fabric defects automatically. 

This paper presents the method and results to build a fabric fault classification 
system and an automatic fabric defect identification model using the YOLO algorithm 
version 5 by identifying defects on the fabric surface by image processing techniques. 

2 Contents and Methods 

2.1 Build a Category of Fabric Defects 

Based on analyzing the characteristics of the origin, shape and characteristics of 
types of defects appearing on the fabric as a basis for the study of the automatic 
fault identification model, it is necessary to ensure that the list of fabric defects must 
be comprehensive, generalized, comprehensive based on all causes of them. The 
construction of a list of fabric defects should be based on the required characteristics 
of the generality of all types of defects. A type of defects can occur in one feature or 
occur simultaneously on many features or all features. The aspects to be considered 
when classifying fabric defects include: according to the type of fabric, the production 
and the reason for defects, the object on the fabric, the severity of defects. 

The category of fabric defects used for classification and as a basis should satisfy 
the following requirements: (1) Comprehensive data in all defects cases. (2) Defect 
characteristics must be related closely correlated with each other, one feature is the 
basis for evaluating the other. (3) From this category, businesses can easily classify 
defects into specific groups from which to accurately assess the defect condition and 
provide methods to remedy the damage caused by fabric defects. 

2.2 Data Structure and Fabric Error Detection Problem 
Based on Artificial Intelligence Application 

Whole types of defects meet the requirements in the list of fabric defects mentioned in 
Sect. 2.1. The dataset is created on plain, textured, and plaid fabrics—fabric surface 
effects, these are very common in production. The fabric structure is woven and
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knitted fabric. Fabrics with special surface structures such as velvet, fur, leather, felt, 
etc. will not be used as data. The color variation defects haven’t been mentioned in 
this study yet. 

The input data in the form of fabric defect images is extracted through Feature map 
to transform the function of the data through Pooling layer layers. Data regions with 
different characteristics on the fabric are processed through Fully connected layer. 
The results of the defect detection are presented through the image of the detected 
defect, the results table showing the effectiveness of the study and the chart comparing 
the effectiveness of using CNN compared to other networks. Convolutional neural 
networks are used to detect errors on fabrics such as Deep Convolutional Neural 
Networks (DCNN) [3], Faster regions with CNN features (Faster-RCNN) [2] and 
so on. The framework using CNN for data processing used in the study is YOLO 
v5 (You only look once—version 5). Not only powerful, but also one of the models 
with the fastest object detection speed and it is one of currently the fastest of all 
object detection models. It is the best choice for this reseach. YOLO can detect many 
different objects in an image instead of just classifying a single label for an image. 

The implementation sequence to build a fabric fault identification model applying 
artificial intelligence includes 4 main steps, which are: data preparation, data labeling, 
model training and validation, model testing. 

2.2.1 Data Preparation 

The data prepared for the fabric defect detection model consists of 261 real images 
collected from the fabrics mentioned above (Table 1). Sampling rules for the model 
will be divided: 60% of samples for training, 20% of samples for validation and 
20% of samples for testing. The data prepared for YOLO with the normal model, 
the more samples, the more accurate the results obtained (according to the theory of 
convolutional neural networks). However, the accuracy of the model not only depends 
on the number of input samples but also depends on the nature and characteristics of 
the data set. The feature of the data set for the automatic detection of fabric defects is 
a variety of textures and surface features, so when the number of samples increases, 
the fabric surface effect also increases. This effects the obtained results and then, the 
model’s results cannot be concluded with absolute accuracy or not.

Requirements for the fabric samples used: (a) The specimen has no stains or colors 
that differ from the fabric surface in adjacent areas; (b) The fabric should be smooth, 
flat, and free of wrinkles, no crease marks or folds compared to the original structure 
of the fabric; (c) The size of the fabric samples are different. However, the size of the 
fabric sample should not be less than 10 × 10 cm. If it is smaller than this specified 
size, the input data will be unreliable because the shooting distance is not guaranteed. 

Fabric sample photography diagram is arranged in accordance with the fabric 
inspection model currently being implemented in reality as Fig. 1.
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Fig. 1 Fabric sample 
photography diagram 

Fig. 2 Labeled fabrics 

2.2.2 Data Labeling 

Implementation steps: (1) Encode the fabric defect type name as a serial number, (2) 
Image selection, (3) Labeling fabric defects. 

The result obtained after the labeling process is a system of errors coded and 
located by the coordinates of the point around the fabric error called the coordinates 
of the base frame (Fig. 2). 

2.2.3 Model Training and Validation 

Training and validating the model through 2 experiments. The resulting prediction 
histogram after training is predicted by the cells forming the blue diagonal. The 
training and validation results are better the darker the diagonal (Fig. 3).

Indicators to evaluate the effectiveness of the model are: Object is recognized 
correctly: IoU > 0.5 (True positive: TP); Falsely is recognized object: IoU < 0.5 (False 
positive: FP); Object is not recognized (False negative: FN); Prediction accuracy P; 
Rcall R; mean Average Precision mAP.
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(a) The first (b) The second 

Fig. 3 Object detection prediction graph of the first and the second experiment

3 Results and Discussion 

3.1 The Fabric Defects Category 

The category of fabric defects is classified according to the diagrams in Figs. 4 and 
5. 

Six common types of fabric defects in the textile industry are selected, including: 
hole, tear, scratch, yarn, break yarn, machine stop weaving. The selected errors are 
not related to color defects and meet the requirements in Sect. 2.1 outlined.

Fig. 4 Diagram of 
classification according to 
the objects in fabrics
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Fig. 5 Diagram of 
classification according to 
the production and the 
reason of defects

3.2 The Identification Model of Fabric Defects Applying 
Artificial Intelligence 

Fabric defects image data collection model is established in accordance with the 
fabric testing conditions in actual production. After training, validating and testing 
the model, the results are as shown in Fig. 6.

Based on these figures: 
P (Precision): in the first experiment, the average value was higher than the second 

experiment and there was a larger difference between the number of learning times 
than in the second experiment. 

R (Recall), mAP@0.5, mAP@0.5:0.95: in the first experiment were all higher 
than those in the second experiment. It can be seen that the training and validation 
results of the first experiment were better than the second experiment. 

To have a more objective and accurate assessment, we need to evaluate the 
effectiveness of the model based on the test results in the form of data (Table 2).

Thus, it can be seen that the second test results showed that hole, tear, and stop 
weaving were lower than that of the first time due to the influence of the variety of 
fabric surface effects. There are 3 types of defects that have a much better level of 
recognition: scratch, yarn knot, broken yarn. Easy-to-recognize fabric defect samples 
are: 

• Hole: recognizable and fairly accurate due to the large number of samples and 
easily identifiable surface features. 

• Tear: recognizable and quite accurate, similar to the puncture defect, although the 
sample is not large, but due to the surface of the error, it is easy to detect. 

• Yarn knot and broken yarn: although the level of error recognition is average, the 
ability to correctly identify it is high. This type of defect is small in size, difficult 
to detect, and the result is noisy by surrounding textures. 

• Scratch: low level of recognition and through 2 experiments, the ability to recog-
nize is average. This type of defects is both small and affects the detection results 
by the fabric surface.
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• Stop weaving is the type of defect with the lowest level of recognition. The reason 
as well as the scratch error. 

In fact, the experimental results show that the recognition ability of the YOLO 
v5 fabric test model is closely correlated with the fabric surface effect and error 
size. This is quite similar to the current human-powered fabric inspection, but the 
possibility of inspection uniformity is much higher. 

4 Conclusion 

The defect classification data system is very necessary in industrial garment produc-
tion, helping to properly assess the defects condition that the fabric is experiencing 
and is the basis for building an automatic fabric inspection model applying artificial 
intelligence. Easy-to-recognize fabric defect samples are hole, tear, yarn knot and 
broken yarn, scratch, stop weaving. The types of hole and tear defect are recognizable 
and fairly accurate. Yarn knot and broken yarn defects are although the level of error 
recognition is average, the ability to correctly identify it is high. The types of scratch 
and stop weaving defect is with low level of recognition. Although the results are 
not really good, this is the initial basis for building a more advanced automatic fabric 
checking model to save labor, time, and costs, to improve production quality. 
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Behavior Analysis for One-Way Wide 
Module Joist Concrete Floor System 

Nhu-Thao Thi Nguyen and Phu-Cuong Nguyen 

Abstract In this study, the behavior of the One-Way Wide Module Joist Concrete 
Floor System (OWWMJCFS) is researched by using two methods: hand calculation 
and the Finite Element Method (FEM) employing SAP2000. For the hand calculation 
method, the internal forces of the floor are predicted by using the practical parameter 
tables. With the finite element method employing SAP2000, we simulate the whole 
of the one-way wide module joist concrete floor system by using a three-dimensional 
space FEM modeling for predicting accurately the behavior of the OWWMJCFS. 
Obtained results show that the finite element method employing SAP2000 is much 
different from the hand calculation method. This study gives some useful advices 
for practical design engineers. 

Keywords Reinforced concrete floor · Finite element method · Hand calculation ·
Internal forces · SAP2000 

1 Introduction 

Construction is one of the first fields that apply soon information technology in 
design, construction, and quality management. The introduction of many structural 
calculation software packages based on the finite element method (FEM) resolved 
very difficult and challenging structural problems. The slab is one indispensable 
structure of construction, one of the slab structures owning the large load-carrying 
capability, high stiffness, durability, and simple calculation is a one-way wide module 
joist concrete floor system (OWWMJCFS). The popular method for designing is
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the traditional hand-calculation method [1–3]. However, there are still many limita-
tions to using the traditional hand-calculation method because reality constructions 
are complicated. Today, several commercial software packages were developed and 
invented to support design calculation for engineers. The finite element method is 
more accurate than the traditional hand-calculation method. Recently, several compli-
cated structural problems have been solved using finite element methods [4–10]. The 
work of [9] stated that two-dimensional models can not predict all eigenmodes, and 
torsional, flexural horizontal, and distortional phenomena accurately. Particularly, 
FEM can solve nonlinear behavior in addition to linear elastic analysis [10]. So 
we raised the question, “How are the differences between the FEM software and 
the traditional hand-calculation method?”. Therefore, this study will compare the 
differences between the FEM software and the traditional hand-calculation method. 

2 Research Method 

In the research, we perform behavior calculation of the structural slab of one industrial 
building with a length of main beams of 12 m, the length of extra beams of 7.6 m, 
and load-bearing walls around the slab system. Figure 1 shows a studied plan of a 
one-way wide module joist concrete floor system. Materials use concrete B25 and 
steel AII, AI as Vietnam’s design standard [11]. 
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Fig. 1 The floor plan and three-dimensional slab is modelled using SAP2000
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+The wall width at the main beams is 0.200 m. 
+The wall width at extra beams (axis 2, 3, and 4) is 0.3 m. 
+The outerior wall width is 0.3 m. 
+The story height is 3.6 m. 
+Live load: P = 8 kN/m2. 

2.1 Traditional Hand-Calculation Method 

This section presents a structural analysis of construction based on the traditional 
hand-calculation method. The traditional hand-calculation method is used to analyze 
the behavior of a one-way wide module joist concrete floor system (OWWMJCFS) 
as shown in Fig. 1. The structural slab is separated into main beams, extra beams, and 
sub-slabs modeled the calculation as the elastic diagram and the plasticity diagram 
referred from [1–3]. Internal forces in sub-slabs, main beams, and extra beams are 
estimated by formula and table diagrams. However, this method still meets diffi-
cult problems when construction structures are complex geometry and architecture. 
Formula and lookup tables just apply for simple shape structures. 

2.2 Finite Element Method Employing SAP2000 

The research also uses the finite element method employing SAP2000 v22 [12] 
software for modeling 3D construction as shown in Fig. 1 describing approximately 
as reality. In this study, we set 11 load cases including one Dead Load (DL), and 10 
cases of Live Load (Live load = 10.44 kN/m2) for the slab as shown in Fig. 2. 

All load combinations are set as follows: 
Combo 1: DL + LL1. Combo 2: DL + LL2. Combo 3: DL + LL3. Combo 4: DL 

+ LL4. Combo 5: DL + LL5. Combo 6: DL + LL6. Combo 7: DL + LL7. Combo 
8: DL + LL8. Combo 9: DL + LL9. Combo 10: DL + LL10. Combo ENV: Envelop 
all Combo 1, Combo 2, … to Combo 10.

Fig. 2 Ten important cases of applied live load for the slab using SAP2000 
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3 Results and Discussions 

After calculating with two methods, it can be found that in the extra beam, the 
internal bending moment values at spans generated by the finite element software 
SAP2000 v22 [12] are smaller than the hand calculation method as illustrated in 
Fig. 3, the differences compared to the value of the software method are 19.3% at 
the AB span and 16.9% at interior spans (BC, CD, etc.) as shown in Fig. 5. While 
at the support positions, the internal bending moment values generated by the hand 
calculation method are smaller than the FE software method as illustrated in Fig. 3, 
the differences are 24.4% at the B support and 12.4% at the C support as shown in 
Fig. 5. Using the results of the hand-calculation method for designing the extra beam 
at the support position is not safe for buildings. This obvious difference depends 
greatly on the working principle of the structure together, the reason why in the 
hand calculation method, there is a more harmonious change because in this method, 
the extra beam is separated into small elements and they depend on the change of 
the coefficient β according to the fixed internal force ratio [1–3]; while in the finite 
element method using SAP2000 [12] software, it is considered that the extra beam 
works in the whole structural system, so the behavior of the extra beam does not 
only depend on the size and load of the beam but also depends on the simultaneous 
operation of the floor, main beams and columns. 

The internal moment values for main beams calculated by the finite element 
software SAP2000 [12] and the traditional hand-calculation method are presented 
in Fig. 4. It can be seen that the results generated by using SAP2000 are smaller 
than the hand calculation in all locations. In this case, using the results of the hand 
calculation method is safe for designing but it is not economic. Deviation percentages 
of the finite element software SAP2000 [12] and the hand-calculation method are
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Fig. 4 Bending moment diagram values (kN m) for main beams using hand calculation and 
SAP2000

shown in Fig. 5. Errors of support moments are small (1.3%, 2%), but they are still 
large in spans (15%, 18.2%). This dues to that loadings transferring from extra beams 
to the main beam assigned equivalently as concentrated forces at points using the 
hand-calculation method lead to larger moments. But the reality, the main beam does 
not suffer the concentrated forces which are distributed on the area of extra beams, 
walls, and slabs. The finite element software SAP2000 [12] can model nearly the 
structural slab as reality. 
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4 Conclusion 

The purpose of this study is to present and show differences between the two methods: 
the traditional hand-calculation and the finite element method using SAP2000 v22 
software to analyze the behavior of a one-way wide module joist concrete floor 
system. This study is a good reference document for structural design engineers. 
As a result, the research proved that the finite element method is accurate, reliable, 
convenient, fast, and reduces a lot of work, and is safer than using the traditional 
hand calculation. The hand-calculation method exits many inconvenient problems: 
(1) just calculating for simple geometry of buildings, (2) lookup tables are not full 
and inaccurate. We can conclude that the finite element method should be used for 
structural design instead of the traditional hand-calculation method. 
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Research on the Hydromechanical 
Forming for the Conical Products 
by Numerical Simulation 

Thu Nguyen Thi and Trung Nguyen Dac 

Abstract Hydromechanical forming has been an impressive technology in manu-
facturing thin-shell products. Under the support of high-pressure liquid, the product 
can achieve many outstanding advantages such as increasing the level of deforma-
tion, reducing thinning, and improving surface quality. Especially, this technology is 
suitable for specific parts requiring great depth, or complex profiles that are difficult 
to shape by conventional methods, and one type of them is conical part. There are 
many factors affecting the product quality, especially the liquid pressure and blank 
holder force. In order to clarify this issue, in the article, a parametric study on the 
impact of liquid pressure and blank holder force on the quality of the average conical 
product is presented using numerical simulation method. The results demonstrate 
the impact of key technological parameters on product quality, namely the radius at 
the top of the product and on the thinning of the product. Moreover, the optimal set 
of parameters to achieve high efficiency in the forming process is also proposed. The 
investigation is meaningful in predicting the shaping process to give an appropriate 
control plan. 

Keywords Hydromechanical forming · Conical product · Numerical simulation 

1 Introduction 

In recent years, hydromechanical forming technology has been widely applied into 
shaping thin-shell parts because of its special properties. In the technology, the metal 
is hugged tightly to the punch under supporting of high-pressure liquid. Various 
studies have shown that fluid pressure is one of the most important technolog-
ical parameters of hydromechanical forming. Fluid pressure is the main factor that
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creates a state of compressive stress on the workpiece for supporting the workpiece 
to conform to the punch profile and reducing the relative displacement between the 
workpiece and the punch [1–4]. In the studies, Lang et al. [5] used numerical simu-
lation combined with experiment to stamp cylindrical cup details from Al1050-H0 
aluminum and Al-Mg-Si alloy. Besides, blank holder force (BHF) is an important 
factor affecting the phenomenon of wrinkling, thinning, and cracking of products 
[6]. 

However, the previous studies have mainly focused on low cylindrical or conical 
details. For details that are difficult to shape, such as medium or high conical products, 
there have not been any published investigations. Therefore, in order to clarify the 
influence of technological parameters including blank holder force and forming fluid 
pressure, this paper shows research on hydromechanical forming for medium conical 
details. Numerical simulation was employed in the study for low carbon steel DC04. 
Optimal data sets of key technological parameters were also found to satisfy precise 
product shaping. 

2 Research Object and Objective 

In hydromechanical forming technology, under the support of liquid pressure in the 
die cavity, the workpiece is pressed closely to the punch. Thus, the product quality is 
better. Based on that, the research object of this paper is the conical detail as shown 
in Fig. 1. 

This is a conical part with a narrow rim. The material used is DC04 steel—a 
specialized material in the technology of forming sheet details. The workpiece is 
100 mm in diameter and 1.0 mm in thickness. 

The objective of this study is to determine the influence of BHF and liquid pressure 
on the quality of conical products in hydromechanical forming technology, namely 
the radius at the corner between rim (top radius—shown in Fig. 2) and wall and the 
degree of largest thinning of the product.

The research method used in the paper is numerical simulation via Dynaform® 

software. Investigated values of the parameters of BHF and fluid pressure are (80 ÷

Fig. 1 Conical detail 
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Fig. 2 Schematic 
illustration of the 
hydromechanical drawing 
system [7]

180) kN and (14 ÷ 32) MPa respectively. The given parameters include stamping 
speed of 20 mm/s, coefficient of friction of 0.125, gap between punch and die of 
1.0 mm. 

3 Discussions 

3.1 Effect of BHF on Product Forming Ability 

a. Effect of BHF on the top radius R 

In order to determine the effect of BHF on the top radius R, simulation was conducted 
with the following input parameter including the liquid pressure of 24 MPa, Clearance 
of punch and die at the first stage of 1 mm. The blank holder force changes from 80 
to 180 kN with a step of 10 kN. The simulation results are summarized and built in 
the form of a graph in Fig. 3. 

Fig. 3 Change of radius 
value according to the BHF
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Fig. 4 The influence of the 
BHF on the largest thinning 
ratio 

Figure 3 shows the relationship between the corner radius at the mouth of the 
product and the BHF in a non-linear way. The BHF is in the range of 100–130 kN, 
which is optimal because the top radius is closest to the required value. 

b. Effect of BHF on the thinning of the product 

With the fixed parameters of fluid pressure in the inside of the die and the gap between 
the punch and die, the change of the BHF also significantly affects the degree of 
thinning of the product. The largest thinning ratio 1max is defined by Eq. (1) 

εmax = 
s0 − smin 

s0 
∗ 100 (1) 

In which, s0 is the original workpiece thickness; smin is the thickness at the thinnest 
part of the product. 

Graph showing the dependence of the largest thinning ratio increase on the BHF 
is established in Fig. 4. According to the simulation results, when the BHF increases 
gradually from 140 to 180 kN, it is harder for the workpiece to be pulled into the inside 
of the die, causing the ratio to gradually increase from about 19.9–37.5%, exceeding 
the allowable degree of thinning. This can be considered as a dangerous interval. 
Surveying with BHF of 120 and 130 kN, both thinning ratio and the top radius are 
quite similar in value. However, according to the simulation results, the thinning 
distributed in the bottom corner radius at the BHF of 130 kN is more dangerous. 

From the simulations and analysis of the forming ability and the degree of thinning, 
the optimal BHF when hydromechanical forming of conical parts is 120 kN. This 
value can ensure that the formability as well as the ratio thinning do not exceed the 
allowable level. 

3.2 Effect of Liquid Pressure on the Product Quality 

To determine the effect of liquid pressure on the product quality in the process of 
hydromechanical forming of the cone by simulation, the given input parameters
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Fig. 5 The effect of fluid 
pressure on the top radius 

include the gap between punch and die of 1.0 mm, the blank holder force of 120 kN. 
The fluid pressure changes from 14 to 32 MPa with a step of 2 MPa. 

a. Effect of liquid pressure on the top radius 

When the pressure is raised too high, the initial bulging becomes more pronounced. 
The punch goes down to shape, making the liquid pressure in the die increase. 
Consequently, this part of the radius is inflated beyond the required amount, causing 
damage to the product. In fact, too high pressure can destroy the product even before 
the punch has reached its full stroke. In addition, if the sealing is not guaranteed, the 
liquid will overflow. 

The graph in Fig. 5 shows that as the fluid pressure increases, the radius of the 
corner is lowered. According to the simulation results, at the pressure of 14 MPa, 
the initial bulging is little or trivial, thus reducing the deformation level of the part 
somewhat. This is also the reason to explain the onset of tearing at the radius of 
the punch. When the pressure is low, it is not enough to press the workpiece on the 
punch, making the wall part not really close to the punch, causing a lot of wrinkles. 

As the pressure gradually increases in the range of (16 ÷ 24) MPa, the wall of the 
detail is gradually pressed close to the punch. At this pressure range, an initial bulging 
occurs, raising deformation of the material. Therefore, at dangerous sections, tearing 
is reduced due to limiting radial stress. The wall of the product under the action of 
suitable pressure is pressed against the punch, so the product is precisely shaped. 

In the liquid pressure range from (26 ÷ 32) MPa, when the pressure increases too 
high, the initial bulging occurs more clearly. The punch moves to the cavity of the 
die to shape the material and the pressure increases at the same time, causing the top 
radius to swell too much, making product damage. 

Thus, the liquid pressure in the range of (24 ÷ 26) MPa can form products with 
a suitable radius as required. 

b. Effect of liquid pressure on the thinning of the product 

When varying the fluid pressure, the measured largest thinning ratios are illustrated 
in Fig. 6.
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Fig. 6 Effect of liquid 
pressure on the degree of 
thinning 

The graph in Fig. 6 demonstrates the dependence of the largest thinning ratio on 
the forming pressure. This dependence is quite evident when the pressure increases 
from 14 to 24 MPa. Then the percentage of the largest thinning ratio reduced from 
27.9% to only 16%. 

In summary, from the simulations and analysis of the forming ability and the 
degree of thinning, the optimal pressure when hydromechanical forming of the 
conical detail is 24 MPa. This is the reasonable pressure to ensure the shaping ability 
as well as the thinning does not exceed the allowable level. 

4 Conclusions 

The article presents the influence of the BHF and the liquid pressure on the product 
quality in the process of hydromechanical forming for conical product. Some of the 
contributions from this study are: 

• If the BHF is too low, the product rim will be wrinkled. In the contrary, if the 
BHF is too large, the workpiece cannot be pulled into the cavity of the die; the 
wall becomes thin, causing tearing of the product. 

• The fluid pressure has a great influence on accuracy in product shaping according 
to the profile of the punch. When the pressure is too low, the workpiece is not 
pressed against the punch, causing wrinkles to the product. When the pressure is 
too high, it can even cause tearing of the product in the early stages of the forming 
process. 

The research results found the optimal values of the BHF (120 kN) and the 
liquid pressure (24 MPa). The results allow us to evaluate the influence trend of 
technological factors in the product shaping process. 
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Numerical Study on Unwelded Pair 
of Sheets in Hydrostatic Forming 

Thu Nguyen Thi 

Abstract In recent years, high-pressure liquid forming technology has been widely 
applied into the manufacture of thin shell and tubular parts. In addition to superiorities 
including surface quality guarantee and operation reduction, this technology can also 
improve productivity and product diversity in one forming step by punching pairs 
of sheet metal. The generated pair of sheets can be symmetrical or asymmetrical. 
However, assessing the impact of technological parameters on the forming ability of 
the pair is difficult, especially the products stamped from a pair of unwelded sheet 
metal. Therefore, in the paper, the effects of blank holder force on cylindrical cup 
from unwelded pairs of sheets are investigated. Numerical simulation method was 
selected for study in this issue. The results give an important assessment of the impact 
of the factor on the shaping ability of the product. Based on these results, controlling 
stability of the forming process will be more convenient. 

Keywords High fluid pressure · Unwelded pair of sheets · Blank holder force ·
Numerical simulation 

1 Introduction 

Today, products made from single-layer and double-layer metallic materials (also 
known as Bimetal) have been widely applied in various industries such as electricity, 
electronics, automatic control, medical equipment, aerospace, machine part manu-
facturing, etc. Especially, for double-layer materials made by pushing tightly together 
through laminating, pressing, welding, or gluing, technicians can exploit advantages 
of each material suitably for different purposes, such as improving deformation, heat 
conduction, wear resistance, impact resistance, vibration reduction, etc. [1–3]. It can
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be seen from the literature that the potential for application of double-layer materials 
is very large. 

One of the advanced forming methods to produce double-layer thin shell prod-
ucts with complex shapes and high geometrical accuracy is the high liquid forming 
method. Compared with the conventional forming, this method has many advantages 
such as being more suitable for complex forming, minimizing residual stress due to 
deformation, better surface quality, uniformity in product quality [4–6]. Under the 
direct impact of high-pressure liquid, the material layers are pressed together tighter 
so that the details can have contact in a large surface, enabling the deformation 
between the material layers to be more uniform. However, this technology also has 
major disadvantages that make it difficult for the forming process, such as lower 
productivity than traditional stamping technology and difficulty in ensuring tight-
ness to keep high pressure in the process. Therefore, this technology has currently 
only been applicable to specific products where conventional methods are difficult 
or impossible to shape. Realizing the high potential of application and develop-
ment, this paper presents high-pressure liquid stamping technology on two layers of 
sheet metal through a numerical simulation. Research results show the relationship 
between blank holder force and deformation of 2-layer products. 

2 Research Object and Experiments 

2.1 Research Object 

Cylindrical product is a typical part of deep stamping technology (Fig. 1). Therefore, 
it is selected as a research detail in this paper. 

Materials used in the paper are steel (DC04) and copper (Cu). The thickness of 
each workpiece is 0.5 mm, and the initial diameter of the workpiece is 95 mm. The 
depth of the die is 20 mm, and the diameter of the die is 60 mm. 

The purpose of the study is to investigate the finishing stage in the hydrostatic 
forming for two layers of different materials by numerical simulation method via 
Abaqus software.

Fig. 1 Research detail 
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Fig. 2 Geometrical model 

Table 1 The geometric 
values of the die Inner diameter of die, d dc = 60 mm 

Depth of die, hi hi = 20 mm 

Radius at the mouth of die, Rmc Rmc = 5 mm  

Radius at bottom die, Rdc Rdc = 5 mm  

2.2 Simulation 

A geometrical model is shown in Fig. 2. 
The forming tools including die and blank holder (BH) are modeled as rigid parts. 

Two samples of DC04 and Cu are modeled as deformable parts. 
Contact conditions: The coefficients of friction between the workpiece and the 

surface of the die, the workpiece and the blank holder were selected as 0.1. 
The geometric values of the die are given in Table 1. 

3 Discussions 

To investigate the effect of the BH force on product quality, the fluid pressure was 
fixed in all cases as 80 MPa. In this study, the product quality is considered in terms of 
two factors: the largest thinning on the product and the bottom radius of the product. 

The simulation results illustrate that when the BH force grows up, the workpiece 
is more difficult to move into the die and the thickness of the workpiece is also 
thinner. Specifically, the positions of the largest thinning of DC04 steel, and Cu are 
shown in Fig. 3.

Figure 4 illustrates the ratio of thinning of each material with different values of 
BH forces. The higher the blank holder force is, the thinner the sheet is. Comparing 
the maximum thinness of the two layers of Cu and DC04 materials, it can be inferred 
that the Cu material is slightly thinner.
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Fig. 3 Largest thinning position

Fig.4 Largest thinning of 
each material at different 
values of BH force 

As the BH force increases, the radius of the bottom of the product also grows up 
as shown in Figs. 5 and 6. The increase in the radius of the bottom of the product 
means that the workpiece is more difficult to get close to the die’s profile, thus the 
accuracy of the product decreases. The reason is that due to the increased resistance 
on the workpiece rim during the forming process, it is difficult for the workpiece to 
be pulled to fill the concave corners of the die.
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(a) BH force of 70kN (b) BH force of 20kN 

Fig. 5 Bottom radius R of product in simulation 

Fig. 6 Bottom radius of 
each product at different 
values of BH force 

4 Conclusions 

This paper presents the effect of BH force on the forming ability of 2-layer products 
in hydrostatic forming technology. The results show that the BH force plays an 
important role during forming. It directly affects the degree of thinning and the 
corner radius of the product, specifically: 

• When the BH force increases, the material becomes thinner. Comparing the two 
materials, copper is thinner than steel in all the cases considered. The thinnest 
region, also known as the most dangerous zone, is at the corner radius of the 
product. 

• The larger the BH force, the bigger the radius of the product created. When the 
BH force is too large, the product will be torn in a dangerous position. 
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A Parametric Study on Product Quality 
During Forward-Reverse Extrusion 
Process 

Thu Nguyen Thi , Minh-Quan Nguyen, and Nguyen Thi Hong Minh 

Abstract Forward-reverse extrusion is a common method in the manufacture of 
transmission components that require high strength and rigidity. This is a method that 
helps the metal to deform in two directions: forward and reverse directions compared 
to the punch movement. However, there are many factors affecting product quality 
that need to be investigated such as pressing speed, friction, temperature, pressing 
amount, etc. Therefore, in this paper, the forward-reverse extrusion process of H-
shaped products is investigated to clearly evaluate the influence of some essential 
factors including pressing speed, pressing depth and friction. Numerical simulation 
method with advantages of convenience, time reduction and high reliability was 
applied in this study. Research results are meaningful in deforming prediction and 
the design of extrusion dies later. 

Keywords Hydromechanical forming · Conical product · Numerical simulation 

1 Introduction 

Extrusion is a method of manufacturing a product by pressing an object with enough 
force so that the material can flow through the hole into the shape of the die. In this 
process, the metal is plastically deformed in the cavity of the extrusion die, but there 
is only one preferred direction of deformation to form the part. Material types can be 
metal, plastic, rubber in block or powder form. Extrusion is used to produce solid or 
hollow cylindrical parts, rods, and tubes which have been widely used in industry and 
civil production. In addition, this technology is also applied to prepare workpieces 
for the processes of forging, stamping, or forming other complex products.

T. N. Thi (B) · M.-Q. Nguyen · N. T. H. Minh 
Hanoi University of Science and Technology, Hanoi, Vietnam 
e-mail: thu.nguyenthi@hust.edu.vn 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
B. T. Long et al. (eds.), Proceedings of the 3rd Annual International Conference 
on Material, Machines and Methods for Sustainable Development (MMMS2022), 
Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-3-031-31824-5_11 

83

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-31824-5_11&domain=pdf
http://orcid.org/0000-0003-3979-666X
mailto:thu.nguyenthi@hust.edu.vn
https://doi.org/10.1007/978-3-031-31824-5_11


84 T. N. Thi et al.

Because of its good forming ability and high practical application, this technology 
has been studied extensively, with various topics including friction [1], temperature 
during extruding [2], shape and structure of die [3]. Specifically, Lechner et al. [4] 
indicates that in addition to withstanding severe process loads, die must be designed 
with the aim of producing good profiles (free from defects, with high mechanical 
properties, within required tolerances) and ensuring the required level of productivity. 
In the study, four tool materials (hot work tool steel 1.2367 and CS1, Ni-based alloy 
718, Co-Cr Stellite 1 alloy) were compared to conclude that Ni-based alloys are 
suitable consolidation for specific applications. New method of rotating backward 
extrusion (RBE) has been proposed by Qiang Wang [5]. The research shows that 
with this extrusion method, the force required to manufacture the product is 20% 
less than the conventional backward force. 

In general, the above studies focus on optimizing the die structure as well as tech-
nological parameters. However, there have not been many studies on the reversible 
extrusion process for metals. Therefore, in this paper, a study on determining the 
relationships between forming force and parameters including coefficient of friction, 
pressing depth, and pressing speed for lead materials is presented. The results show 
the impact of each parameter on product quality in the reversible extruding process. 
A comparison of simulation and experiment is made to indicate the similarity of 
research results. 

2 Research Objects and Objectives 

The object studied is a cylindrical part with holes at both ends as shown in Fig. 1. 
Due to the limitation of hot forming test conditions, the material selected for use in 
this study is lead.

According to the working principle and extrusion theory studied above, the mold 
and the workpiece are assembled as shown in Fig. 2.

The workpiece material used is lead. Lead is a bright blue metal with a face-
centered cubic lattice pattern. Lead belongs to the group of heavy non-ferrous metals, 
atomic mass of 207.19; density of 11.34 g/cm3. The melting point is low (327.4 °C) 
while the boiling point is high (1740 °C). 

Pressing force is one of the main technological parameters in metal forming tech-
nology. This parameter determines the shape and accuracy of the product. Therefore, 
the objective of this study is to determine the relationship between parameters such 
as coefficient of friction, pressing speed, roll angle in the mold, pressing stroke and 
pressing force.



A Parametric Study on Product Quality During Forward-Reverse … 85

(a) 2D (b) 3D 

Fig. 1 Research product

Fig. 2. 3D model of the die

3 Results and Discussion 

The software used in investigating impacts of various factors on the forming force 
that greatly affects the quality of the product is the specialized software Deform.
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Fig. 3 Diagram of 
dependence of forming force 
on coefficient of friction 

3.1 Effect of Coefficient of Friction on Forming Force 

To investigate the influence of friction on forming force, the given input parameters 
include pressing speed of 8 mm/s, workpiece temperature of 20 °C and pressing 
depth of 20 mm. The coefficient of friction is changed respectively of (0.05; 0.08; 
0.1; 0.12; 0.15; 0.2; 0.3). 

The results of the study on the influence of the coefficient of friction in the H-cup 
extrusion process are shown in Fig. 3. 

The metal deforms according to the principle of minimal resistance. According 
to this principle, when the resistance caused by friction increases, it will hinder the 
deformation of the workpiece. From the graph, when the friction increases (from 
0.05 to 0.3), the forming force also raises significantly. This is consistent with the 
theory plastic forming. 

3.2 Effect of Pressing Speed on Forming Force 

Based on the equipment that can be tested later, the pressing speed is changed respec-
tively of (4; 7; 10; 13; 16; 19) mm/s. The input parameters of the survey include 
workpiece temperature of 20 °C, pressing depth of 20 mm, and coefficient of friction 
of 0.08. 

Pressing speed is also an important factor affecting the calculation and selection 
of the machine. Large pressing speed will result in a large strain rate. The results of 
the study on the effect of pressing speed in the H-cup extrusion process are presented 
in Fig. 4.

The obtained simulation results agree with the initial assumptions. Figure 4 shows 
that the force changed significantly, from 16.3 to 17.9 tons when changing the 
pressing speed from 4 to 19 mm/s.
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Fig. 4 Effect of pressing 
speed on forming force

3.3 Effect of Pressing Depth on Forming Force 

Pressing depth indicates the deformation ability of the material, from which the 
pressing stroke can be designed, and the forming force can be calculated. The given 
input parameters include workpiece temperature of 20 °C, pressing speed of 8 mm/ 
s, coefficient of friction of 0.08. The surveyed pressing depth is (15; 18; 21; 24; 27; 
30) mm/s respectively. 

The results of studying the effect of pressing depth in the H-cup extrusion process 
are shown in Fig. 5. 

Figure 5 shows that the larger the stroke is, the greater the force is. Especially, 
when the amount of pressing depth reaches a large value, the pressure suddenly 
increases (up to 80.5 tons at a depth of 30 mm). This shows that it is not possible to 
press the workpiece with too much depth because it will affect the die structure as 
well as the machine’s ability to generate loads. 

After investigating some factors affecting the forming force, the values of the 
optimal set of parameters are set as follows: pressing speed is 8 mm/s, pressing 
depth is 20 mm, the coefficient of friction is 0.08. 

The simulation results with the optimal set of input parameters are shown in Fig. 6.

Fig. 5 Effect of pressing 
depth on forming force 
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Fig. 6 Force diagram in the process of extrusion a cup H 

Fig. 7 The experimental results 

Experimenting with the optimal set of parameters found by numerical simulation, 
the results show a high similarity with the simulation results as shown in Fig. 7. 

Experimental results show that the reverse extrusion is easier to shape than the 
forward-flow extrusion. On one hand, the reason is that the mold does not have a gas 
outlet below, so it is more difficult for the workpiece to flow in the forward direction. 
On the other hand, there is a gap between the punch and the die in the opposite 
direction, so the workpiece is easier to shape up. 

4 Conclusions 

This paper presents the study on the reversible pressing process of H cup with the 
lead material. The study achieves the following main results: 

• Evaluate the influence of parameters including coefficient of friction, pressing 
speed, pressing depth on the extrusion pressing process by simulation method. 
Build a graph of the relationship of each surveyed parameter to the forming force.
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• Find the optimal set of technological parameters to facilitate the experimental 
process. 

• Experimental results have a high similarity with simulation results. 

The research results are meaningful in evaluating the extrusion process and in 
designing the mold, to achieve the optimal product. However, to accurately eval-
uate and stabilize the forming process, further studies on other geometrical and 
technological parameters need conducting. 
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Calculating the Inherent Strain in 3D 
Printed Part Based on the Heat Affected 
Zone 

Ngoc-Hien Tran and Thai-Son Nguyen 

Abstract Today, 3D printing technology has been applied in industrial applications. 
However, improving the quality of printed products is still an issue that needs to 
be studied for this technology to be used more widely. This research proposes the 
calculation of the inherent strain (IS) value based on the heat affected zone (HAZ). 
Then, the IS values are used for calculating the deformation of the printed part. 
HAZ depends on the printing process parameters and material properties. This paper 
presents method to calculate the HAZ in different plans according to the printing 
process parameters for printing Ti6Al4V with selective laser melting (SLM) printing 
method. 

Keywords Additive manufacturing · Metal printing · Inherent strain · Heat 
affected zone · Deformation 

1 Introduction 

3D printing is used widely in the manufacturing industry because of its advantage. 
It is applied in aerospace, biomedical, automotive, etc. The 3D printing process can 
be divided into two groups such as powder spreading and powder spraying method. 
Selective laser melting (SLM) is a powder spreading method using a laser source to 
melt a thin powder layer. SLM is developed in 1995 by German scientists [1].
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Fig. 1 Model of SLM 
printing process 

Figure 1 shows the SLM process. During the SLM process, a product is formed 
by selectively melting layers of powder using a laser beam. The powder is heated 
and melted to form a liquid pool. Then the molten pool solidifies and cools down 
and starts to form the product. The building platform is lowered by the amount 
of layer thickness and a new layer is deposited. The process is repeated until the 
product is made. Because of its ability to heat and cool rapidly, the SLM is used 
commonly. However, several defects usually exist in an SLM part, such as part 
distortion and cracks. The printed parts are affected by key influence factors such as 
powder properties, printing process parameters, and machine characteristics. 

To obtain the best quality in a printed part, key influence factors must be consid-
ered. However, during the SLM process, large thermal gradients and fast cooling 
exist that cause residual stress, which leads to a loss of part shape and other failures 
of the SLM part. The failure quality of parts results in manufacturing costs, as well 
as waste and scrap [2]. Therefore, all requirements and predictions for the process 
need to be fulfilled at the design stage to reduce failure and increase accuracy. To 
predict the quality at the design stage, a computational simulation is the best choice. 

According to the previous research on this, the current methods to reduce 
deformation include [1, 2]: 

• Experiment: Achieve printing experiments to resolve the relationship between the 
printing parameters and deformation. 

• Simulation: Analysis to complete the residual stress and then predict the 
deformation. 

The contribution of this research is to suggest the deformation calculation based 
on the inherent strain (IS) value. The IS values in x, y, z directions are determined by 
the heat-affected zone (HAZ). HAZ depends on the printing process parameters and 
material properties. This paper presents a method to calculate the HAZ in different 
plans according to various printing process parameters using Ti6Al4V alloy material 
with selective laser melting (SLM) printing method.
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2 Calculation of Inherent Strain 

Inherent strain resulting from welding is a combination of thermal strains εthermal  , 
phase transfer strain εphase, plastic strains εplastic and creep strain εcreep [3, 4]. 

In SLM printing process, the total strain is calculated as follows: 

εtotal  = εelastic + ε∗ (1) 

in which εelastic is the elastic strain; ε∗ is the inherent strain. 
The ε∗ value is calculated by considering other strains as follows: 

ε∗ = εthermal  + εplastic + εphase + εcreep (2) 

During heating and cooling process, at the plastic stage the IS value in x, y, z 
directions can be defined as follows [5]: 

ε∗ 
x = 

Wx 

Fx 
; ε∗ 

y = 
Wy 

Fy 
; ε∗ 

z = 
Wz 

Fz 
(3) 

In which Fx, Fy, and Fz are the heat effected zone (HAZ) areas where Wx, Wy, 
and Wz, respectively, are distributed. Wx, Wy, and Wz are calculated as follows: 

Wx = ξ.  qv; Wy = Wz = K. qv (4) 

In which qv is the linear energy density (J/mm) [6]: 

qv = 
Qheatsource 

u 
(5) 

ξ and K (mm/J) values are used from the welding process due to the same heating 
and cooling process. 

3 Numerical Model for SLM Process 

For determining the temperature distribution during SLM process, the mathematical 
model of the heat transfer is as follows [7]: 

ρC 
∂ T 
∂t 

+ ρCu ∇T = ∇(k∇T ) + Qheatsource (6) 

in which T is temperature; ρ, C, k,  and u are density, thermal capacity, thermal 
conductivity factor and laser velocity, respectively. Q is defined as follows:
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Fig. 2 The Goldak’s heat 
source model 

Qheatsource = Qrequiredpower + Qconduction (7) 

Qrequiredpower = Qdeliveredlaser − Qconvection − Qradiation  − Qconduction 

Qdeliveredlaser = Q 
6 
√
3 

abπ
√

π 
e
[

−3z2 

a2 
+ −3y2 

b2

][
f f 
C f 

e 
−3x2 

C2 
f + 

fr 
Cr 

e 
−3x2 

C2 
r

]

The power distribution is given by the moving Goldak’s double-ellipsoid heat 
source model as shown in Fig. 2 [8]. The model parameters are explained in Table 1.

4 Results and Discussion 

To determine the HAZ during the SLM process, we use the data from Table 1 as the 
input data using Comsol tool. Figures 3, 4 and 5 show the method to calculate the 
HAZ in Fx, Fy, Fz plans.

Fx = (x + e).d − e.c] (8) 

With d = 0.153 mm; c = 0.09 mm; e = 1.97 mm; and x = 2.34 mm, we have Fx 
= 0.482 mm2. With ξ = 1.57 10–3 mm3/J; qv/h2 = 104.52 J/mm3 for Ti6Al4V and 
h = 0.045 mm, we have: 

εinh−x = −0.000937 

Fy = 2(x + e).(a + b) − 2a.e] (9)
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Table 1 SLM process parameters for Ti6Al4V material 

Name Description Value 

x0 X-start coordinate 0 (mm) 

y0 Y-start coordinate 0 (mm) 

Q Laser power from machine 140 (W) 

a Ellipsoid length in y axis 0.4205 (mm) 

b Ellipsoid length in z axis 0.1682 (mm) 

Cf Front ellipsoid length in x axis 0.4205 (mm) 

Cr Rear ellipsoid length in x axis 0.84 (mm) 

f f Coefficient of heat source in the front ellipsoid 2/3 

f r Coefficient of heat source in the rear ellipsoid 4/3 

u Printing speed 1300 (mm/s) 

C Thermal capacity 500 × 10–3 (J/(g.K)) 
λ Thermal conductivity factor 19.4 × 10–3 [W/(mm.K)] 

Ta Ambient temperature 293 (K) 

hc Convective and (W/mm2.K) 186.3 [W/(mm2.K)] 

hr Radiant heat transfer coefficient 4.4 [W/(mm2.K)] 

h Layer thickness 0.045 (mm) 

Ha Hatch distance 0.07 (mm)

Fig. 3 Calculation of the 
HAZ in Fx plane 

Fig. 4 Calculation of the 
HAZ in Fy plane

With a = 0.19 mm; b = 0.102 mm; e = 1.97 mm; and x = 2.34 mm, we have Fy 
= 1.275 mm2. 

With K= 0.58 10–3 mm3/J; qv/h2 = 104.52 J/mm3 for Ti6Al4V and h= 0.045 mm, 
we have:
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Fig. 5 Calculation of the 
HAZ in Fz plane

εinh−y = −0.0000963 

Fz = 2[(a + b).d − a.c] (10) 

a = 0.19 mm; b = 0.106 mm; d = 0.153 mm; and c = 0.09 mm, we have FZ = 
0.0564 mm2. With K = 0.58 10–3 mm3/J; qv/h2 = 104.52 J/mm3 for Ti6Al4V and h 
= 0.045 mm, we have: 

εinh−z = −0.00217 

With the same processing parameters such as the beam width, velocity, power, and 
material, we used Simufact™ tool for predicting the inherent strain. The predicted 
results are shown in Fig. 6. In comparison with the proposed method, the biggest IS 
value is in the Z direction, this is correct for both simulation and experiment [2, 7]. 

Fig. 6 Calculation of the 
inherent strain by using 
Simufact
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5 Conclusions 

In this study, we propose to calculate IS value based on printing process parame-
ters and HAZ area. To calculate the HAZ area during SLM printing process, the 
heat transfer equation was established. Then, Comsol™ was used to determine the 
temperature distribution in the printed part. From the temperature distribution, the 
HAZ surfaces were calculated. The IS values are used to calculate the deformation of 
the printed part in all directions. From that, the reasonable printing process parame-
ters are determined to reduce distortion when carrying out the actual printing process. 
The proposed IS calculation results are reliable when compared with the IS values 
calculated by Simufact™ software under the same conditions and printing method. 
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Numerical Investigation of Heat Transfer 
Characteristics of Ribs with Trenches 
in Gas Turbine Internal Cooling Channel 

Tuong-Linh Nha, Khanh-Duy Cong Do, Van-Thuc Tran, Viet-Dung Duong, 
Sung-Goon Park, and Cong-Truong Dinh 

Abstract In this work, several trenches are placed in the ribs to reduce disadvantages 
of square ribs. These configurations open up some small extra passages for the coolant 
to remove the local vortices. Furthermore, the remained square pillars of the ribs act 
like pin-fins which promote horseshoe vortices. These vortices significantly enhance 
the heat transfer capability in the junction of pillars and endwall. To investigate the 
effect of trenches number and shape on the heat transfer capacity of the channel 
and flow characteristics, a parametric study of ribs with trenches is performed using 
RANS equations with the SST turbulence model. Furthermore, the staggered and in-
line arrangements of ditches are studied. It is concluded that the staggered trenches 
show a higher Nusselt number than the in-line arrangement, but it comes with a higher 
friction factor. The parametric study resulted in a higher heat transfer efficiency index 
(HTEI) of the new designs than the square ribs. At Re = 26,500, the Nusselt number 
of 3 trenches with staggered arrangement increases by 41.9%. Moreover, a slight 
increase in friction factor combines with that to form a 31.9% increase in the overall 
Heat transfer efficiency index. The designs of 3 trenches with in-line arrangement 
come with a slight increase of 13.7% in Nusselt number; a decrease in friction factor 
of this design forms a 16.4% increase in Heat transfer efficiency index compared to 
the case of the original ribs.
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Keywords Heat transfer characteristics · Ribs with trenches · RANS analysis ·
Internal cooling 

1 Introduction 

By avoiding the blending of cooling air and hot gas coming from the combustor, the 
internal cooling method, which includes three main forms, i.e., impinging jet cooling, 
rib turbulators cooling [1], and pin-fins cooling, provides a more reliable turbine’s 
aerodynamic performance. The rib turbulators, which can enhance local turbulence 
due to flow separation and confluence in turbine blade serpentine channels, are the 
subject of research in this paper. Pham et al. [2] studied the influence of rib profiles on 
the HTEI and the obtained results showed that the HTEI changed significantly when 
changing the rib profiles. Another study by Dinh et al. [3] investigated a clearance 
height of 20% compared to the height of the ribs yields the highest HTEI. For cooling 
channel, the different cooling gases produce different heat transfer characteristics. 
Shi et al. [4] studied experimentally the differences between steam and air used in a 
cooling channel with different angled ribs. They found that when steam is used as a 
coolant of gas turbine internal cooling passage, heat transfer is enhanced significantly. 

Besides ribs, pin–fin is another type of structure that promotes turbulence in the 
cooling cascade of the channel. Do et al. [5] studied the effect of endwall on enlarging 
the size of high heat transfer region and reducing the low heat transfer regions in 
channel with pin-fins. Won et al. [6] studied the distribution of heat transfer coefficient 
in a cooling channel with multiple rows of pin-fins. Based on the results of Shi et al. 
[4] of the channel with 90º ribs, this work investigated the effects of trenches on the 
heat transfer characteristics of channels. 

2 Numerical Methodology 

2.1 Description of Geometry 

The computational domain was constructed based on the experimental model of Shi 
et al. [4] as shown in Fig. 1. The testing sample of Shi et al. [4] consists of three 
channels: the development, the heated, and the output, where 12 ribs are attached 
to the heated channel. The height and sample width of the tested channel are W = 
80 mm and Hs = 20 mm, respectively, and the top surface of the channel is specified 
as symmetry to simplify the channel. Hence, the real height of the total channel is H 
= 40 mm. The cross-section of the computed domain is a rectangle with the aspect 
ratio AR = W/H = 80/40 = 2. The equivalent diameter of the channel, Dh = 2HW/(H 
+ W) is 53.3 mm. The direction of the flow corresponds to the direction of the x-axis. 
The detailed dimensions of the design model are given in Table 1. The total length
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of the calculated domain is Lt = 600 mm. Table 1 describes the design variables of 
the tested channel. 

The number of trenches varies from three to five with in-line and staggered 
arrangements. The trenches were distributed evenly on the y-direction of ribs in 
the channel, spread from the middle of the channel for the opposition. The number 
of trenches will vary from 3 to 5 trenches a rib. Figure 2 illustrates specifically the 
overview of ribs with trenches of in-line and staggered arrangements. 

Fig. 1 Schematic diagram of geometric configurations 

Table 1 Variables of 
geometric configurations Variable Value Variable Value 

W (mm) × Hs (mm) 80 × 20 α 90o 

e (mm) 2.5 Ld (mm) 230 

p (mm) 25 L (mm) 316 

Dh (mm) 53.33 Lo (mm) 54 

Fig. 2 Sample of design arrangements for trenches
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2.2 Data Reduction 

The Reynolds number (Re) of the channel is defined as: 

Re = ρuDh 

μ 
(1) 

where u is the inlet velocity of the channel; ρ is the air density, Dh and μ are the 
channel hydraulic diameter and dynamic viscosity of the coolant, respectively. 

The local heat transfer coefficient (h) of the heated surfaces is determined by: 

h = q 

Tw − Tb (2) 

where q is the heat flux of the heated wall, Tw is wall temperature, and Tb is the bulk 
temperature of the fluid. 

The local Nusselt number (Nu) is used to represent the local heat transfer capacity, 
which can be written as: 

Nu  = hDh 

λ 
(3) 

where λ is the thermal conductivity of coolant fluid. 
According to the correlation formula of Dittus-Boelter [7], the Nusselt number 

(Nu0) and friction factor for fully developed turbulent flow in a smooth channel of a 
rectangular cross-section is defined as: 

Nu0 = 0.023.Re0.8 Pr0.4 (4) 

f0 = [1.58 ln(Re) − 3.28]−2 (5) 

The friction factor which represents the pressure loss of the channel is defined as: 

f = ΔPDh 

2ρΔLu2 
(6) 

The heat transfer efficiency index (η) is defined as: 

η = 
( 

Nu  

Nu0 

) 
/ 
( 

f 

fo 

)1/3 

(7)
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2.3 Numerical Analysis 

In the present study, the governing differential equations are solved numerically to 
study the flow characteristics and heat transfer in the channel with pin-fins using the 
commercial software Ansys CFX® 19.1 [8]. The SST turbulence model is used for 
all the simulations throughout the work. This work uses the structured grid divided 
in ANSYS-ICEM® software. The elements adjacent to the wall and the pin-fins are 
specified with a height of 5 × 10–6 (m) to satisfy a y+ value less than 1 for the entire 
Reynolds number range, to fit the criteria of the turbulence model. The structural grid 
shown in Fig.  3 is created using hexahedral elements. The test grid will be used for 
Reynolds 53,648, and the number of grids will vary from 1.0 million to 11.5 million. 

The boundary conditions adopted here are used the same as the Ref. [4] as shown  
in Fig. 4. The fluid was set as steam (IAPWS-97). The walls both in the entrance and 
in the outlet section are specified as adiabatic. A uniform heat flux of 5000 W/m2 

is allocated at the ribbed surfaces and the two sides of smooth walls. The reference 
pressure of the computational domain and the inlet temperature of steam flow was 
0.3 MPa and 447 K, respectively. The outlet was subject to static pressure of 0 Pa. 
The mass flow rate was given at the inlet according to the corresponding Reynolds 
numbers ranging from 9098 to 53,648. A turbulence intensity of 5% was given at 
the inlet. The walls of the channels were applied as the no-slip boundary condition.

Fig. 3 Sample of mesh 
structure 
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Fig. 4 Boundary conditions 

3 Results and Discussion 

3.1 Grid Independence Test and Validation of Numerical 
Results 

A grid independence test has been conducted by using the SST k-ω model at Re = 
53,648 with mesh numbers ranging from 1 to 11.5 million. The grid convergence 
index (GCI) based on the Richardson extrapolation method was analyzed to evaluate 
the convergence of the grid system used in this study. Table 2 lists the results of 
the GCI analysis for the channel with ribs. In Fig. 5, the Nusselt number increase 
when decreasing the normalized grid spacing. It is shown that the Nusselt number is 
converging to the value of extrapolation by Richardson’s method. Grid 2 was selected 
for further computation.

In order to validate the SST k-ω model, a comparison of numerical and experi-
mental results of averaged Nusselt number distribution on the heated walls for three 
Reynolds numbers (9098, 26,587, 53,648) is shown in Fig. 6, where the boundary 
conditions are also in accordance with the experimental investigations [4]. The aver-
aged Nu numbers on the heated walls for Re = 9098, 26,587, and 53,648 are 0.03%, 
3.09%, and 8.09% higher than that of experimental data. This is partly because 
the uncertainty of 8.5% exists in the experimental system. Therefore, the numerical 
deviations are acceptable.
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Fig. 5 Comparison of 
investigated mesh with 
Richardson extrapolation

Fig. 6 Comparison of 
experimental and numerical 
data with Re = 53,648 

Table 2 Results of analysis of grid convergence 

Parameter Symbol Value 

Numbers of elements (milliin cells) Grid 1/Grid 2/Grid 3 11.5/3.4/1.0 

Grid refinements factors r21/r32 1.50/1.50 

Normalized grid spacing h1/h2/h3 0.0100/0.0067/0.0044 

Nusselt number corresponding to Grid 1/Grid 
2/Grid 3 

Nu1/Nu2/Nu3 201.429/200.223/195.912 

Apparent order p 3.12 

Extrapolated value φ21 
ext 201.9023 

Approximated relative error e21 a 0.60% 

Extrapolated relative error e21 ext 0.23 

Grid convergence index GC I  21 f ine 0.29
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Fig. 8 Comparisons of Nu and η with all cases 

3.2 Effect of Ribs with Trenches on Convective Heat Transfer 

Figure 8 shows the comparison of Nu, and η with the cases of 3, 4, and 5 trenches with 
both arrangements. It is discovered that the staggered arrangements induce a higher 
Nusselt number for all cases compared to the in-line arrangements but accompany 
by a higher friction factor. The Nusselt number is increased by about 20.1%, 41.9%, 
and 36.5% for three Re of 9098, 26,587, and 53,648 for the case of 3 trenches with 
the staggered arrangement and it is increased by 7.9%, 13.7%, and 12.9% for in-line 
arrangement. Overall, the HTEI of staggered designs is increased by 20.8%, 31.9%, 
and 26.0% and that of in-line designs show an increase by 11.3%, 16.4%, and 15.8% 
for all Reynolds number. 

4 Conclusion 

The results show that the trenches open up some extra passages for the flow to destruct 
the stagnant vortices in front of and behind the ribs and increase the heat transfer 
characteristics in the heated walls and the ribs. Besides, the staggered arrangement 
induces a higher Nusselt number than the in-line cases and hence, creates a higher 
friction factor. However, the increase in Nusselt number is higher than the increase 
in friction factor and the overall HTEI is increased. The HTEI of staggered designs 
is increased by 20.8%, 31.9%, and 26.0% compared to the original design for Re = 
9098, 26,587, and 53,648, respectively. Besides, the in-line arrangement comes with 
a maximum increase of 13.7% in the Nusselt number for Re = 26,587. It combines 
with a decrease of 9.3% in friction factor to form an increase of 16.4% in HTEI. 

Acknowledgements This study is funded by Hanoi University of Science and Technology (HUST) 
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Aerodynamic Performance 
of Single-Stage Transonic Axial 
Compressor with Multi-Bleed Airflow 

Tuong-Linh Nha, Van-Hoang Nguyen, Xuan-Truong Le, 
and Cong-Truong Dinh 

Abstract Bleeding air in the axial compressor is a well-known method to take air 
for cooling treatment in the turbine and provide an atmosphere in the cabin. A most 
common bleed system which is used in gas turbine engine frequently reduce the 
efficiency and stall margin of the compressor. This study proposes a new bleed air 
method, the multi-bleed air method, which is enhanced the efficiency and stall margin 
of the compressor. The multi-bleed air method contains 36 bleed air channels on the 
rotor domain’s shroud surface. The bleeding system is studied using three different 
bleed types: single-bleed, double-bleed, and triple-bleed in a single-stage transonic 
axial compressor, NASA Stage 37. The numerical results demonstrated that the 
aerodynamic performance of a single-stage transonic axial compressor was improved 
with the multi-bleed method, including total pressure ratio, adiabatic efficiency, and 
stall margin compared to the smooth casing case. In addition, the adiabatic efficiency 
and stall margin increase more in the double-bleed case than in single-bleed and 
triple-bleed cases. 

Keywords Single-stage transonic axial compressor ·Multi-bleed · 3D-RANS 

1 Introduction 

The tip leakage vortices and their airflow trajectories are the primary sources of 
aerodynamic performance reduction in axial compressors. Many experimental and 
numerical studies have been performed to reduce compressor performance reduction. 
As for the bleeding airflow, a new casing configuration is investigated by Koch and 
Smith [1], where the airflow is bled from the shroud surface of an axial compressor
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rotor with a 30° bleeding angle of the flow direction to improve the stall range as 
compared to the smooth casing by reducing the accumulation of endwall blockage. 
A passive control method of endwall blockage was investigated by Hathaway [2], 
and the best bleeding positions were between the start of tip leakage flow (40% of 
rotor chord length) and further blockage aft of leakage (80% of rotor chord length). 
The effects of axisymmetric bleed slot position on rotor and stator shroud surface in 
a single-stage subsonic axial compressor were presented by Wellborn and Michael 
[3], in which the rotor tip bleed position was most effective near the leading and 
trailing edges. A bleeding air system on a shroud surface downstream of a rotor in a 
multistage axial compressor of a gas turbine engine was investigated by Ress et al. 
[4]. The bleedin]g air system with a 3% bleed rate reduced the separated region near 
the suction surface of the rotor to increase by 1% in efficiency and 5% in stall margin. 
Dinh et al. [5, 6] presented the effects and optimization of rotor bleeding airflow on 
aerodynamic performances of a single-stage transonic axial compressor. 

In this work, multi-bleed airflow from the rotor shroud surface through 36 bleed 
air channels and its geometrical design were performed to determine the effect of 
bleeding airflow on the aerodynamic performance and stability. 

2 Numerical Analysis 

2.1 Description of Geometry 

To investigate the influences of multi-bleed casing treatments on the aerodynamic 
performance of the high-speed axial compressor, the transonic axial compressor, 
NASA Stage 37, was used in this study. The design values of the overall parameters 
and detailed specifications for NASA Stage 37 were performed by Reid and Moore 
[7]. 

Figure 1 illustrates the designs and position of multi-bleed casing treatment in 
NASA Stage 37. Three different types of bleeding channels along the shroud surface 
of the rotor domain are presented as “Single-Bleed”, “Double-Bleed”, and “Triple-
Bleed”, as shown in Fig. 1c.

2.2 Numerical Method 

For the aerodynamic analysis, ANSYS CFX 19.1® [8] was employed to solve the 
three-dimensional (3D) RANS equations. As illustrated in Fig. 2, the grid systems 
contain three regions: rotor, stator, and Multi-Bleed. For steady-state simulation, the 
boundary condition of the stator outlet was defined as an average static pressure. At 
the rotor inlet boundary, the turbulence intensity and static frame total temperature 
were set at 5% and 288.15 K, respectively. No-slip wall, smooth wall, and adiabatic
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Fig. 1 Geometry of NASA stage 37 with the multi-bleed: a 3D view, b meridional view, c different 
types of bleeding channels

were applied to the wall surfaces. For the analysis of the stability and performance 
of the transonic axial compressor: total pressure ratio (PR), adiabatic efficiency (η), 
stall margin (SM), and stable range extension (SRE) [5, 6] were used to evaluate. 

Fig. 2 Computational domain and mesh structure
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Table 1 Grid dependency 
test of NASA Stage 37 Mesh 1 Mesh 2 Mesh 3 

Grid number (×106) 0.34 0.59 0.91 

SM 9.30 9.95 9.99 

Deviation of SM (%) 6.99 0.40 – 

ṁchoke 20.96 20.98 20.99 

Deviation of ṁchoke (%) 0.10 0.05 – 

PRdc 2.064 2.076 2.077 

Deviation PRdc (%) 0.54 0.07 – 

ηdc 81.34 82.35 82.50 

Deviation of ηdc  (%) 1.24 0.18 – 

3 Results and Discussion 

3.1 Grid Dependency Test and Validation 

A grid dependency result of NASA Stage 37 (smooth casing case) is shown in Table 
1. The results indicated that the deviation of mass flow rate at chocking condition, 
total pressure ratio, and adiabatic efficiency at design condition are less than 0.2% 
when the mesh density reaches 0.59–0.91 million nodes. To reduce the computation 
time as well as increase the accuracy of the results, mesh 2 with 0.59 million nodes 
was selected for validation and further calculations. In Fig. 3, the numerical model 
of NASA Stage 37 was validated by comparing with the experiment data [10]. The 
numerical results presented a good agreement with the experiment data of total 
pressure ratio and adiabatic efficiency.

3.2 Effect of Multi-Bleed Casing Treatments on Tip 
Clearance Flow 

Figure 4a demonstrates the effects of the Single-Bleed (SB), Double-Bleed (DB), and 
Triple-Bleed (TB) on the aerodynamic performance of NASA Stage 37, in compar-
ison with the SC case. The results showed that the stall inception was delayed by 
the operating range enhancement from 0.9385 to 0.9298. In addition, the adiabatic 
efficiency increased marginally, and the total pressure ratio was slightly reduced. 
Figure 4b clarifies the operation range extension by comparing the stability and 
performance of the compressor among four cases: SC, SB, DB, and TB. Addition-
ally, Fig. 4c indicates the gain in adiabatic efficiency are marginal, while the reduc-
tion of total pressure ratio is unremarkable in SB, DB, and TB cases. Consequently, 
the Multi-Bleed in the DB and TB cases improved the stability and aerodynamic 
performance of the compressor more than the SB.
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Fig. 3 Numerical validation of NASA Stage 37

Fig. 4 Influence of multi-bleed casing treatment types on aerodynamic performance in NASA 
Stage 37: a performance curves, b SM and SRE, c PR and η
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Fig. 5 Streamlines near rotor suction surface at near-stall condition: a SC, b SB, c DB, d TB 

Figure 5 illustrates the streamlines near the suction surface of the rotor at the 
near-stall condition for the four cases: SC, SB, DB, and TB. As shown in Fig. 5a, 
the separation line near the mid-chord is pushed backward by the recirculation flow, 
which appears in the DB and TB cases as shown in Fig. 5c and d, respectively. More-
over, the length of the separation and reattachment line was reduced significantly 
by 85% and 72% with the DB case, respectively, 88% and 75% with the TB case, 
respectively, compared with 85% in the SC case. In contrast, the length of the sepa-
ration and reattachment line reduced slightly (98% and 80%, respectively) compared 
with the SC case. 

Figure 6 shows the relative Mach number contours at 95% span at the near-
stall condition for four cases. The low-speed zones are indicated by regions with a 
Mach number value under 0.6. The low Mach number regions near mid-pitch and 
around both the pressure side and suction side of the downstream of the blade reduce 
considerably with applying the SB, DB and TB (Fig. 6b, c, d) compared to SC 
(Fig. 6a). In addition, the separation after mid-chord occurs on the suction side of 
the rotor in the SC and SB cases, while the separation is reduced remarkably in the 
DB and TB cases.
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Fig. 6 Relative Mach number on 95% blade span at near-stall condition in NASA Stage 37: a SC, 
b SB, c DB, d TB 

4 Conclusion 

Aiming to increase the stability of a transonic axial compressor, NASA Stage 37, 
multi-bleed casing treatments, was numerically investigated using 3D RANS anal-
ysis. It was confirmed that the DB and TB cases increased the SM, SRE and efficiency, 
but slightly decreased the total pressure ratio compared to those of the SC. When 
compared to SC, the increasement of SM was 2.37% and 2.04%, respectively, and 
the rise of SRE 14.15% and 4.74%, respectively. With the multi-bleeding channels, 
the low momentum air would still be reduced significantly from the tip clearance 
region. Thus, the performance of the compressor was enhanced greatly. Based on 
this study’s results, the geometry of multi-Bleed will be optimized using the multi-
objective optimization technique to maximize aerodynamic performances of NASA 
Stage 37. 
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Developing and Improving the Finished 
Product Warehouse in the Footwear 
Manufacturing Company Using Logic 
Simulation 
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and Ngoc Minh Nguyen 

Abstract Warehouse management helps businesses easily capture timely infor-
mation about goods, supplies, raw materials, and products. Accordingly, business 
managers can make right plans and decisions, reduce costs, increase competitive-
ness, and improve production and business results. Warehouse management is one 
of the indispensable steps in the production and business process. Effective ware-
house management helps businesses capture information about products, materials, 
suppliers, and items simply and quickly. For Vietnamese, small and medium-sized 
private enterprises, whose issue is even more necessary and should be paid attention 
to in the current context. This article will study the finished product warehouse of 
the footwear factory, thereby giving the most objective assessment. The Flexsim tool 
was used to simulate and analyze the current status of the finished goods warehouse. 
The results was used to evaluate problems in warehouse management and clarify the 
operation of this department. Then, come up with solutions to the issues that cause 
difficulties and greatly affect warehouse operations. 
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1 Introduction 

Inventory is one of the most important components of Profit and Loss (trading) 
account as well as the current asset of Balance Sheet [1, 2]. High inventory causes 
many disadvantages for businesses such as stagnant capital, maintenance costs, … 
Solutions to improve the quality of warehouse management are always focused on 
research and implementation. Production and business efficiency is always the top 
goal, determining the success or failure of enterprises. Although some corporations 
have used the bookkeeping methodology, this method is inefficient since the records 
of such warehouses are paper-based in nature, and these papers are highly significant 
because they include crucial data of many types of items that reside in the ware-
house [3]. Therefore, the tools in the warehouse become obsolete, cannot support 
employees, reduce quality, and do not improve productivity. On the other hand, 
manufacturers’ warehouses frequently encounter problems such as challenges with 
tracking inventory and consulting as they move to a warehouse or distribution center, 
identifying problems through information about each type of item in stock, from 
location, quantity, expiration date…. A warehouse management system is a part of 
a supply chain that is intended to keep the movement and storage of materials under 
control within the warehouse and to process associated transactions, including ship-
ping, receiving, delivery and pick up [4]. In factory and warehouse planning a wide 
range of decisions must be made [5]. Improving the efficiency of inventory manage-
ment really brings many good effects to reducing costs and improving profits for 
production and business activities. Focus of warehousing logistics optimization is 
the storage location assignment, optimization and material distribution two seem-
ingly unlikely related problems integrate together and optimizes them at the same 
time [6]. 

Industry 4.0 technologies allow warehouse facilities to adapt to changes in their 
processes [7]. In the last decades, there has been an increasing amount of published 
research in the field of the Automatic Simulation Model Generation [8]. Automation 
and robotics are today ways to reduce costs is to collect multiple orders simulta-
neously, as well as avoid unnecessary travel of operators [9]. The introduction of 
sophisticated automation, robotics and advanced software systems into warehouse 
operations can potentially influence logistics operations comparable to the introduc-
tion of the wheel millennia ago. Simulation modeling provides users with the ability 
to test operational schemes and their parameters as well as the impact of alternatives 
without testing in a real environment because it is too expensive or impossible to carry 
out [10]. Simulation modeling is one of the most effective approaches to functional 
analysis of LWs [11]. Modelers can quickly change the model in a variety of ways 
thanks to FlexSim. The smart supply chain presents unprecedented opportunities to 
reduce cost and improve efficiency [12]. 

Users may easily change model inputs and parameters for staffing, order release, 
capacity, picking speeds, and other criteria while conducting warehouse simulations 
…. The simulation technique can show the specific state and find bottlenecks and 
idle resources of the system, giving a detailed description of the process and actual



Developing and Improving the Finished Product Warehouse … 119

information of the simulated system. By using the FlexSim tool, the authors devel-
oped a warehouse management system for a shoe manufacturing company to find 
out the causes of bottlenecks. In a shoe company’s warehouse system, a management 
system was designed and guaranteed to allow users to track inventory and product 
supplies more efficiently as they move through the warehouse or distribution center. 

2 Method  

2.1 Build a Current Model 

After studying in-depth about the finished goods warehouse of the Binh Tien 
consumer goods manufacturing company (Biti’s) with the purpose of simulating 
and improving the efficiency of this warehouse, the authors collected, and analyzed 
standard information, and came up with solutions for the most appropriate warehouse 
design. 

Using FlexSim software, the authors simulated the warehouse according to areas. 
From the left to the right, the warehouse has four spaces: an area used to receive 
goods into the warehouse; an area used to receive goods onto the 2nd floor; a storage 
area by type; a delivery area from the 2nd floor and a remaining area used to deliver 
goods from the warehouse. 

With the Operator object, we implemented scheduling for workers in loading and 
unloading positions. In the current model, 10 employees will be employed in the 
warehouse. In the FlexSim simulation, employees in the model will affect several 
parameters such as: Staytime, employees’ working time distribution, and placement 
of employees. 

The Source object and Sink object installed the location of delivery and receiving 
gates as shown in Figs. 1 and 2. Then, Queue object was set up for storage items.

To complete simulation as well as create movement and distribution of goods for 
moving and stationary tools, we must perform A—connects and S—connects links. 
(Fig. 3) is the image of the warehouse after being simulated with full links.

2.2 Setting Parameters for the Current Finished Product 
Warehouse Simulation 

Using the Maximum Content option, we set the maximum quantity of stock at storage 
locations to 1000. The boxes will be transported by the staff, and this will be set up 
in the Flow and the Use Transport section. With a warehouse length of 34 m, we can 
calculate the speed of the person who can pick up 5 boxes each time working in the 
warehouse is 0.3 m/s.
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Fig. 1 Location of receiving 

Fig. 2 Location of delivering

With the TimeTable object, the time for AGVs and Operators was set up, and the 
highlighted periods in red will be the periods when the employee is inactive. 

2.3 Improvemens 

Implement the Automated Guided Vehicles (AGVs) system 

AGVs were used to replace 5 people working with the same workload in a day and 
the load in the AGV system can reach 100 kg.
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Fig. 3 Overall layout

Before improvement: Employees have worked for 8 h a day. With 10 people, the 
corresponding workload is 80 h per day, showing that the company’s progress in 
paying people to work is very large. 

After improvement: 

• Reduce the cost of daily wages for employees. 
• Allocate time better and reduce pressure on employees. 
• Support the coordination of human resources in the company’s warehouses. 
• Reduce the risk in the process of work for both employees and businesses. 
• Ensure accuracy and easy integration with the production management system. 

Besides, Straight Path and Control Point were established for the travel route and 
pick-up location for the AGV (Fig. 4).

Improving 2nd floor delivery location 

The actual survey shows that the location of the 2nd floor slide to bring the goods 
to the 1st floor takes a lot of time and the distance to move the goods is up to 6 m 
(Fig. 5). To solve this problem, re-positioning the slide towards the delivery gate will 
facilitate transportation, in addition, it will optimize the transport distance from 6 to 
1 m (Fig.  6).
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Fig. 4 Setting up a route for the AGVs

Fig. 5 Current slide
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Fig. 6 Innovative slide 

The Dispatcher object was also used to control the location of operators and AGVs. 
One Dispatcher for staff and AGVs on the 1st floor and another one for controlling 
the delivery staff on the 2nd floor. 

3 Results and Dicussions 

The average travel time of employees in the finished goods warehouse is currently 
330.68(s), 5 times higher than after the improvement. This is the reason for installing 
the automatic transportation system AGV to support workers, helping to optimize 
the time and distance of employees to travel and deliver goods (Fig. 7).

Figure 8 shows that the delivery time allocation of employees in the improved 
warehouse decreased by 9% compared to the original warehouse. With the same 
workload of the day, warehouse workers have reduced work pressure from 54 to 
45%. This allows employees to do other tasks in the warehouse, aiding in allocating 
resources within the company’s warehouse, and getting the day’s work done more 
efficiently.

Figure 9 shows one of the improvements that can help reduce work pressure and 
optimize workflow. With the current 531 finished products, shipping takes about 
120 min and there are 6 employees working in this position. On the other hand, by 
optimizing the initial shipping distance from 6 to 1 m and shortening the delivery
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Fig. 7 Staytime—average travel time in finished goods warehouse

Fig. 8 Distribution of working time of staff and machines in the warehouse

time, the upgraded-finished goods warehouse in this area takes only 100 min to 
transport and the number of employees is reduced to 2 people. 

Fig. 9 Flow of the quantity of goods out of floor 2
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4 Conclusion 

The simulation results show an overview of the improvement between the existing 
finished goods warehouse and the improved finished product warehouse. Staytime 
before improvement averaged 330.68(s) and after improvement dropped to a mean 
of 35.05(s). The distribution of working time for an export process for one working 
day with the same export volume, a pre-improvement warehouse is 54% and post-
improvement is 45%. The AGV system with a load of up to 100 kg was installed 
with the price only 300 million, reduced the cost of one year for 5 employees is 450 
million (excluding salary and bonus). This decision saved the company 150 million 
Vietnamese dong per year. In the future, the authors will continue to establish a 
standard fixed import and export process for all warehouses in the company to serve 
a warehouse management process of shoes manufacturing companies for sustainable 
purposes. Developing and improving the entire warehouse in the company will bring 
back the most complete and superior system. 
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Application of Magnetorheological 
Elastomer (MRE) for Smart Vibration 
Systems 
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Abstract Magnetorheological elastomers are intelligent materials in which many 
scientists have recently been interested in innovative vibration systems. MRE is made 
by embedding micro-sized iron particles into an elastomer such as natural rubber. 
MRE has overcome the disadvantages of magnetorheological fluids (MRF), such as 
deposition problems, leak problems, and response only under velocity. MRE-based 
devices have many outstanding advantages in intelligent vibration systems, such 
as MRE-based isolators, absorbers, and MRE sensors. Mechanical properties, espe-
cially the modulus, change remarkably when a magnetic field is applied. MRE-based 
devices combine with a semi-active controller so that the system can avoid resonance, 
isolate excitation vibrations, or absorb existing vibrations. These systems can be 
remarkably effective in car suspension, construction sites, and mechanical systems. 
This paper aims to provide a comprehensive overview of MRE application aspects, 
including fabrication methods, properties of MREs, modeling, and applications of 
MREs in vibration systems. 
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1 Introduction 

Magnetorheological (MR) materials have become important intelligent materials in 
industrial potential [1]. MR materials can adjust dynamic modulus and viscosity 
under an external magnetic field. MR materials include MR—Foam (MR foam), 
MR—Gel (MRG), MR—Fluid (MRF), and MR—Elastomer (MRE). MRE is an 
intelligent material consisting of micrometer-sized magnetic particles dispersed in a 
polymer elastomer. Among them, natural rubber has excellent mechanical properties 
and other comprehensive properties that are the ideal base material for the preparation 
of MRE. MRE has many advantages, such as fast response, good reversibility, and 
controllability. Therefore, the application of MRE in suspension systems and inte-
grated semi-active controllers has great research value and potential for application 
in engineering. 

The MRE’s viscoelastic properties significantly depend on the magnetic field 
strength [2]. Therefore, modeling the MRE characteristics is a major challenge, 
especially in the design of semi-active controllers. Many researchers have proposed 
different models such as The Kelvin-Voigt, the Dahl, the LuGre friction, the Bouc-
Wen, smooth Coulomb friction models [3–5]. 

The semi-active suspension system can adjust the stiffness and operating mecha-
nism of the system. A system using an MRE-based device needs to integrate a semi-
active controller. There are many control methods [6–10], such as optimized control 
methods, self-adaptive control methods, fuzzy logic control methods, sky-hook, PID, 
Fuzzy, Clip-optimal, Bang-bang, Lyapunov, adaptive algorithms, and neural network 
control methods. This study presents problems related to magnetorheological elas-
tomers, including fabrication methods, MRE properties, modeling, and applications. 
A single degree of freedom system was simulated to evaluate the effectiveness of the 
material. 

2 MRE Material Overview: Fabrication, Properties, 
and Modeling 

2.1 Fabrication of MRE Materials 

The fabrication of MRE is almost the same as that of the curing of rubber. The material 
composition includes silicon rubber, silicon oil, and iron particles (10 µm) with a 
ratio of 60%:2%:38%, respectively. The material was mixed into a homogeneous 
mixture using a centrifugal mixer for 10 min. After mixing, the mixture is placed in 
a low-pressure chamber to remove air bubbles inside the material for about 20 min. 
Then the mixture is then poured into a plastic mold and cured at room temperature 
for 24 h. The mixture is placed in a magnetic field of strength 0.5 T to form an 
anisotropic material during curing. MRE samples has been fabricated (Fig. 1).
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Fig. 1 The MRE fabrication process 

2.2 Experiment Set up 

In this study, the MRE property measurement system is used to test the dynamics 
properties of the MRE, as shown in Fig. 2. The system consists of a fixed iron core 
mounted with a force sensor. The movable core with the integrated coil is attached 
to the vibrating table to perform harmonic oscillation. The coil with a diameter 
of 1 mm is wound 650 turns to create an electromagnet in the movable iron core. 
The movable core is attached to the vibration table, while the stationary core is 
connected to a force sensor to measure the strain response force of the material 
(Piezoelectronic PCB, Model: 208C02). Two samples of MRE material are placed 
between two electromagnet cores. Direct current (DC) power supplies current to the 
coil to change the strength of the magnetic field passing through the material. A laser 
sensor for measuring table displacement (laser displacement sensor KEYENCE LB-
02). The force and displacement sensors are connected to the oscilloscope to measure 
the force–displacement responses. A servo motor drives an eccentric wheel. In this 
study, we used two eccentric wheels with deviations of 0.4 and 0.8 mm, respectively. 
Eccentricity is the amplitude of the vibration. The table is heavy enough to ensure 
that the table is always in contact with the eccentric wheel. The servo motor’s speed 
is also the table’s vibration frequency and can be adjusted. To further investigate 
the influence of the magnetic field on the mobility characteristics of the MRE, in 
this study, the frequency excitation is performed from 1 to 30 Hz, and the magnetic 
field from 0 to 350 mT corresponds to the voltage current. Use from 0 to 5 A. The 
oscillation amplitude is 0.4 to 0.8 mm, corresponding to the shear strain of 4 to 14%.

2.3 Numerical Model and Properties of MRE 

It is necessary to develop a numerical model to represent the dynamic characteristics 
of the MRE to design systems using the MRE. Many researchers in recent years 
have exploited numerical models for MRE materials. In this study, the Bouc-wen 
model is used to represent the behaviors of MREs as shown in Fig. 2. The model 
consists of two parts: the linear stiffness associated with damping that represents the 
viscoelastic properties and the Bouc-Wen component that describes the hysteresis 
behavior of the material. The response force of the model is expressed as,
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Fig. 2 Experiment set up to measure the properties of the MRE in the shear state: a schematic 
b photo of devices

FMRE = αk0x + c0 ẋ + (1 − α)k0h, (1) 

ḣ = A ẋ − β|ẋ ||h|n − 1 z − γ ẋ |h|n , (2) 

where the linear stiffness force and a purely hysteretic force are αk0x and 
(1 − α)k0h, respectively. The coefficient, α ∈ (0, 1), represents the linearity level 
of the loop. The parameters A, n, β, and γ represent the shape and size of the hysteresis 
loop as shown in the Eq. (2). Where A is related to the amplitude of the hysteresis 
loop, β and γ represent the shape of the delay, and n is the nonlinear order of the 
hysteresis. 

The variables model are approximated under input current as follow, 

k0 = k0a + k0b I, c0 = c0a + c0b I, 
α = αa + ab I, A = Aa + Ab I, 
β = βa + βb I, and γ = γa + γb I. 

. 
The least squares method is used to determine the parameters of the model. A 

data set is used to update the parameter so that the least mean square error is within 
the allowed range. This method is easy to use and highly effective in determining 
the parameters of nonlinear models. The parameter values of the model are listed in 
Table 1 (Fig. 3). 

Comparison of force–displacement response between model and experimental 
results under different levels of applied current with excitation amplitude x0 = 
0.75 mm: (a) f = 1 Hz, (b) 15 Hz, as shown in Fig. 4. When performed at a low

Table 1 Parameter values of MRE-based obsorber using Bouc–Wen model 

k0a c0a αa Aa βa γa k0b c0b ab Aa βa γa 

25 0.06 0.6 2 3.8 -1 12 0.01 0.05 0.2 0.2 0.3
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Fig. 3 Bouc-Wen model

frequency (1 Hz), the viscosity of the material is negligible; we see that the ampli-
tude of the force response increases significantly with increasing current. However, 
the loop width increases significantly with increasing current. This demonstrates 
that the magnetic field affects the hysteresis properties of the material. When the 
amplitude of oscillation changes, the angle of inclination of the loop also changes. 
As the oscillation frequency increases to 15 Hz, the loop becomes more elliptical 
due to the influence of viscous. Figure 5 shows the change in the stiffness under the 
applied current (magnetic field) levels. In this experiment, the stiffness is defined as 
k = F0 

/ 
x0, where k is the stiffness, F0 is the amplitude force of the shear force, and 

x0 is the amplitude displacement of the shear strain. The stiffness increases signif-
icantly when the material is placed in the magnetic field. From the figures, we see 
that the model represents the properties of the MRE well. This model can be used 
for the design of vibration systems. 

Fig. 4 Comparison between model and experimental
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Fig. 5 Stiffness response of 
MRE 

3 Application of Magnetorheological Elastomer (MRE) 
in Vibration Systems 

The one-degree-of-freedom oscillation system is investigated, as shown in Fig. 6, 
to analyze the damping effect using MRE. The MRE is the system’s elastomer, 
where the stiffness is adjustable. Assuming the system uses the material sample as 
investigated above, the minimum stiffness (no current applied) is k1 = 13 N 

/ 
mm„ 

the maximum stiffness (4 A) is = 30 N/mm, mass m = 1.5 kg, and the damping 
coefficient c = 1Ns  

/ 
mm. The dynamic equation of the system is described in the 

time domain as, 

m ÿ + c ẏ + ky  = cż + kz. (3) 

Equation (3), m is the mass, z the displacement of the ground base, c the MRE 
damping coefficient, y the displacement of mass, k is the variable stiffness parameter 
of the MRE, k stiffness value is adjustable from k1 to k2. 

Use the Laplace transform for Eq. (3) and the ratio of the output to the input is 
determined 

L(s) = 
Y (s) 
Z (s) 

= 
c 
k s + 1 

m 
k s

2 + c 
k s + 1 

, (4) 

where Z (s) is the Laplace transform function of z(t), and Y (s) the transform of y(t).

Fig. 6 1DOF vibration 
system using MRE 
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Fig. 7 The transmissibility 
of mass response in 
frequency domain 

By replacing s with j ω in function L(s), displacement transmissibility TR(ω) of 
the system L( j ω) is further defined in frequency domain as 

TR(ω) = |L( j ω)| =
[||| 1 + (ωη)2 

( 
1 − ω 

/ 
ω0 

)2 + η2 
(5) 

where ω0 =
/
k 
/ 
m is the tunable natural frequency of the system 

The switching control algorithm was used to optimize the response in the 
frequency domain, 

k = 
( 
k = k1(kmin, I = 0 A), if ω ≤ ωc 

k = k2(kmax, I = 4 A), if ω >  ωc 
, (6) 

where ω is the base excitation frequency, I is the applied current to the coil, ωc is 
the switching frequency value that is the characteristic frequency of the system and 
determined as shown in Fig. 7. 

The response of the system is shown in Fig. 7. The figure shows that the system’s 
natural frequency can be adjusted from 8 to 22 rad/s. The transmissibility of the 
system is greatly reduced when using the on–off algorithm. From the investigation 
of the 1-DOF system using MRE, it is found that the system is efficient and avoids 
resonance for the vibration system. 

4 Conclusion 

This study introduces magnetorheological elastomer (MRE) in the field of vibration, 
including fabrication methods, mechanical properties, models, and applications. The 
MRE properties are non-linear functions of the magnetic field density, displacement 
amplitude, and excitation frequency. A dynamic elastic model of an isolator based
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on the MRE has been presented. Models are also introduced to represent the MRE 
properties, in which the Bouc-Wen model has described the MRE’s dynamic prop-
erties well. Vibration systems using the MRE were also introduced. One-degree-of-
freedom vibration system has been investigated; the results show that the response 
is significantly reduced when the system is combined with a control algorithm. 
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Study on Predict Spring-Back 
in V-Bending of SS400 Steel Plate 
and Select Bending Parameters by Finite 
Element Method 

Vuong Gia Hai, Hoang Van Quy, Nguyen Thi Hong Minh, 
and Nguyen Duc Toan 

Abstract In this study, SS400 steel plate was used to bend the V-shaped parts with 
different corner radii and bending angles. Based on the desired angle value, punch 
radius and bend angle (punch stroke) must be selected to get the correct shape. The 
combined kinematic/isotropic hardening law was used and shown more accurately 
than other laws. When comparing with corresponding experiment data was used to 
predict spring back in V-bending. To decide the punch radius and bend angle (punch 
stroke) for the desired shape, some values of the punch radius and bend angle (punch 
stroke) of the V-bending process were first changed to simulate and investigate the 
corner radius and forming angle of the part after spring-back. A Minitab 17 software 
tool was used to determine corner radius and forming angle after elastic deformation 
as functions of punch radius and bend angle. Thereby as a basis for the correct 
selection of punch radius and bending angle when bending to achieve the value of 
corner radius and bending angle in later experiments. 

Keywords SS400 steel plate · FEM · Spring-back · V-bending 

1 Introduction 

Nowadays, the steel sheet has been widely used in the processing of to make products 
in many different fields such as: shipbuilding, automobile, aviation, space, … Among 
of the products made from steel sheet, the parts machined by bending technology 
account for a large of proportion. In the process of forming sheet metal by bending
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technology, the spring-back after forming deformation is a factor that greatly affects 
the accuracy of the product. The spring-back after deformation to shape the parts 
processed by bending method is often greatly influenced by technological parame-
ters such as: punch radius, bending angle, material, part thickness, punching speed, 
heating temperature when bending, … The determining a suitable set of technolog-
ical parameters is essential, it can help manufacturers save maximum production 
costs while still bringing high economic efficiency. Among the technological param-
eters affecting the spring-back after forming deformation, the bending angle and the 
punch radius are also parameters that have a great influence, many studies [1–4] have  
shown that that the bending angle and radius of the punch change, the spring-back 
after forming deformation is greatly affected. These studies also used simulation and 
experimental methods to evaluate the influence of temperature on the spring-back 
after forming deformation. 

In this study, in order to more accurately predict the spring-back after V-bending, 
tensile test pieces are first cut from the metal sheet parallel to the rolling direction 
and a single tensile test is carried out a axis. The Voce’s model has been proposed 
for SS400 sheet metal, which is a hot rolled steel material used in the automotive 
and shipbuilding industry. The tensile test pieces are first cut from sheet metal in a 
direction parallel to the rolling direction and uniaxial tensile tests are carried out. To 
describe the test data through the material continuity equations, the stress–strain curve 
is hardened according to Voce’s law [5]. The material constants of the yield function 
are then determined through the Excel calculation tool based on the experimental 
data and the least squares fit method. The ABAQUS finite element analysis software 
had use to describes the SS400 sheet metal tensile/compression process, making 
predictions of stress–strain curves based on the object hardening model that has a 
good fit compared to that of the steel plate with experimental data. The ABAQUS 
finite element analysis software is also used to simulate the bending of V-shaped 
details with the change of two technological parameters as punch radius and bending 
angles to determine elastic deformation angle and the radius of the part after the 
bending process. From the results of finite element analysis, the relationship equation 
between elastic angle, detail radius with bending angle and radius of bending punch 
can be built. This result is the basis for making the selection of punch radius and 
bending angle when you want to perform detailed radius bending. 

2 Material Hardening Model 

In this study, we use Voce’s hardening law [5] to express the relationship between 
stress and strain as Eq. (1). 

σ = σy + A(1 − exp(−Bε pl eq ) (1)
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Table 1 Chemical composition of SS400 steel sheet 

C Si Mn P S Cr 

0.19–0.21 0.05–0.17 0.4–0.6 0.04 0.05 ≤ 0.3 

where A and B are the plastic coefficients σ , ε pl eq , and σy are the equivalent stress, 
equivalent strain, and tension yield stress, respectively. 

2.1 Materials and Experimental Setup 

2.1.1 Materials 

The material used in this study is SS400 steel sheet, according to JISG 3101 [6] with 
a chemical composition as Table 1. 

The tensile test pieces are cut on a wire cutting CNC machine, the tensile speci-
mens were cut from the sheet in parallel to the rolling direction with 6 mm thickness 
in order to carry out uni-axial tensile tests. After that, the tensile specimens are 
honed smoothly with a armor paper. The shapes and dimensions of the specimens 
were prepared in accordance with TCVN 197-85 (197-2000) [7], as show in Fig. 1.

The experiment tensile tests pieces are carried out on the Hung Ta H-200 kN 
compressor as shown in Fig. 2.

The experimental results of tensile tests are shown in Fig. 3.
The material attribute parameters used to finite element analysis determined by 

tensile test data are presented in Table 2.

2.1.2 Experimental Setup 

The experimental tensile/compression test was also performed using the Hung Ta 
H-200 kN tensile/compression machine Fig. 3. The tensile/compression results were 
automatically obtained through the machine’s control software. 

2.2 Determination of the Material Parameters 

When Voce’s hardening law is used to simulate predictive stress–strain curves in 
uniaxial tensile/compression then it is only necessary to specify the parameters σY, 
A and B in Eq. (1) as the input data for the simulation. By using Eq. (1) in combination 
with the experimental data in Fig. 3 and using advantage of the least squares method 
of Excel software tool, the corresponding values of σY, A, and B can be determined, 
respectively are 348 (MPa), 188.86 (MPa) and 28.3293.
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Fig. 1 Tensile test coupon 
and dimensions. 
a Dimensions and b wire 
cutting CNC machine c test 
coupons
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Fig. 2 Tensile and bending test machine
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Fig. 3 Comparison of 
Voce’s laws with 
experimental data

Table 2 Material attribute 
parameters for numerical 
simulation 

Parameters Levels 

Bending speed (mm/s) 1 

Thickness sheet (mm) 6 

Poisson’s ratio 0.3 

Young’s modulus (MPa) 213,000

3 Simulation for V-Bending with Variable Punch Radius 
and Bending Angle by Abaqus Analysis Software 

In this study, to Spring-back prediction when bending SS400 plate using Voce’s 
model, the data collected from the test results and the calculation are using 
Abaqus/Explicit and then imported the deformed results into Abaqus/Standard, 3D 
Experience® 2016 HF2 (2016 HF2, Dassault Systemes Simulia Corp., Providence, 
RI, USA, 2016). This software can provide elastic–plastic and rigid-plastic simula-
tions of metal forming for a case of large deformation, significantly reducing the cost 
and time involved in tool and die design. 

3.1 Finite Element Model and Simulation Method 
of V-Bending 

The V-bending models are depicted in Fig. 4. Specifically, reduced-integration eight-
node linear brick elements (C3D8R) are utilized for the blank. The die/tool and 
clamping parts are assigned as the rigid body. The size of the element for all parts 
corresponds to approximately 6 × 55 × 160 mm (Thickness × width × length). The
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Fig. 4 V-bending models 

boundary conditions in the model are as follows: a die part—ENCASTRE condition; 
a punch part: vertical movement; a sheet part: symmetrical boundary condition with 
respect to the center of the sheet. In order to determine spring-back angle and bending 
radius through simulation, the bending part deformation of V-shaped part is done by 
moving the punch down vertically ΔY (5 levels).  

3.2 Spring-Back Predictions When V-Bending 

To predict the spring-back of hardening laws, isotropic hardening law was used 
to simulate the V-bending process. 5 values of RPunch punch size include: 42 mm; 
44 mm; 46 mm; 48 mm; 50 mm and 5 values of bending angle α include: 1250; 1300; 
1350; 1400; 1450 is used for simulation. Figure 5 shows simulation procedures to 
predict spring-back after deformation. 

Here, forming process was first performed with Abaqus/Explicit (Fig. 5), after 
designing punches, dies and sheet in Abaqus/standard. Based on the law of hardening, 
the elasticity and residual stress state Von-mises are calculated and predictions are 
made according to the isotropic hardening law. The deformation shape, bending 
angle and detailed radius of the sheet cross-section are measured by scanning and 
importing the image into Autocad Fig. 6.

3.3 Die Radius and Bending Angle Selections 

To Spring-back prediction after bending the V-shaped part, this study uses FE simu-
lation results to verify the effect of changing parameters such as: punch radius and 
bending angle, effect on the part radius (RSP) and bending angle (θSP) of the product 
after spring-back. Table 3 lists the level selected for the two parameters defined in 
Fig. 5. When simulating FE using a five-level factor with two parameters, the full



Study on Predict Spring-Back in V-Bending of SS400 Steel Plate … 141

Fig. 5 Deformed shape in FE simulations for V-bending process with abaqus/explicit 

Fig. 6 Simulation result of V-bending

factorial design is 25 trials. Tables 4 and 5 show the FEM simulation results of 
the detail radius and bending angle of the plate after elastic deformation based on 
different levels of the punch radius parameter and the corresponding bending angle. 

Table 3 Factors and their levels in FE simulations 

Level 

Facrors 1 2 3 4 5 

RPunch (mm) 42 44 46 48 50 

αbending (degree) 125 130 135 140 145
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Table 4 Detail radius Rsp (mm) after spring-back based on punch radius and bending-angle 

Bending angle αbending (degree) Punch radius RPunch (mm) 

42 44 46 48 50 

125 43.13 42.58 43.13 43.76 45.29 

130 45.96 43.87 45.68 43.65 45.1 

135 48.8 48.92 49.67 48.88 48.76 

140 54.77 55.42 51.6 50.75 54.83 

145 61.49 57.91 57.72 62.45 60.88 

Table 5 Bending angle θsp (degree) after spring-back based on punch radius and bending-angle 

Bending angle θbending (degree) Punch radius RPunch (mm) 

42 44 46 48 50 

125 127.49 126.34 123.54 121.45 119.87 

130 132.94 131.88 131.44 130.16 128.23 

135 138.72 137.69 136.86 136.52 135.94 

140 143.26 143.32 142.38 141.88 141.33 

145 147.52 147.49 146.93 147.46 146.24 

To select the punch radius and bend angle for the desired shape, we first use the 
relationship between the output (part radius and part forming angle after spring-back) 
and the input data (radius of punch and bend angle) as shown in Tables 2 and 3. 

RSP = f(RPunch, αbending) (2) 

θqSP = f(RPunch, αbending) (3) 

Two polynomials of order 2 [Eqs. (2) and (3)] describe the relationship between 
part radius and detail angle after spring-back with punch radius and bending angle 
built using the Fitting tool Regression of Minitab 17 software is shown in Eqs. (4) 
and (5). 

RSP = 644 − 7.RPunch − 7.33.αbending − 0.007.RPunch.αbending 

+ 0.0865.(RPunch)
2 + 0.03142. 

( 
αbending 

)2 
(4) 

θSP = −79.2 − 4.86.RPunch + 3.853.αbending 

+ 0.04092.RPunch.αbending − 0.0122.(RPunch)
2 − 0.01693. 

( 
αbending 

)2 
(5) 

Table 5 shows the results in calculation for die radii (Rpunch) and bending angles 
(θbending) from Eqs. (4) and (5) for five validated cases of desired corner (R) radius
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Table 6 Die radii (RPunch) and bending angles (αbending) calculations based on desired shapes (RSP, 
θSP) and the simulation measurements of corner radius (Rsimulation) and bending angle (θsimulation) 

RPunch (mm) αbending (degree) RSP (mm) θSP (degree) Rsimulation (mm) θSimulation (degree) 

42 125 44,27 127,08 43,13 127,49 

44 125 43,40 125,49 42,58 126,34 

46 125 43,22 123,81 43,13 123,54 

48 125 43,73 122,02 43,76 121,45 

50 125 44,94 120,14 45,29 119,87 

and bending angle (θ). Those values are then used to simulate and verify spring-back 
predictions by measuring corner radius (Rsimulation) and wall angles (θsimulation) after  
spring-back as shown in Table 6. The simulation results were in good agreement 
with the selections of die radius and bending angle which were calculated by our 
proposed method. 

4 Conclusion 

In this study, to simulate and predict the amount of spring-back after V-bending 
with different radius and angles, an isotropic hardening model was used. In order to 
determine the parameters of the isotropic strength model, a uniaxial tensile test was 
performed, thereby serving as a basis to find the coefficients of the model and use as 
input data for the process. Simulating the V-bending process by ABAQUS software. 

The different punch radius and bend angle were changed to determine the bending 
part angles and radius after spring-back. The radius and detail angle after V-bending 
are then constructed as a polynomial of order 2 of the radius of the punch and the 
angle of the bend. The equations found can help determine the part radius and desired 
part angle by varying the radius of the punch and the bending angle. 
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Modeling Thrust and Torque 
of the Propeller on Ship Container 
Fortune Navigator 

Ngo D. Vuong, Do D. Luu, Lai H. Thien, Hoang Q. Dong, Do V. Doan, 
Pham X. Duong, Pham V. Ngoc, Bui M. Tuan, and Nguyen X. Tru 

Abstract This paper proposes a method and results of modeling the thrust force 
(F) and torque (M) generated by the propeller working behind the hull in water 
environment for the container vessel Fortune Navigator (CV. FN), that belongs to the 
Vietnam Ocean Shipping Joint Stock Company. The input data for modeling consists 
of periodic-changing signal pairs (F, M) that are obtained by authors from the hull– 
propeller numerical simulations for CV. FN using CFD method and commercial soft-
ware STAR/CMM+. The input database is obtained based on design of experiments 
(DoE) for CV. FN with: Draft varies from ballast to full load; the draught differ-
ence (Trim = TA − TF), considered as a disturbance (where: TA—draft of the aft, 
TF—draft of the forward) and the changing propeller speed. The propeller’s excited 
force/torque are transformed from the time domain to the frequency domain by the 
FFT method after re-sampling twice the input data. This implementation method 
ensures that the data is sampled in a constant time step, and the sample number 
of the extracted data vectors (T and M) is applied to the exact FFT-algorithm. The 
database obtained from processing F and M signals in the frequency domain is the 
input for regression modeling to determine force and moment components according 
to the impact factors. Research on signal processing and modeling the forces and 
moments are carried out on the LabView (NI, USA Company). 

Keywords Propeller’s thrust and moment · Resampling and FFT · Regression 
modeling
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1 Introduction 

The propeller torque and thrust when the propeller works behind the hull in the water 
environment are variable parameters and changes following the propeller working 
cycle. The mean torques of the engine and the propeller are used to evaluate the 
power of the main propulsion plant (MPP) at steady-state rotation. The average 
power, torque, and rotational speed are used to determine the operating (static) mode 
of the engine-propeller system. Similarly, the mean propeller’s thrust is equal the 
average hull resistance when the ship works in the water. This feature is combined 
with the ship’s speed set at the average propeller’s rotary revolution give an estimation 
of the hull and propeller powers, and working efficiencies. 

The periodic-variable components of the excited torque M (or Thrust, F) generated 
by the propeller affects the excited torsional vibrations (the axial vibrations) on the 
MPP. The excited torsional moment and axial force (ETM, EAF) of the propeller 
are expressed as harmonic functions, which is a multiple of the number of propeller 
blade zp. It is necessary to pay attention to the amplitudes orders 1, 2, and 3, or 
harmonic degree: k = zp, 2zp, and 3zp. 

The study of vibrations (torsional and axial) on the MPP needs to determine the 
exciting forces/moments with harmonics of 1st, 2nd, or 3rd orders of the propeller’s 
blade number (zp) because the propeller can lead to some resonance states. 

The American Bureau of Shipping (ABS) [1] provides the results of more 20 
real ship studies of the propeller’s torque and axial force. In the reference [1], there 
are not shown any specific boundary condition and research using method. In other 
aspects, the results show that the amplitudes of the torque harmonics AM (k = zp, 
2zp, and 3zp) are expressed through the mean torque M0 (same for the axial force 
F0). In [2], Yuriy Batrak also pointed out that there is not any information about the 
force/torque calculation used by the CFD method. That raises the study problem to 
determine ETM and EAF by CFD method in this paper. 

The commercial professional software STAR-CCM+, developed by SIEMENS, is 
adapted in the hull–propeller working investigations in water environment. In order to 
ensure accurate calculation results, the finite elements number of the calculated area 
surrounding the hull is selected according to detailed instructions of the company [7]. 
In addition, the hydrodynamic calculation method (CFD) is usually used as RANSE 
(Reynolds Averaged Navies-Stokes Equations) to ensure real-time results [3].



Modeling Thrust and Torque of the Propeller on Ship Container Fortune … 147

2 Materials and Methods 

2.1 Making Torque and Thrust Signals from Hull-Propeller 
Simulation by CFD 

Using CFD method and STAR-CCM+ software the two digital array signals in real-
time are obtained moment M(t) and force F(t). Under the received convergence data 
we choose some Nc cycles (about 3 ÷ 5) for noise processing later. In the last Nc 
cycles, often the time step is different dt(m) = k.dtmin, k  = 1, 2, we re-sample with 
step dt0 = dtmin = 1 (ms) as the smallest step [see Eq. (1)]. 

From Eq. (1), the outputs are two steady periodic signals M(t) and force F(t), with 
the same dt  = 1 ms. Proposing the propeller speed np (rpm), one revolution will be 
extracted N1c samples (calculated by Eq. (2), the integer part of the rounded number). 

M(m + i ) = M(m) + i.dM(m); dM(m) = k.dt0; i = 1...k 
dM(m) = M(m + 1) − M(m); 

F(m + i ) = F(m) + i.dF(m); dF(m) = k.dt0; i = 1...k 
dF(m) = F(m + 1) − F(m); (1) 

And, a chunk of data with Ns = Nc. N1c samples, where Nc is the number of cycles 
to be sampled Nc = 3, 4 or Nc = 5. 

N1c = [60/n p/0.001] = [60000/n p]; Ns = Nc.N1c (2) 

[.]—The integer part is rounded of the sample numbers. 
The transformation of the signal is done by the FFT algorithm, where the number 

of samples in NFFT = 2^k = 512, for example, k = 9, NFFT = 512. Resampling by 
“spline” approximation method, we can use the module included in LabView to build 
signal processing software (VI). The average propeller thrust and torque vectors for 
one cycle from Nc cycles were resampled (MRS) with resampling in the NRS = 512 
samples. The FFT transform, coded in LabView with the FFT(.) statement, is an 
example of a filtered signal of torque (XM). 

X M (k) = 
1 

Nc 

Nc∑

i=1 

MRS(i, k); k = 1...512 

X F (k) = 
1 

Nc 

Nc∑

i=1 

FRS(i, k); k = 1...512 (3) 

FFT(XM) => {M0, AM1, AM2, ...; ζ1, ζ2...}
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M(t) = M0 + 
Mp∑

k=1 

AMk sin(kωt + ζk) 

M(t) = AM1 sin(ωt + ζ1) + MZp sin(Z pωt + ζZp) 
+ AM2.Zp sin(2Z pωt + ζ2Zp) (4) 

where: ω, zp—angular velocity, number of blades of propeller; M0—average value 
of torque; AM, ζ—amplitude and phase of the harmonics. 

Formula (4) represents the signal according to all harmonics from 1 to Mp, but  
only focuses on two harmonics that have practice: k = 1, zp, 2zp. 

2.2 Building Signal Processing Module on LabView 

Simulating with CCM+, the input signal is large for one experiment (about 5000 
samples) and saved in *.csv format. Therefore, it is necessary to code in high-level 
code programming to read *.csv recorded data files. The authors create a subVI that 
reads *.csv, relatively in LabView. 

Resample for signal torque (M) of 1 cycle with N1c samples, to get a new array 
of the same cycle with 512 samples, we create two sequences of variables x1 and x2 
and follow the command: 

In MathScripts some statements are used for research: 

dx1 = 1/N1c; dx2 = 1/512; x1 = 1 : N1c; 
x1 = x1 ∗ dx1; x2 = 1 : 512; x2 = x2 ∗ dx2; 
M2 = interpolate1d

(
x1, M, x2,′ spline′); (5) 

The FFT for the resampled vector M2, obtain the amplitude (R) and phase (ph) 
values of the complex number harmonics (z) by the corresponding command: 

z = fft(M2, 512)/258; R = abs(z); ph = angle(z); (6) 

2.3 Simulation Plan for MV. FN 

MV.FN is a container ship of VOSCO as the studied object of the article. The basic 
parameters of the MV main propulsion system. The FN in the norminal regime 
when the ship is newly built, at the sea-trial tests, is significant in the torque/force 
simulation (shown in Tables 1 and 2 [8]).

Checking the reliability of the simulation model with real data of MV.FN at the 
sea-trial regimes shows the difference in power δP = [Pw(sea-trail) − Pw(CFD)]/
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Table 1 Informations about MV. FN and Sea-Trial tests 

ME Propeller Sea-trail tests 

Type B&W 8L35 MC 
HITACHI ZOSEN 

Propeller 
Blade number Zp 

1 
4 

Data: 27th of May 1998 
Place: off the coast of Yuge 
Island (Japan) 
Drafts(m)-Fore/Middle/Aft: 
3.537/4.444/5.349 
Sea condition: Slight. 
Weather: Blue-sky 

MCR Maximum cont. rate—210 
(RPM) 

Diameter, m 
Pitch (m) (0.7R) 

4.05 
2.5 

Output: 4657 kW at M.C.R Pitch ratio 7(0.7R) 0.61 

Table 2 Results of the FV. FN Sea-Trial and CFD simulation 

No. ME LI MV speed ME rev Torque Power (CFD) Power (sea-trial) δP 

% knot ω, rad−1 M, kN PWkW kW % 

1 50 13.33 17.51 124.7 2184 2491 12.38 

2 75 15.22 20.01 156.7 3137 3478 9.81 

3 90 16.02 21.29 179.8 3829 4196 8.75 

4 100 16.39 21.97 195.5 4295 4681 8.25

Pw(sea-trails) < 13% (Table 2) between the two methods are acceptable in practice. 
Since then, continue to use 3-D model using CFD for the design of experiments 
(DoE). 

From the actual operation data of the MPP of CV.FV, we consider the following: 
the ship usually operates with an engine rotation of about 173.5 (rpm), or: nt% = 
82.5 (M.C.R), load LI = 56.4% when loading (Load Cargo Index) LCI% = 100, 
corresponding to mean draft: Dm = 7.8 ÷ 8.8 (m). The mode of the train running 
without cargo, (ballast) at the average draft is about Dmb = 4.4 m. Therefore, the 
authors simulated in different loading regimes corresponding to draft from ballast to 
full mode, different trims (cause of noise), as shown in Table 3.

2.4 Mathematical Model of Fm(Draft) and Mm(Draft) 

The results of the average thrust Fm and average torque Mm generated by the propeller 
at each cargo-loading—Dm (Draft, m) need to be set. To get a suitable model, we draw 
the whole graph in the form of Y(Dm). And from there, we can select each variation 
segment of the D-axis and build the corresponding regression model. Analyzing the 
representation with the results of the regression model for the entire Draft Dm = 
[4.4, 9.5] (m), we find that both thrust and torque cannot follow a common model. 
From there, it is necessary to divide each segment to perform modeling to ensure the 
accuracy and reliability of the tree according to the corresponding Fisher statistical 
criteria.
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Table 3 DoE and CFD results for mean force and moment of propeller 

No. D V n Tm Mm No D V n Tm Mm 

Unit m knots rpm kN kNm Unit m knots rpm kN kNm 

1 4.38 14.15 160.20 214.00 94.80 23 7.30 12.30 173.46 330.30 138.70 

2 4.39 14.08 166.50 365.10 158.60 24 7.63 11.60 173.46 343.70 144.60 

3 4.40 14.00 155.65 355.90 153.10 25 7.70 11.60 173.46 337.70 142.50 

4 4.41 14.10 160.20 374.60 158.40 26 7.75 11.70 173.45 337.70 142.40 

5 4.42 14.20 160.20 212.80 95.30 27 7.95 11.30 173.45 353.80 148.40 

6 5.35 13.60 172.14 276.90 121.80 28 8.00 11.30 173.47 354.00 149.00 

7 5.46 13.80 173.30 281.60 123.70 29 8.09 11.30 174.03 353.50 150.20 

8 5.53 13.60 173.02 285.70 124.70 30 8.10 11.32 173.52 352.70 147.20 

9 5.61 13.82 173.12 287.90 125.70 31 8.13 11.30 172.37 346.60 146.50 

10 5.65 13.70 173.50 283.60 122.70 32 8.14 11.31 173.40 352.60 149.00 

11 6.10 13.40 173.47 290.20 123.20 33 8.15 11.20 173.45 353.40 148.10 

12 6.25 13.30 173.47 294.30 124.90 34 8.40 11.03 173.60 357.90 150.50 

13 6.35 13.25 173.47 298.70 125.10 35 8.50 11.00 173.60 361.20 150.60 

14 6.43 13.15 173.12 303.60 133.10 36 8.60 10.63 173.60 365.30 153.70 

15 6.52 13.30 173.51 308.80 135.90 37 8.70 10.60 173.60 365.90 154.00 

16 6.55 13.22 173.48 308.00 135.00 38 8.80 10.50 173.60 365.20 153.30 

17 6.65 13.22 173.46 306.20 132.80 39 8.90 10.40 173.60 368.90 156.00 

18 6.85 12.80 173.46 307.00 130.40 40 9.00 10.36 174.50 367.70 155.80 

19 6.90 12.60 173.30 315.60 132.70 41 9.10 10.36 174.50 367.50 154.90 

20 6.95 12.60 173.50 318.30 134.10 42 9.20 10.34 174.50 370.40 155.00 

21 7.06 12.50 173.46 322.60 135.10 43 9.30 10.30 174.50 370.10 155.80 

22 7.10 12.40 173.45 321.1 134.00 44 9.40 10.10 174.50 374.70 158.30

2.5 Harmonic Amplitudes of the Force AF(Tm, kp) 
and Torque AM(Mm, kp) 

At each mode of average draft Dm(m), we have determined the average thrust and 
moment through the regression functions mentioned in (2.3) corresponding to the 
using rotation speed (n, rpm). To calculate the axial and torsional vibrations of the 
shaft system, we need to determine the excited harmonics by the propeller. According 
to the recommendations of the ABS registry (USA), as well as the experience of Prof. 
D.D.Luu, only need to determine two or three harmonic degrees of the propeller. 
This is also consistent with the investigation of the total Mh harmonics for diesel 
engines: Mh = 12 for two-stroke engines, and Mh = 25 - for four-stroke engines. 
The first, second or third order (kp1, kp2, kp3) for the forcing forces/moments will be 
respectively: kp1 = zp, kp2 = 2zp, kp3 = 3zp. The amplitude of the force/moment is 
expressed through the corresponding force/moment mean values [1].



Modeling Thrust and Torque of the Propeller on Ship Container Fortune … 151

3 Results and Discussion 

3.1 Accuracy of 3-D Model for Simulation by CFD for VT-CV 

The first requirement is that the 3-D model must be suitable for the object calculated 
by CFP. The methodology for testing the confidence of the 3-D model is that the CFD 
results compared with the actual ship results tested at the same boundary conditions 
are similar. The results are shown in Table 2 with an error of 13% of propeller powers 
between the sea-trial tests and the CFD simulation, allowing a reliable 3-D model to 
continue the simulation in the future. 

3.2 Synthesizing Simulation Results Fm(Dm) and  Mm(Dm) 

In Table 4 are shown the regressive models of the thrust Fm(Dm) and torque Mm(Dm). 
For example, in the Dm = [6.85 9.54] (m), the Fm and Mm are calculated: 

Tm =
[−283.18 133.0 −6.73

] ∗ [
1Dm(Dm)2

]T 

= −283.18 + 133.0 ∗ Dm − 6.73] ∗  (Dm)2 

and Mm =
[−111.07 53.87 −2.70

] ∗ [
1Dm(Dm)2

]T 
with the confidence 99%. 

Table 4 Regressive models Fm(Dm) and  Mm(Dm) 

Dm, m Reg. models: 
Fm(Dm) 

Confidence Reg. models: 
Mm(Dm) 

Confidence 

[4.42 
5.61] 

[−37.23 187.80 
−12.27] 

377.2 >> 12.06 = Flt 
(0.99, 3, 5) 

[−18.43 93.53 − 
6.70] 

220.5 >> 12.06 = 
Flt(0.99, 3, 5) 

[5.61 
5.65] 

[−107.25 
889.56]—level 1 

100% [−75.0 
546.45]—level 1 

100% 

[5.65 
6.25] 

[622.87 −129.92 
12.37] 

384.2 >> 215.7 = 
Flt(0.95, 3, 1) 

[158.23 −15.04 
1.55] 

1460 >> 215.7 = 
Flt(0.95, 3, 1) 

[6.25 
6.35] 

[44.40 
16.80]—level 1 

100% [2.00 
112.4]—level 1 

100% 

[6.35 
6.52] 

[−714.16 257.42 
−15.42] 

189,970 >> 5403 = 
Flt(0.99, 3, 1) 

[−14602 4516.74 
−346.05] 

459.5 >> 215.71 = 
Flt(0.95, 3, 1) 

[6.52 
6.85] 

[3067.7 −824.29 
61.29] 

18.7 >> 9.28 = 
Flt(0.95, 3, 3) 

[157526 −415.49 
29.86] 

348.6 >> 29.46 = 
Flt(0.99, 3, 3) 

[6.85 
9.40] 

[−283.18 133.0 
−6.73] 

5.5 >> 4.76 = 
Flt(0.99, 3, 23) 

[−111.07 53.87 
−2.70] 

5.4 >> 4.76 = 
Flt(0.99, 3, 23)
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Table 5 Amplitudes of MV.FN propeller force and moment at k = 1, 4, 8 harmonics 

No. 
Exp 

Dm, 
m 

Mm, 
kNm 

MAH1 MAH4 MAH8 Fm, 
kN 

FAH1 FAH4 FAH8 

15 6.52 1359 0.010309 0.052673 0.004945 308.8 0.001311 0.009935 0.002096 

20 6.95 1341 0.005200 0.052100 0.004200 318.3 0.000630 0.006989 0.001047 

25 7.70 142.5 0.007000 0.043500 0.006500 337.7 0.000783 0.007161 0.001923 

30 8.10 147.2 0.011415 0.037169 0.004869 352.7 0.000307 0.006544 0.001401 

35 8.50 150.6’ 0.019570 0.033049 0.006642 361.2 0.000909 0.007185 0.001815 

3.3 Harmonic Amplitudes of Propeller Thrust Force 
and Torque 

After the FFT, the amplitudes are expressed on a relative scale dividing by the 
parameter’s mean value. Table 5 shows the results obtained in some experiments 
of simulating the propeller force/torque harmonics according to the experimental 
order. 

4 Conclusion 

The database of the propeller’s thrust and torque via the draft is built by the CFD 
method using software STAR/CMM+. The article has built a DoE to verify the 3-
D model of MV.FN used with CFD in accordance with test data at sea-trial. The 
test results show that the difference in propeller powers between simulation and 
experiment is less than 13%. The 3-D model was built for the MV.FN propeller hull-
propeller is reliable enough for simulations with the CFD method in other experi-
ments of the offered simulation DOE. The simulation DoE (Table 3) simulated on 
CCM+ with draft from ballast to full cargo loading. The obtained from simulation 
data were twice-resampled and processed in real-time and in frequency domain. 
summarizing the force/torque results we received regressive models Fm and Mm via 
draft. The obtained database allows for determining the harmonics amplitudes of the 
propeller force and torque. 
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Abstract Working regime (WR) of the main propulsion plant (MPP) with marine 
diesel engine (MDE) is the established parameter set of: MDE’s power; rotary speed 
of propeller (or engine); ship’s speed (Pw-n-V), [kW—rpm—knot], so that the MPP’s 
major components are not subjected to mechanical and thermal overload. The WOR is 
established in accordance with the followings: Real operation conditions of hull 
and propeller; uniform working cycles of the MDE’s cylinders; fuel consumption 
characteristics of the MDE. The selecting WOR was carried out on the base of: digital 
databases constructed during the design and construction phase of the ship MPP; 
result of predicting misfire states of cylinders and an established optimal functional. 
The instantaneous power signal is calculated by product signals of the instantaneous 
torque and average rotary speed. The WOR forecasts were verified for the MPP of 
the MV.HR34000DWT using the simulation software programmed on LabView, at 
the normal working sea-conditions. 
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1 Introduction 

In MPP operation, the officer selects a speed (n, rpm) corresponding to the fuel rack 
position (hp). Therefore, the engine’s and propeller’s power Pw(kW) could produces 
the propulsive force F (kN) overcome the total hull resistance R(kN), push the ship 
forward with speed V(knot). 

Theoretically, we have to determine the three most important parameters (Pw, n,  
V) while exploiting MPP. There are: consuming propeller power or engine power Pw 
(kW); the working revolution regime n(rpm) and the ship speed V(knot). In addition, 
we need to collect the temperature and pressure’s information about the auxiliary 
systems for main engine: Cooling, lubrication, high-pressure air supplied systems. 
Addition, we need to have the curve of the S.F.O.C (g/kWh) via speed n. 

In operation, non-combustion may occur in one or several cylinders. It’s not desir-
able breakdown but is a potential problem in reality. As a result, the new dangerous 
resonance of torsional vibration may happen. This is not allowed to be added in 
the exploitation zone, outside the barred zone (BZ1) that is set in the regime of all 
cylinders working normally [6]. In these incident cases, the first task is to diagnose, 
identify which cylinder the fault occurs in. Then take the speed jumping out of the 
additional resonance region and determine the new safety working mode on the 
universal characteristics Pw-n-V, called the improved universal graph. Timely non-
combustion diagnosis can be identified using the instantaneous torque signal M(t) 
with the diagnostic signal vector being the maximum values VA, or the vector of the 
minimum values VB of the torsional moment M(t), that is measured on the shaft-line 
[4, 5]. In this paper, the authors will use the instantaneous power signal (output) of 
the main engine to select a reasonable operation regime for MPP. 

2 Materials and Methods 

2.1 Drawing Safety Working Zone for the MPP Without Any 
Barred Zone 

The safety operation zone is shown on the Pw(n): power—rotary speed curves, 
developed from the engine manufacturer’s database, sea-trail testing result, and is 
complemented with data from TVs researching on the MPP (Fig. 1).

Research TV, set up barred zone 1 (BZ1) in the regime of all cylinders operating 
normally as well as barred zone 2 (BZ2) when one cylinder does not burn, and the 
remaining cylinders burn normally. Using the TV calculation (TVC) for measuring 
TV (TVM) during the sea-trial tests, then the TVC is corrected in accordance with 
the TVM results. The final TVC result is put into a digital (electronic) record to 
automatically select the exploiting regime later. 

The BZ1 is normally placed outside the operation zone when all of the cylinders 
work normally. It is set up to quickly pass through this BZ1 during transitions. The
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Fig. 1 Draw the safety 
effective regime ME of the 
MV.HR 34,000 DWT. Line 
1—propeller curve through 
point A; Line 2—propeller 
curve, heavy running, 
recommended limit for 
founled hull at calm weather 
condition; Line 3—speed 
limit; Line 4—torque/speed 
limit; Line 5—mean 
effective pressure limit; Line 
6—propeller curve, light 
running (rang 2.5–5.0%) for 
clean hull and calm weather 
condition; Line 7—power 
limit for continuous running; 
Line 8—overload limit

BZ2 lies in the regular exploitation if there’re no incident. However, when an incident 
occurs, MDE couldn’t be operated in BZ2 since it can lead to a break down the shaft-
line (mechanical overload: Torsional stress). The solution is not only quickly to 
switch the regime out of the BZ2, but before having to timely identify and diagnose 
the misfiring status in one of the cylinders. 

2.2 Power Signals for the Selecting the Suitable Regime 
of the MPP 

The average power value is calculated and used for drawing the Pw(n) graphs (see 
Fig. 1). The instantaneous power signals (IPS) will be used for diagnosing the firing/ 
misfiring states of the cylinders. The engine output (power) is considered equal to 
the propeller power (ignoring mechanical losses). The power Pw(t) is a product of 
the torque M(t) and the angle speed ω(t). The average power is calculated as: 

Pw = M .ω; M = 
1 

T 

T∫

0 

M(t)dt; ω = 
1 

T 

T∫

0 

ω(t)dt; Pw = 
1 

T 

T∫

0 

M(t).ω(t)dt; 

(1) 

The real time signal Pw(t) is used to diagnose firing condition in the cylinders. 
In diagnostic principle, when we can diagnose by the torque signal M(t), then using 
the signal k.M(t) can also diagnose according to the same built algorithm, where 
parameter k is unchanged. In that way, with the diagnostic regime at constant speed
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ωd = const, using the power signal in real time domain, determined by the formula: 

Pw(t) = ωd .M(t) (2) 

We diagnose and identify the class of normal/misfire state of the MDE’s cylinder 
in accordance to the methods, algorithms and software built by M(t) [3, 4]. 

2.2.1 Express Classification Fire/ Misfire States of Every MDE Cylinder 

In technical operation of MPP, it’s necessary to determine the IPS using suitable 
devices. In principle, IPS is specified by measured instantaneous moment signal 
(IMS) and angle speed (measured average speed, ωd (s

−1)): IPS = IMSxωd. 
The IMS is measured by the torsional vibration measurement device. The TV 

stress on the surface of shaft is measures by a strain gauge. The device measures 
the average rotational speed nd(rpm) made by optical sensor. The optical sensor, 
such as Omron, senses one pulse per one rotary cycle through a reflective piece. 
Defining the sample numbers Ns between the two rising (or descending) edges of 
the two consecutive square—pulses and using the sample frequency Fs of the DAQ, 
we estimate the average speed n = [60Fs/Ns] (rpm). The system of measuring and 
processing the torsional vibration signal (from which the power will be calculated) 
has been mentioned in the works of Luu et al. [7]. 

The results of the torsional vibration calculation (TVC) is improved by the results 
of the torsional measurement on the sea-trial. In the TVC there are defined the 
freedom frequencies of the mode-1 and mode-2: ω0j (s−1) or n0j (cpm); n0j = 30ω0j/ 
π; j  = 1, 2. After that are defined the resonance revolutions in the operation speed 
zone. 

Diagnostic revolution regime (DRR) is a speed range with an average nd (rpm) 
and error ± 5%: DRR = [0.95 1.05]nd. DRR is selected so that it doesn’t contain 
any resonant speed to eliminate diagnostic error from resonant phenomenon. 

Suppose that DRR has mR speed values, which is seen as repeat times, we conduct 
diagnosis process based on power signal. For each speed, we extract a specific number 
of cycles, for example 50 cycles. Thus, one state Dk, k  = 0, 1, …, z (total R = z + 1 
status), we specify Nk = 50.mR real-time signals (cycles). According to the diagnosis 
algorithm based on vector of diagnostic sign VA (or VB, the power extreme values) 
we collect a matrix contains Nk rows and z columns: MA (or MB) corresponds to 
VA (or VB). This input database for diagnosis MA (or MB) is processed to the mean 
vector μk and covariance matrix Kk, respectively [see Eq. (1)]. 

Reference database (RDB) for classifying the R technical states are called standard 
diagnostic characteristics (SDC) for every class Dk{μk, Kk, Nk}. For the current state 
Dx in the same way we also construct the characteristic: Dx{μx, Kx, Nx}. Normally, 
Nx = Nk = const = N.
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μk = [μk(1),μk(2),...,μk(z)]; μk(i) = 
1 

Nk 

Nk∑
i = 1  

Vk(i,j) 

Kk = cov(Vk); μk = mean(Vk); (3) 

The Mahalanobis distance between the two classes Dx and Dk is calculated: 

dxk= (μk−μx)K
−1 
xk (μk−μx)

T (4) 

Kxk= 
mxKx + mkKk 

mx + mk 
(5) 

The current state Dx is classified in to the Dm (referenced) class, if: 

Dx 
∼= Dm : dxm  = min{dxk; k = 1...R} (6) 

2.2.2 Draw Pw − N Characteristic of the Propeller and Vs − N 
of the Hull 

After ensuring the operation speed safety for MDE, that to be free from mechanical 
and thermal overload, corresponding to ge(n) characteristic, there are two possible 
cases could be happened with the predicted MDE: (1) All of the cylinders are fired 
normally; (2) One of these cylinders is misfired (abnormal). The first case allows 
diagnosing on any working revolution of engine as in Fig. 1: n  = [63 130] (rpm). 
The propeller characteristic line is forecasted based on the mean power values and 
the working revolution n of this propeller, because we consider the power value and 
revolution of both MDE and propeller are equal. In the case 2, the exploitation mode 
of MPP must be in the new established range (item 3), in which the working speed 
is analyzed with error rate ± 5% (see Fig. 2).

The propeller curve Pw(n) and hull characteristic Vs(n) are predicted based on 
the hull-propeller database and specific exploitation conditions of the ship. The 
propeller’s characteristics depend on the operation revolution, average draft (cargo), 
sea conditions in which the ship is operating (normal or special operation regimes). 
For the new building ship, the prediction of the hull’s and propeller’s characteristics 
are executed on the base of the built (made): Hull and propeller database; algorithm 
and software. After years of operating, the prediction of the hull’s and propeller’s 
characteristics are executed on the base of the built: Daily acquisition database; suit-
able algorithm and software. The power prediction is conducted with devices and 
measuring methods based on the average power on the shaft-line. 

For making hull and propeller’s database it’s need to build 3-D line ship-shaped 
line of the hull-propeller when operating in the normal operation regime, with water-
line draft (D, m) from smallest to largest (from the ballast to full cargo load). On the
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Fig. 2 Draw the suitable 
working regime of the 
MV.HR 34,000 DWT

basis of 3-D model, build a mathematical model to determine all hydrostatic parame-
ters Xk according to draft: Xk(D). The hydrostatic parameters are typical parameters 
for the hull, propeller used in the design and calculation of hull & propeller charac-
teristics. Using the ITTC approximation method to calculate the total hull resistance 
at different draft D: RT(D). As a result, we can build hull’s and propeller’s database 
when cargo ships with different draft D (m) and pair selection (Vs-n) according to 
regression model set up with propeller characteristics (Pw(n)) [9]. 

2.3 Predicting Characteristics of the MV’s MPP During 
at Sea Operation 

In MPP operation of the marine ship, we monitor the power, revolution and speed 
parameters under specific boundary conditions. The data is collected every month. 
Based on this collected database, we conduct analysis, synthesize and build regression 
model to forecast the characteristics of MPP via the operation time [2].
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3 Results and Discussion 

The paper verifies for MPP of MV.HR.34000 DWT. The results of TVC and TVM 
[10] defined values of mode-1 and mode-2: ω0j (s−1), n0j (rpm); n0j = 30ω0j /π; j  = 
1, 2. On Fig. 3 are shown: n01 = 337.16; n02 = 1436.02. 

– Major resonance: nr1 = 56 with k = 6. 
– Minor resonances: nr2 ≈ 67, k = 5; nr3 ≈ 85, k = 4; nr3 ≈ 112 with k = 3. 

There are selected 2 DRRs: DRR1 = [94.2 104.1],; DRR2 = [70 77.4] (rpm). 
Figure 2 displays graph of safe operation characteristics of MPP on MV.HR34000 

DWT, using ME type MAN-B&W 6S46MC-C7, nMCR = 129 (rpm). Researching 
TV helps to figure out the dangerous resonant revolution and establish two barred 
zones BZ1 = [51, 64] and BZ2 = [104, 119.9] [6]. 

Using related speed λ = n/nMCR: BZ1 = [39.5, 49.6]%; BZ2 = [80.6, 92.9]%. 
The BZ1 barred zone is normally outside of the exploiting rotation, when all 

cylinders work NORMAL, set to pass quickly through this zone during transitions. 
The BZ2 zone is within the regular exploiting zone if there are no incidents. 

However, when there is a fault, it is impossible for MDE to operate in this area 
because it will lead to shaft fracture (overload—torsional stress). BZ2: m-n-p-q in 
Fig. 2: BZ2 = [80.6, 92.9]%—the area corresponding to the relative speed λ.

Fig. 3 Result of TVC of the MV.HR.34000 DWT, Misfire in third cylinder 
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4 Conclusion 

Applying the technology to increase safety and efficient exploitation of the marine 
vessel MPP by: Measurement and continuously monitoring instantaneous power 
signals of the ship’s MPP; use the digital hull’s and propeller’s databases in the design 
and construction of new ships. Thanks to this new technology, the ship’s management 
officers (Chief Engineers) receive advice and experts to choose a safe and economic 
operating regime. In the fault situations with misfiring cylinders: timely diagnose 
the fault and thereby forecast a reasonable and safe operation regime in forecasted 
abnormal conditions. 
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Torsional Resonance Vibrations 
on the Main Propulsion System Using 
Two-Stroke Diesel Engine 
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Do Van Doan, Nguyen Xuan Tru, Hoang Van Si, Le Van Vang, 
and Nguyen Quang Vinh 

Abstract This paper studied the resonance regimes of the torsional vibrations on the 
Main Propulsion Plant (MPP) using the two-stroke marine diesel engine (MDE) type 
MAN-B&W 6G70ME-C9.2, measured on the sea-trial test before the handover. The 
new physical phenomenon was gotten: turbulences, unfocused the phases in cycles 
of the first mode resonance. The requirement was to model the relationship and 
impact between the torsional vibration and the burning process in each of the engine 
cylinders. The authors investigated the indicator diagram p(ϕ) inside the cylinder 
when changing the phase of fuel distribution, in order to explain the physical nature of 
turbulence of torque in the resonance mode. The authors proposed the mathematical 
model with the small parameter for the torsional vibration system in the propulsion 
system of the MDE at the risk resonance mode. 
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1 Introduction 

Torsional vibrations (TVs) on the shaft-line are very dangerous, therefore, in the 
designing and building a new or renew sea-going ship, the torsional vibration calcu-
lation (TVC) of the main propulsion plant (MPP) is compulsory. In addition, we 
measure TVs during the sea-trial test for the checking calculation results [1, 2]. Some 
maritime registration organizations approve the TVC and TVM results. The Rules 
for Classification and Construction of Sea-going Ships [2] recommend a method for 
TVC and the TVC’s speeds need to be covered the ability to operate in the real– 
working scripts of MPP. To carry out the TVC, the MPP is modeled by the system 
with n-lumped masses with the constant inertial moments of masses, which are 
connected by the massless coefficients of the torsional weightless stiffness (torsional 
spring). These systems usually are linear systems with constant coefficients. Based 
on the integration of methods: Linear system with multi-degree freedom, Fast Fourier 
Transform (FFT) of the forced torque. Prof. Do Duc Luu proposed a combination 
of methods to solve equations with modern numerical theory: Harmonic balance in 
complex numbers; super-position; matrix algebra and main axes method (MAM). 
He proposed and built software for automatic TVs calculation (SATVC) coding in 
LabView platform [3]. The results calculated by these methods and SATVC soft-
ware have high accuracy and similar to the previous results. This methodology and 
SATVC software have an outstanding advantage that the calculation process is fully 
automatic after preparing suitable input data provided by engine manufacturers and 
shaft system designers. 

In the experimental TV’s study on MPP on ship, Prof D.D. Luu (Maritime 
Research Institute of Vietnam Maritime University) cooperated with experts in Korea. 
Based on TVs measurements and analysis at MV_XXX-XXX-XXX, using main 
engine MAN-B&W 6G70 ME-C9.2, the research group find out that TVs were not 
stable and high oscillation amplitude at the engine speed n = 36 rpm. The research 
group has analyzed and separated TVs signals to each of cycle by the phase—square 
pulse signals for finding out the sample extraction time. Each square pulse represents 
one rotation. The fast processing results of 10 TVs cycles showed as in Fig. 1.

In the resonance n = 36 rpm, the TVs are big and unstable. In contrast, on the near-
resonance, n = 34 rpm, the TVs are not so big, and stable. Therefore, the problem 
needs to be clarified which is the physical nature of the resonance phenomenon and 
modeling more accuracy this phenomenon by the mathematical model, which was 
solved in this research.
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Fig. 1 a Measured resonance TVs at n = 36 rpm on the Intermediate shaft of an MV using MAN-
B&W 6G70ME-C9.2, NORMAL. b Measured TVs at n = 34 rpm on the Intermediate shaft of an 
MV using MAN-B&W 6G70ME-C9.2, NORMAL

2 Materials and Methods 

2.1 Improve the Mathematical Model of Resonance TVs 
of the MPP with MDE 

The mathematical model for TVC is presented as in Eq. (1). 

J ϕ̈ + B ϕ̇ + Cϕ = M(t) (1) 

where: J = diag(J1, J2, .  .  .  ,  Jn)—Diagonal matrix of inertial moments; C—Stiff-
ness matrix; ϕ—TV state vector, ϕ = [ϕ1 . . . ϕn]T; n—number of system (1). 
M—vector of excited torsional moments (ETM), [Nm]. 

The moments in the right side of the Eq. (2), ETM of i—cylinder, Mi(t) 
contains gas component and equivalent moment of the rotary–translational move-
ment of connection—rod—crosshead—piston set. The first moment component of 
one cylinder is defined by: 

M(ϕ) = [p(ϕ) + m ẍ(ϕ)] . TF(ϕ); 
TF(ϕ) ≈ 

π D2 

4

(
sinϕ + 

λ 
2 
sin2ϕ

)
(2) 

where, the value p(ϕ) of current state cylinder pressure p, , (MPa,  Bar);  λ = 0.5 S/L 
and D—parameters of the diesel (L, D, S—connection rod, diameter of the cylinder, 
length stroke respectively), that are given in the MDE technical document. 

ϕ = ϕs + ϕd = (ϕ0 + ωt) + ϕd (3) 

M(ϕ) ≈ M(ωt) + Mϕϕd;
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Mϕ = 
∂ M 

∂ϕ 
(4) 

M(ωt) = M0 + 
Mh∑
k = 1 

Aksin(kωt) + 
Mh∑
k = 1 

Bkcos(kωt) (5) 

Mϕ(ωt) 

= 
Mh∑
k = 1 

k Akcos(kωt) 

+ 
Mh∑
k = 1 

− kBksin(kωt) 

= 
Mh∑
k = 1 

Aϕ . ksin
(
kωt − π

/
2
)

+ 
Mh∑
k = 1 

Bϕ . kcos
(
kωt − π

/
2
); 

Aϕ . k = k Ak; Bϕ . k = kBk 

(6) 

M(ϕ) ≈ M0 + 
Mh∑
k = 1 

Aksin(kωt) + 
Mh∑
k = 1 

Bkcos(kωt) 

+
[

Mh∑
k = 1 

Aϕ .  ksin
(
kωt − π

/
2
) + 

Mh∑
k = 1 

Bϕ .  kcos
(
kωt − π

/
2
)]

. ϕd 

(7) 

The formulas (2) ÷ (7) are used for every cylinder, in that ϕ0 is defined by the 
firing order of the MDE. The cylinder crank-shaft angle ϕ is the sum of the static 
and dynamic parts (3). Equation (7) is a mathematical model to calculate the excited 
torsional moment (ETM) while considering the TV effect on to the ETM. 

At the resonance speed n = 36 rpm with the Fig. 1a, we consider that TVs are 
very chaotic. The real cause of the turbulent scene of the TVs (torsional vibration 
stresses) is the unstable firing processes in every cylinder (see Eq. (2)) and we would 
study a little more about the firing process in a cylinder, when we change the starting 
combustion point (SCP) via the crank-shaft angle. 

In Fig. 2 we show the results of the simulation in MatLab the pressure p(ϕ) inside 
the combustion chamber, when SCP are changed relatively 3, 6 and 8 degree after 
TDC when n = 76 rpm. 

J ϕ̈ + B ϕ̇ + Cϕ = M(ωt) + Mϕ(ωt)ϕ (8)
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Fig. 2 Indicator diagrams of cylinder when angle of SCP are 3, 6 and 8 degrees after TDC, at 
n=76 rpm 

The comparison of the new model with the traditional one for the 1-mode reso-
nance TVC is focused in the right side of the equation. The forced moment was esti-
mated with an additional moment part due to the affection of the torsional vibration 
angle (the dynamic factor) in Eq. (8). 

Considering the maximal torsional angle is smaller than 3°, or 0.05 rad  ([4], page: 
30), we could propose that Mϕ(ωt)ϕ � M(ωt) and the Eq. (8) would be in the 
small parameter form ([1], page: 112) 

J ϕ̈ + B ϕ̇ + Cϕ = M(ωt) + μH(ωt); 
μ − small parameter 

(9) 

The small parameter method to solve the Eq. (9) could be found in the monograph 
([1], page: 119–120).
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2.2 Verified Studying TVs on the MPP, Using MAN-B&W 
6G70ME-C9.2 

The particulars of the HYUNDAI-MAN B&W 6G70ME-C9.2 are written in Tables 1 
and 2. 

The MPP on MV.XXX-XXX-XXX using a DME MAN-B&W6G70 MEC-9.2 
[5]. The MV was built in South Korea (Because of copyright reasons, the authors 
couldn’t provide the specific name of the ship).

Table 1 Technical parameters of the MDE 6G70 MEC 9.2 

No Parameter Value Unit 

1 Engine type: HYUNDAI-MAN B&W 6G70ME-C9.2 

2 Output at MCR 15,980 kW 

3 MCR 76 rpm 

4 Cylinder diameter 700 mm 

5 Piston stroke 3,256 mm 

6 Number of cylinders 6 

7 MIP 17.8 bar 

8 Engine ratio 0.5 

9 Crosshead mass 9,686 kg/cyl 

10 Gas harmonic T248079 

11 Firing order 1–5–3–4–2–6 

Table 2 Model for TVC of the MPP using 6G70ME-C9.2 

No Mass name Moment of inertia, 
kgm2 

Stiffness 
MNm/rad 

Abs. damp 
% 

Relative damp 
% or Nms/rad 

1 D290.OUT 16,800.00 0.00 

2 D.IN + FLG + M 6789.00 9.00 0.00 200,000.0 

3 CYLINDER 1 42,716.00 3717.47 − 0.85 0.00 

4 CYLINDER 2 42,716.00 3205.13 − 0.85 − 1.00 
5 CYLINDER 3 42,716.00 3236.25 − 0.85 − 1.00 
6 CYLINDER 4 42,716.00 3154.57 − 0.85 − 1.00 
7 CYLINDER 5 42,716.00 3225.81 − 0.85 − 1.00 
8 CYLINDER 6 42,716.00 3344.48 − 0.85 − 1.00 
9 CH.DRIVER + M 13,322.00 4444.44 0.00 − 1.00 
10 TURN.WHEEL 15,608.14 6666.67 − 0.50 0.00 

11 FLANGE 962.79 90.87 0.00 0.00 

12 PROPELLER 177,442.75 190.60 − 4.96 0.00 

Sign ‘ − ’ damping coefficient in %. 
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3 Results and Discussion 

The TVC and results of the torsional vibration measurements (TVM) at the sea-trial 
tests are obtained and shown in Table 3. 

The TVC gives the barred speed ranges: 

• Barred speed zone-1 (BSZ1): [31 ÷ 40] (rpm) 
• Additional BSZ2 (Misfire in a cylinder): [64 ÷ 77] (rpm). 

Simulating indicator diagram of the 6G70ME-C9.2 in the resonance speed n = 
36 ± 2 (rpm), t.m n = {34,36,38} and starting combustion point {1,3,5} deg. After 
TDC, using software coded in LabView by authors [6] results of the simulation are 
shown in Fig. 3. 

The excited torsional moment at the resonance n = 36 rpm is calculated and 
transformed in the frequency domain with FFT algorithm. The simulation is coded 
in LabView platform. The studied results are shown in Fig. 4.

Table 3 Freedom TVs study of the MPP using the ME: 6G70ME-C9.2 

TVC n01 = 205.7 rpm; k = 6, nr = 34.2 rpm Selected Jp = 177,443 kgm2 

TVM nr = 36 rpm; k = 6; n01 = 216 rpm – 

TVC n01 = 215.7 rpm; nr = 35.95 rpm 
n02 = 251 rpm; k = 6, nr = 41.83 rpm 

Corrected Jp = 150,375 kgm2, the  
repeatation calculates the TVs 

Fig. 3 Simulating torsional influence to unstable firing in cylinders at resonance speed n = 36 rpm 
with the SCP: 1–3–5 deg. after TDC 
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Fig. 4 Harmonic amplitude of cylinder ETM at the speed n = 36 rpm with the SCP: 3 deg. after 
TDC, using FFT and coding in LabView 

The firing process in the working cycle is depended on the speed and starting 
combustion point. At the resonance mode n = 36 rpm appeared big torsional vibra-
tions of the speed and angle forms, that lead to vibrations of the speed regime and 
the SCP. Figure 3 illustrates the relationship between the TV resonances with the 
working process that means the essential causes of the new physical phenomenon 
(in Fig. 1). 

4 Conclusion 

This paper presented the serious torsional vibration on the main shaft system using 
2-stroke marine diesel engine MAN—B&W 6G70MEC9.2, based on the integral 
research TVC and TVM according to the document of the sea-trial tests on the ship. 
The key reasons for new physical phenomena along with TVs at resonance mode 
n = 36 rpm are the effects among TVs, fuel supply process, and fuel combustion 
stages. At this great resonance mode, a series of dynamic affection occurred: TVs, 
fuel injection, burning, expansion, and power process distort strongly (Figs. 1 and 
3). The paper also proposed a procedure for TV calculation at the resonance mode 
according to the small parameter method.
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Effect of Hot-Pressing Mold Design 
on Uniformity of Dome-Shaped Products 
from Infrared Optical Ceramics 

Nguyen Tuan Hieu, Le Minh Thai, Nguyen Thai Dung, Do Van Thom, 
and Phung Van Minh 

Abstract This article explores the effects of structural characteristics on the quality 
of dome-shaped hot-pressed products made from infrared optical ceramic materials. 
The research simulated the effect of the coefficient of friction between the mold cavity 
and the injection mold material on the pressed product’s uniformity. Simultaneously, 
practical experiments are used to validate the simulation findings. 

Keywords Hot-pressing mold ·Mold structure · Infrared optical ceramic 
friction ·Magnesium fluoride 

1 Introduction 

MgF2, CaF2, ZnS, ZnSe, and other infrared optical ceramic materials are frequently 
employed in the manufacture of optical components [1–4]. Polycrystalline materials 
have superior physical and mechanical qualities, which is why they are often used for 
fabricating infrared optical components [5–7]. Homogeneity of hot-pressed products 
is defined as the similarity in quality amongst dome heat pressed products used in 
diverse applications [8, 9]. To guarantee the quality of the dome hot-pressed product, 
the density difference between the top and bottom of the dome must be as little as 
possible [10, 11]. The works [12, 13], and [14] explored the influence of hot-pressing 
pressure on the quality of hot-pressed products made from Magnesium Fluoride 
optical ceramics. Chang and Hon [15] investigated the effect of pressed product
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structure on the quality of pressed products. In certain studies, such as Krell and 
Klimke [16], they simply emphasized particle coordination homogeneity in green 
bodies. The purpose of this work is to present the findings of a study on the effect of 
structural parameters on the uniformity of infrared optical ceramic products. 

2 Process of Experimentation 

In this study, the ABAQUS software is employed. The effect of mold cavity opening 
angle α, as specified in Fig. 1, was explored. 

A normal value of 150° and 180° are taken to analyze the impact of mold opening 
angle. Then, to perform hot-pressing of the dome-shaped MgF2 optical ceramic 
sample with a dome edge diameter of 70 mm, a hot-pressing mold was built with 
an opening angle of the mold cavity of 150°. The resultant hot-pressed product is 
processed to create nine flat samples with a minimum dimension of 10 × 10 mm in 
nine places, as illustrated in Fig. 2. One needs a condition: parallelism between two 
working surfaces is less than 0.005; Ra < 0.05; and surface cleanliness is class IV 
[17].

The density of these nine flat samples was determined using a hydrostatic density 
balance, and the transmittance at 4.5 μm (the wavelength at which MgF2 optical 
ceramics transmit the most infrared light) was determined using a single beam 
infrared spectrometer with Michelson interferometer [18]. Equation (1) was used 
to calculate the density homogeneity and transmittance uniformity, respectively.

Fig. 1 Structure of 
hot-pressing mold (1–pestle; 
2–mortar; 3–shell; 4–pressed 
material; α–opening angle of 
the mold cavity) 

2 4 

13
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Fig. 2 Areas for 
determining the homogeneity 
of hot-pressed products

5 

2 

64 

1 3  

8 97 

�ρ = δmax − δmin 

δmax 
(1)

�T = Tmax − Tmin 

Tmax 
(2) 

where�ρ and�T denote the homogeneity of density and transmittance, respectively; 
δmax and δmin are the maximum and lowest densities of the nine flat samples taken at 
nine different positions on the pressed product; Tmax and Tmin represent the maximum 
and lowest transmittance values at 4.5 μm for the nine flat samples taken at nine 
different positions on the pressed product. Inconel alloy 718 (see Fig. 3) is a high-
strength, corrosion-resistant nickel–chromium alloy that is used for high-pressure 
machine components operating between − 253°C and + 700°C [19, 20]. 

(b)(a) 

Fig. 3 The temperature-dependent mechanical properties of Inconel 718 steel; a Young’s modulus; 
b Poisson’s ratio
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3 Results and Discussions 

3.1 The Effect of the Friction Coefficient Between the Mold 
and the Pressed Material on the Product’s Quality After 
Pressing 

When the program is simulated with two coefficients of friction, ffr1 = 
0.25 and ffr2 = 0.4, the following results are obtained (Fig. 4). 

For ffr = 0.25, the maximum and minimum densities are respectively 3.526 
and 2.701 kg/cm3. And when ffr = 0.4, the maximum density is 4.048 kg/cm3, 
whereas the minimum density is 2.475 kg/cm3. When pressing in practice, if the 
mold cavity is not sufficiently polished, the friction between the mold cavity and 
the pressed material is excessive, resulting in the pressed product failing (Fig. 5). 
Additionally, when the mold cavity is meticulously polished to a gloss Ra = 0.16, 
the friction between the mold cavity and the pressed material is minimal, resulting 
in a very high-quality pressed product (Fig. 6). 

(a) (b) 

Fig. 4 Effect of coefficient of friction a ffr1 = 0.25; b ffr2 = 0.4 

Fig. 5 The failure of a 
material sample pressed on a 
high-friction mold surface
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Fig. 6 MgF2 optical 
ceramic products when 
pressed against the mold 
surface have small friction 

3.2 The Effect of the Injection Mold Profile 

(a) Shape change of product during pressing 

The simulation results can be seen in Fig. 7. 
As can be observed, there is a region with the lowest density throughout the 

pressing process (blue). 
(b) Change the selection of the suitable working profile for the injection mold 

By using two structures with an angle of 150° and 180°, respectively, we run 
simulations to acquire the findings illustrated in Figs. 8 and 9. 

Fig. 7 Density distribution on workpiece during pressing 

(a) (b) (c) 

Fig. 8 Simulation results with α = 180°; a h = 21 mm; b h = 24 mm; c h = 27 mm
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(a) (b) (c) 

Fig. 9 Simulation results with α = 150°; a h = 21 mm; b h = 24 mm; c h = 27 mm 

The findings indicate that when pressing at an angle of 180°, the low-density zone 
is located farther away from the product’s top than when pressing at an angle of 150°. 
Table 1 shows the maximum and lowest densities at various angles and heights h. 

Tables 2 and 3 provide the experimental results of measuring the homogeneity of 
hot-pressed products at an angle of 150°C. 

From the results in Tables 2 and 3, the density uniformity and transmittance 
homogeneity can be determined as follows: 

Homogeneity according to density:

�ρ = δmax − δmin 

δmax 
= 3.177 − 3.170 

3.177
= 0.0022

Table 1 The maximum and minimum densities at different angles α and height h 
α h = 21 

(mm) 
h = 24 
(mm) 

h = 27 
(mm) 

ρmax 
(kg/m3) 

ρmin 
(kg/m3) 

ρmax 
(kg/m3) 

ρmin 
(kg/m3) 

ρmax 
(kg/m3) 

ρmin 
(kg/m3) 

150° 2902 962.4 3259 1772 3710 2224 

180° 2000 555 3227 695.2 3617 943.0 

Table 2 The density of nine samples corresponds to nine hot-pressed MgF2 optical ceramics 
product locations 

№ 1 2 3 4 5 6 7 8 9 

(ρ) 3.171 3.177 3.172 3.176 3.177 3.176 3.171 3.174 3.170 

Table 3 The transmittance of nine samples corresponds to nine positions on the hot-pressed MgF2 
optical ceramic product 

№ 1 2 3 4 5 6 7 8 9 

(T) 89.58 93.90 88.71 93.10 94.43 91.46 88.09 92.80 87.28 
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Homogeneity according to transmittance:

�T = Tmax − Tmin 

Tmax 
= 94.43 − 87.28 

94.43
= 0.076 

4 Conclusion 

In this study, the influence of the friction coefficient of the mold cavity and the 
molding profile on the quality of the wind tip product was simulated when hot-
pressing and sintering with MgF2 powder. The simulation results are compared with 
the experimental one. Both simulation and experimental results have shown that low 
product density and easy-to-fracture regions are concentrated around the edge of a 
component. 
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On the Free Vibration Analysis of Micro 
FG Beams Considering the Initial 
Geometrical Imperfection 

Le Minh Thai, Nguyen Tuan Hieu, Nguyen Thai Dung, Ta Duc Tam, 
and Phung Van Minh 

Abstract This work examines the free oscillation characteristics of FG microbeams 
supported by an elastic medium while accounting for a geometric flaw. The finite 
element formulations are developed using the FEM, high-order shear strain theory, 
and modified coupling stress. This hypothesis does away with reduced integrals and 
shear correction factors. 

Keywords Finite element method · FGM beam · Free vibration · Rotation ·
Imperfection 

1 Introduction 

This is the new effort, and the outcomes are of considerable use to the designers and 
users previously mentioned. The Cosserat brothers introduced the pair stress hypoth-
esis, sometimes known as the Cosserat theory, in 1909 [1]. Following their contribu-
tions, it garnered little notice. Using a single length-scale parameter, Yang et al. [2] 
offered a improved pair stress hypothesis. In the years that followed [3–5], the modi-
fied pair stress theory was employed to explore the size impact of FG microstructures. 
Tuan and his colleagues [6] explored non-stationary dynamics in composite structures 
using the Cosserat model. Dehrouyeh-Semnani and coworkers [7] investigated oscil-
lation of functionally graded microbeams. Shafiei and colleagues [8] used GDQM 
to address the size-dependent nonlinear oscillation of tapered AFG microbeams.
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Simşek et al. [9] used Newmark’s approach to address the bending response and 
oscillation of a flawed functionally graded construction. Attia [10] devised a elas-
ticity model for functionally graded nanobeam size dependence. Shanab et al. [11] 
demonstrated the nonlinear bending response of functionally graded nanobeams, 
which included surface energy. The temperature dependency of the free vibration of 
FG microbeams was examined by Babaei et al. [12]. Civalek and Akgoz [13] exam-
ined natural frequencies for functionally graded thick microbeams. These related 
works [14–34] may be of interest to readers. 

2 Finite Element Formulations 

This study will focus on the oscillation analysis of the spinning FM microbeam as 
illustrated in Fig. 1. The geometric parameters are L in length, b in breadth, and h in 
thickness. 

The functionally graded microbeam, made of metal and ceramic, has the following 
physical characteristics [27–29]: 

E = (Ec − Em)Vc + Em; ρ = (ρc − ρm)Vc + ρm; ν = (νc − νm)Vc + νm (1) 

in which E, ρ, and ν depend on z coordinate. Vm and Vc are the material volumes of 
metal and ceramic. 

Vm + Vc = 1 (2)  

in which Vc =
(
z
/
h + 1

/
2
)n 

, n ≥ 0, and −h/2 ≤ z ≤ h/2. 
The modified coupling stress assumption asserts that strain energy be contingent 

on strain tensor (coupled with the stress tensor) and curvature one. The isotropic 
linear elastic bodies in volume V have strain energy [2]. 

H E = 0.5 ×
∫

V 

(σ : ε + m : θ)dV (3)

Fig. 1 A spinning FGM 
beam 
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in which m, σ, and ε are couple stress, stress, and strain tensors, and θ is a symmetrical 
curvature one. The bellow equation expresses these tensors: 

σ = μ1tr(ε)I + 2μ2ε;m = 2l2 μ2θ; 
ε = 0.5 × [∇u + (∇u)T

]; θ = 0.5 × [∇δ + (∇δ)T
]

(4) 

in which u is the vector of displacement, μ1 and μ2 are Láme invariables, l is the 
length-scale coefficient, and δ is rotational vector. 

δ = 0.5 × curl u (5) 

This work uses the TSDT to correctly evaluate mechanical responses of FG 
microbeam. The components of displacement u1, and u3 in x- and z-courses are 
shown as: 

u1(x, z) = u01(x, 0) + 
1 

4

(
5ϕx + 

∂w0 

∂x

)
z − 

5 

3h2

(
ϕx + 

∂w0 

∂x

)
z3 

u3(x, z) = u03(x, 0) + u3imp(x) (6) 

Finally, one gets the equation for determining the fundamental frequency and 
oscillation mode shape of the rotating FGM micro beam:

{
∑

e

(
KE 

e + KF 
e + Kψ 

e

) − ω2
∑

e 

Me

}
∑

e 

ue = 0 (7)  

3 Numerical Results 

Consider a microbeam with geometric parameters: length L, cross-sectional dimen-
sion bxh, h = 15.10−6 m, Em = 70 GPa, Ec = 380 GPa, νm = 0.3, νc = 0.3, ρc 

= 3960 kg/m3 and ρm = 2702 kg/m3. Take note u3im(x) = U03 sin(π x) is the 
microbeam inadequacy, with U0 is the magnitude of the failure and wratio  

imp  = U03 
L 

is the imperfection ratio. As the distance r grows, the first natural frequency of the 
oscillating microbeam increases for each value of the length scale parameter l, as  
shown in Fig. 2. Figure 3 reveal that when r grows, the beam’s rotational speed and 
first natural frequency increase. Figure 4 indicates that for all values of the volume 
exponential, increasing r enhances the natural frequency.
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Fig. 2 The subordination of the first natural frequency of rotating FG microbeams on r and length 
scale l, K ∗w = 10, K ∗s = 2, ψ∗ = 5, wratio  

imp  = 0.001, n = 0.5 

Fig. 3 The subordination of the first natural frequency of rotating FG microbeams on r and rotating 
velocity, K ∗w = 10, K ∗s = 2, h/l = 2, wratio  

imp  = 0.001, n = 0.5 

Fig. 4 The subordination of the first natural frequency of rotating FG microbeams on r and n, K ∗w = 10, K ∗s = 2, h/l = 2, wratio  
imp  = 0.001, ψ∗ = 8
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4 Conclusion 

This work blends the high-order strain hypothesis with the improved coupling stress 
hypothesis for the first time to examine the particular vibrational behavior of a 
rotating micro GM microbeam on a two-parameter elastic substrate. The evalua-
tion formulae are based on the FE approach for a two-node beam element with four 
degrees of freedom at each node. The numerical results from this investigation are 
pretty intriguing to ponder. 
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Experimental Study on the Dynamic 
Response of a First-Generation 
Bump-Foil Bearing 

Minh-Quan Nguyen and Minh-Hai Pham 

Abstract With compliant foil structure, bump-foil bearing, one type of foil-air 
bearing, has been widely applied in high-speed machines thanks to oil-free opera-
tion. In this paper, two types of experiment have been implemented to study dynamic 
behaviour of this foil bearing. Before that, one bump-foil bearing structure was manu-
factured with two kinds of material: the foil structure made of stainless steel 304 
with 0.1-mm thickness and the bearing body made of stainless steel CT3. Static-
shaft experiment was deployed to compute the nominal stiffness of the foil struc-
ture through load–displacement relationships. The data shows the same tendency 
with computed results from a mathematical model of foil structure proposed in the 
previous research. Differences can be reasoned by manufacturing error. Moreover, 
through rotating-shaft experiment, air thin film is proved to appear inside the bearing, 
and aerodynamic pressure bears a significant influence from rotating speed. The 
study demonstrates important meanings in confirming the theoretical model of foil 
structure and shaft-bearing system. 

Keywords Bump-foil bearing · Nominal stiffness · Dynamic response 

1 Introduction 

Foil bearing can be described as a type of self-acting bearing with the generation of air 
pressure inside the bearing during shaft’s rotating time. However, unlike conventional 
air bearing, an outstanding characteristic of the foil bearing is a foil structure inside 
the bearing. The compliancy of the foil structure enables elastic deflections under 
the act of air pressure. The deflections are shown to prevent the bearing from being 
seized on the shaft due to thermal expansion of the shaft. Different foil structures
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Fig. 1 Bump-foil bearing 
structure with shaft 

Air pressure 

Bump foil 
Top foil 

create various types of the foil bearings, but one of the most common types that draw 
much attention is bump-foil bearing as shown in Fig. 1. In this kind of bearing, the 
compliant foil structure consists of a bump foil (in corrugation shape) and a top foil 
(in circular shape). Various works have been done to assess the performance of the 
bump-foil bearing. 

Through a numerical approach, Bonello and Hai Pham introduced a technique of 
simultaneously solving state equations to analyze both transient response and static 
equilibrium stability of the system including a turbocharger shaft supported by two 
bump-foil bearings [1]. The computation indicates that the length-to-radius ratio, the 
compliance of the foil and nominal radial clearance have significant influence on 
promoting the stability of static equilibrium. K. Sim et al. proposed an improved foil 
bearing structure with three metal shims inserted under bump-strip layers [2]. With 
smaller radial clearance than normal foil bearing, the shimmed bearing demonstrated 
its ability to significantly lessen the big sub-synchronous motions of rotor arising in 
the normal bearing. It should be noted that experimental results met a good agreement 
in a turbocharger test rig and a passenger vehicle diesel engine test bench. Using 
finite element method [3], J. Yan et al. predicted critical speeds of turbocharger rotor 
considering bearing stiffness and damping coefficients. Additional experiments also 
revealed significant effects of nominal radial clearance on the rotor performance. 
In addition to the clearance, F. Walter et al. conducted a numerical investigation 
on dynamic performance and stability characteristics as a function of preload [4]. 
Through stability analysis in transient and steady state, optimal values of preload 
could be obtained with corresponding clearance. It can be seen from the literature 
that due to huge effect on the bearing’s performance, the foil structure needs to 
be analyzed thoroughly to investigate dynamic characteristics of the foil and its 
influences on dynamics response of the shaft-bearing system.
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In the previous study, by introducing an enhanced model of the foil structure, 
the authors investigated impacts of geometrical parameters of the bump foil on the 
critical speeds of the rotor through variations in foil stiffness [5]. With higher foil 
stiffness, the rotor was assumed to retain the stable state for a longer time. 

In this study, experiments were conducted to verify the theoretical model of the 
foil structure. One bump-foil bearing with chosen dimensions was manufactured. The 
static-shaft experiment was conducted with static loads applying onto the shaft and 
shaft displacement measured by a proximity probe. Load–displacement relationships 
are illustrated in graphs for different cases, and then, the nominal stiffness of the foil 
structure was computed and compared with the previous study. This study is believed 
to make contribution to improving shaft structure design in real applications. 

2 Experiment System 

In the research, experiment were conducted to scrutinize the dynamic response of 
the bump-foil bearing. Static-shaft experiment was proposed to verify the theoret-
ical nominal stiffness of the foil structure from the foil model. Before experimental 
procedures, the shaft and the bearing were manufactured, then a measurement system 
was established. 

2.1 Shaft and Bearing 

Both shaft and bearing body was made of C45 steel. Morever, the bump foil was 
manufactured from SUS304 sheet. The top foil was fabricated in the same way but 
there is not any bump on the top foil. 

2.2 Measurement System 

The composition of the measurement system is shown in Fig. 2. In this study, prox-
imity probe was chosen to conduct non-contact measurement for static and rotating 
shaft. In both cases, the bump-foil bearing was fixed in the housing; therefore, 
measurement data are shaft displacements. DASYLab® software was installed in 
the computer to process and display the signals as distances between the probe and 
the shaft.
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Proximity 
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Voltage 
Supplier 
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Acquisition 
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Fig. 2 Schematic diagram of measurement system 

3 Experiment Procedures 

As can be seen from Fig. 3, vertical loads were put onto one end of the shaft which 
was assembled with the bump-foil bearing. The proximity probe was mounted above 
the shaft to measure vertical shaft displacements. Before that, it is essential that the 
load onto the journal part and the displacement of the journal part should be defined. 

To calculate the displacement of the journal part in the bump-foil bearing, force 
diagram on the shaft was established as shown in Fig. 4, where P denotes shaft 
weight, Sn is the vertical load onto one end of the shaft, and Q is the load onto the 
journal part at the bump-foil bearing that needs to be computed.

Q can be calculated as follows: 

Q = P × 83 + S × 145 
115 

(1) 

The shaft displacement at the bump-foil bearing can also be computed as follows: 

δ = δdo. 115 
80 

(2) 

where δdo denotes displacement at the measured point.

Fig. 3 Static-shaft 
experiment 
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Fig. 4 Force diagram on the 
shaft

After experiments with different vertical loads, shaft displacements can be calcu-
lated and the relationship between load and displacement can be graphed, then the 
nominal stiffness of the foil structure can be valuated. 

4 Results and Discussions 

The static-shaft experiments were implemented for bump-foil bearing with different 
slot angles as described in Fig. 5. 

From load–displacement graphs in Figs. 6, 7 and 8, it can be seen that the loading 
curves are not similar to the unloading curves. This can be reasoned by appearance 
of friction between the bump foil and the bearing body. In the unloading process, the 
bump foil tends to return to initial states after elastic deflection. However, friction 
forces are assumed to prevent the bump foil so that the radial displacements of the 
foil structure in unloading process are presumed to be bigger than those in loading 
process with the same load.

The ratio of load and displacement is evaluated to be around 7 × 105 N/m, smaller 
than the value of 8 × 106 N/m in theoretical model. This difference can be argued 
that the shaping of bump foil is not accurate enough, causing the bump ends to be

Fig. 5 Three positions of 
slot 
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Fig. 6 Load–displacement relationship at slot angle 0o 

Fig. 7 Load–displacement relationship at slot angle 45o
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Fig. 8 Load–displacement relationship at slot angle 90o

Fig. 9 Bump foil profile rebuilt from image points 

flatter gradient as demonstrated in Fig. 9. The real shape of the bump foil is assumed 
to be softer, leading the smaller nominal stiffness. 

5 Conclusions 

In this study, experiments were conducted to evaluate the dynamic response of 
the first-generation bump-foil bearing. Domestic technologies have been utilized 
to manufacture one bump-foil bearing together with the shaft. Measuring system has 
been also established to acquire data of shaft displacements. 

The static-shaft experiment was deployed to verify computation model of bump 
foil proposed in the previous research. The data indicate a similar tendency of load– 
displacement relationship in loading and unloading processes. However, the nominal 
stiffness of the foil structure from experiment is slightly smaller than in computation
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model. This difference can be reasoned by the dissimilarity between real bump foil 
and computation model due to manufacturing error. 
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Free Vibration Response of Micro FG 
Beams Taking the Initial Geometrical 
Imperfection into Consideration 

Nguyen Van Dung, Le Minh Thai, Nguyen Thai Dung, and Phung Van Minh 

Abstract This investigation studies the free vibration response of micro FG beams 
on elastic foundations with geometrical imperfections. Finite element, high-order 
shear strain, and modified couple stress theories compute formulas. High-order 
shear deformation theory removes reduced integrals and shear correction factors. 
Calculation results are essential for designing, manufacturing, and operating beam 
constructions that revolve around a fixed axis. 

Keywords Finite element method · FGM beam · Free vibration · Rotation ·
Imperfection 

1 Introduction 

The Cosserat brothers introduced the pair stress hypothesis, sometimes known as 
the Cosserat theory, in 1909 [1]. Due to the difficulties in determining their values, 
Yang et al. [2] introduced a modified pair stress theory using a single material length 
scale parameter. In the years that followed [3–5], the modified pair stress theory was 
employed extensively to study the influence of FG microstructure size. Tuan et al. 
[6] investigated non-stationary dynamics in composite material structures using the 
Cosserat model. The longitudinal-transverse coupling vibrations of FG microbeams 
were investigated by Dehrouyeh-Semnani et al. [7]. Shafiei et al. [8] used GDQM to 
solve the size-dependent nonlinear vibrations of tapered axially functionally graded 
(AFG) microbeams, which included von Kármán nonlinearity. imşek and Aydn [9] 
used Newmark’s method to address the static bending and forced vibration of a flawed
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FG. Attia [10] developed a nonlocal-couple stress-surface elasticity model to examine 
the size-dependent bending, buckling, and free vibration of FG nanobeams. Shanab 
et al. [11] demonstrated the nonlinear bending response of FG nanobeams, which 
included surface energy. The temperature dependency of the free vibration of FG 
microbeams was examined by Babaei et al. [12]. Akgoz and Civalek [13] computed 
more accurate natural frequencies for FG thick microbeams. These related works 
[14–34] may be of interest to readers. 

2 Finite Element Equations 

As illustrated in Fig. 1, the structure is supported by a two-parameter elastic founda-
tion with two parameters kw and ks. The geometrical dimensions are length L, width 
b, and thickness h. 

The FG microbeam, made of ceramic and metal, has the following physical 
properties [27–29]: 

E(z) = Em + (Ec − Em)Vc; ρ(z) = ρm + (ρc − ρm)Vc; 
ν(z) = νm + (νc − νm)Vc (1) 

in which E is the modulus of Young, ρ is the density, and ν is the ratio of Poisson. 
Vc and Vm are the volume ratios of the ceramic and metal. 

Vm + Vc = 1 (2)  

where Vc =
(
z
/
h + 1

/
2
)n 
, (n ≥ 0) is the volume fraction index, and −h/2 ≤ z ≤ 

h/2.

Fig. 1 A spinning FGM 
beam 
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The modified couple stress theory asserts that the strain energy density depends on 
the strain tensor (coupled with the stress tensor) and the curvature tensor (conjugated 
with couple stress tensor). Deformed isotropic linear elastic bodies in volume V have 
strain energy [2]. 

H E = 
1 

2

∫

V 

(σ : ε + m : θ)dV (3) 

in which σ is the stress tensor, ε is the strain tensor, m is the deviatoric component of 
the couple stress tensor, and θ is the symmetric curvature tensor. The bellow equation 
expresses these tensors: 

σ = μ1tr(ε)I + 2μ2ε;m = 2l2 μ2θ; 
ε = 0.5 × [∇u + (∇u)T

]; θ = 0.5 × [∇δ + (∇δ)T
]

(4) 

in which u is the displacement vector, μ1 and μ2 are Láme’s invariables, l is the 
material length-scale coefficient, and δ is the rotation vector. 

δ = 0.5 × curlu (5) 

The displacements u1, and u3 in the x-, and z-directions at any point with the 
coordinate (x, z) are shown as: 

u1(x, z) = u01(x, 0) + 
1 

4

(
5ϕx + 

∂w0 

∂x

)
z − 

5 

3h2

(
ϕx + 

∂w0 

∂x

)
z3 

u3(x, z) = u03(x, 0) + u3imp(x) (6) 

Finally, one gets the equation for determining the fundamental frequency and 
oscillation mode shape of the rotating FGM micro beam:

{
∑

e

(
KE 

e + KF 
e + Kψ 

e

) − ω2
∑

e 

Me

}
∑

e 

ue = 0 (7)  

3 Numerical Results 

Let’s suppose the beam’s length is L, and the cross-section is bxh, h = 15.10−6 m, 
Ec = 380 GPa, νc = 0.3, ρc = 3960 kg/m3, Em = 70 GPa, νm = 0.3, and ρm = 
2702 kg/m3. Vibration response of rotating beam with parameters is shown in detail 
in Figs. 2, 3, 4 and 5.
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Fig. 2 The relationship between n and the rotational speed and the first nondimensional frequency, 
wratio  
imp  = 0.001, K ∗w = 10, K ∗s = 2, h/l = 2, r/L = 0 

Fig. 3 The relationship between h/l ratio and the rotational speed and the first nondimensional 
frequency, wratio  

imp  = 0.001, K ∗w = 10, K ∗s = 2, r/L = 0 

Fig. 4 The dependence of the first and second vibration mode shapes on the rotational speed, S–S, 
n = 0.5, wratio  

imp  = 0.001, K ∗w = 10, K ∗s = 2, r/L = 2, h/l = 8
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Fig. 5 The dependence of the first and second vibration mode shapes on the rotational speed, C–F, 
n = 0.5, wratio  

imp  = 0.001, K ∗w = 10, K ∗s = 2, r/L = 2, h/l = 8 

The first two vibration mode morphologies of beams exposed to C–F and S–S 
barriers are shown in Figs. 4 and 5 respectively. 

4 Conclusion 

For the first time, this study combines the high-order deformation theory and the 
modified couple stress theory to figure out how a rotating micro FGM beam on 
a two-parameter elastic foundation vibrates. The formulas are based on the finite 
element method for a two-node beam element with four degrees of freedom at each 
node. The numbers that came out of this study are very intriguing to consider about. 
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Assessing the Impact of Heat-Assisted 
and High Speed Machining 
on the Performance of Different Cutting 
Tools During Heat-Treated SKD61 Steel 
Milling 

Tran Phap Dong and Nguyen Duc Toan 

Abstract This paper presents the preliminary research findings on the influence of 
high-speed and heat-assisted machining on the performance of cutting tools while 
milling heat-treated SKD61 steel. The study involved two types of cutting tools, 
namely uncoated and coated. The results indicated that when finishing milling at 
0.15 mm/tooth feed rate and 0.3 mm depth of cut at 300–600 rpm and 500 °C, 
uncoated cutting tools were not suitable for machining heat-treated SKD61 steel 
highway strips. However, coated cutting tools with high-speed machining up to 
600 rpm could machine the steel with the aid of heat in the range of 200–500 °C, a 
feed rate of 0.15 mm/tooth, and a depth of cut up to 0.5 mm. 

Keywords Uncoated · Coated cutting tools · Heat-treated SKD61 steel ·
Heat-assisted machining · High speed cutting 

1 Introduction 

SKD61 steel is a commonly used chromium tool steel in mold making due to its 
high shock and wear resistance, achieved through heat treatment [1]. Specifically, 
the SKD61 steel used in this study has undergone treatment at 1050 °C and tempering 
at 580 °C, resulting in a hardness range of 50-52HRC and impact toughness of 4.6– 
4.7 J [2]. High-speed processing of this steel requires consideration of cutting force,
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cutting heat, and energy consumption, as well as wear and durability of cutting tools, 
machining errors and material removal rate, and roughness and surface quality during 
machining [3]. 

Previous researchers [4, 5] have explored various aspects of machining, including 
wear patterns, durability, and wear mechanisms, and the effects of heating on chip 
morphology and machinability for materials such as SKD11 alloy and 9CrSi Alloy 
tool steel. However, no previous studies have investigated high-speed machining with 
heating support for SKD61 steel after heat treatment, particularly using common and 
inexpensive cutting tools rather than specialized and costly options. 

The current study addresses this gap by examining the effect of high temperature 
and high speed on the milling of SKD61 steel after heat treatment using two types of 
cutting tools: uncoated and coated. The survey speed ranges from 300 to 600 rpm, 
with a feed rate of 0.15 mm/tooth and cutting depth of 0.3–0.5 mm, and heating 
temperature below 500 °C. Results confirm the feasibility of using inexpensive coated 
common cutting tools at high cutting speeds with heating support. 

2 Experimental Procedures 

In this study, the test specimen is SKD61 steel that has been quenched at 1050 °C and 
tempered at 580 °C to achieve a hardness of 50 ~ 52HRC, as shown in Fig. 1a. The 
steel is cut into a size of 80 × 70 × 30 mm3, and the surfaces are milled to remove 
defects and ensure smoothness, as illustrated in Fig. 1b. The processing machine 
used is a Taiwan MC500, as depicted in Fig. 2a, with the following main parameters: 
spindle rotation speed ranging from 100 to 30,000 rpm, spindle power of 15 kW, the 
movement speed of the table when machining ranging from 1 to 30,000 mm/min, 
maximum idling speed of 48,000 mm/min, and the journey to move the machine 
version XzYxZ = 500 × 400 × 300 mm. To support the machining process, a high-
frequency electromagnetic induction heating device, as illustrated in Fig. 2b, is used 
in the study. The cutting tool used is an end mill with a diameter of 50 mm and two 
types of alloy pieces (coated and uncoated), as shown in Fig. 3. To determine the 
temperature on the machined surface in the study, a hand-held digital thermometer 
with contact measurement model 3527A of TSURUGA (Japan) is used, which uses a 
K-type thermocouple, with a measured temperature range from −99.9 °C to 1299 °C. 
Additionally, Table 1 presents the chemical composition of SKD61 steel.

The study  was performed  on a 1 mm thick  SUS-304  stainless steel  sheet. The 
chemical composition of the material is presented in Table 1.
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(a) (b) 

Fig. 1 After heat treatment: workpiece microstructure a and Machined samples b 

(a)   (b) 

Fig. 2 CNC machine a and induction heating device b 

(a) (b) 

Fig. 3 Alloy pieces of cutiing tool a uncoated and b coated 

Table 1 Chemical compositions of SKD61 

Elements C Si Mn Cr P S Mo V 

%wt 0.32–0.39 0.8–1.0 < 0.4 4.5–5.15 < 0.03 < 0.03 1.0–1.4 < 1.0
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(a)  (b)  (c)  

Fig. 4 Uncoated cutting tool alloy specimens after high-speed machining with heat-assisted method 

3 Results and Discussion 

3.1 Assessment of Uncoated Cutting Tools 

The first experiment investigated the highest processing temperature of 500 °C, with 
a feed rate of 0.15 mm/tooth, a cutting depth of 0.3 mm, and a speed of 600 rpm. 
However, excessive tool wear occurred (Fig. 4a) and the test was not feasible. The 
second experiment was still investigated at the highest processing temperature of 
500 °C, with a feed rate of 0.15 mm/tooth, a cutting depth of 0.3 mm, but the speed 
was reduced to 450 rpm. This test was also not possible due to heavy tool wear 
(Fig. 4b). The third experiment investigated the same parameters as the previous 
experiments but with a further decrease in speed to 300 rpm. This experiment was 
also not feasible due to the same tool wear phenomenon (Fig. 4c). Thus, it is not 
possible to perform high-speed machining with non-coated tools on heat-treated 
SKD61 steel at the support heating mode of 500 °C, with a feed rate of 0.15 mm/ 
tooth and 0.3 mm cutting depth. 

3.2 Evaluation of Coated Cutting Tools 

The first experiment investigated the highest processing temperature of 500 °C, with 
a feed rate of 0.15 mm/tooth, cutting depth of 0.5 mm, and a speed of 1000 rpm. 
However, heavy tool wear occurred (Fig. 5a), and the test was not feasible. The 
second experiment investigated the same parameters as the previous experiment but 
with a decrease in speed to 800 rpm. This experiment was also not feasible due to 
tool wear (Fig. 5b). The third experiment investigated the same parameters as the 
previous experiments but with a further decrease in speed to 600 rpm. This test was 
possible without significant tool wear (Fig. 5c). The fourth experiment investigated 
the lowest processing temperature of 200 °C, with a feed rate of 0.15 mm/tooth, 
cutting depth of 0.5 mm, and a speed of 300 rpm. This experiment was possible 
with no tool wear (Fig. 5d). Hence, it is possible to perform high-speed machining 
with coated tools on support heating heat-treated SKD61 steel in the heating mode 
of 200–500 °C, with a feed rate of 0.15 mm/tooth and cutting depth of 0.5 mm, and 
a cutting speed of 300–600 rpm.
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(a)  (b)  

(c)  (d)  

Fig. 5 Coated cutting tool alloy specimens after high-speed machining with heat-assisted method 

4 Conclusion 

This article investigated the feasibility of high-speed machining with heat-treated 
SKD61 steel using uncoated and coated cutting tools. The results showed that high-
speed machining with an uncoated cutting tool is not feasible at the support heating 
mode of 500 °C with a feed rate of 0.15 mm/tooth, a cutting depth of 0.3 mm, 
and speeds of 300–600 rpm due to excessive tool wear. On the other hand, with 
coated cutting tools, it is possible to perform high-speed machining with heat-assisted 
heating at a support heating mode of 200 °C–500 °C, a feed rate of 0.15 mm/tooth, 
and a cutting depth of 0.5 mm at speeds below 600 rpm. This finding suggests that 
minimal or no tool wear occurs when machining under specified conditions. These 
results can guide the selection of appropriate machining parameters for high-speed 
machining with heat-treated SKD61 steel in industrial practice using experimental 
planning methods. 
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Comparative Confined Compressive 
Strengths of Normal Concrete 
and HPFRC in Experiment and Model 

H. T. Tai Nguyen, Duy-Liem Nguyen, My Ngoc-Tra Lam, 
and Tri Nhat Minh Nguyen 

Abstract This paper comparatively shows the confined compressive strengths of 
normal concrete (NC) and high-performance fiber-reinforced concrete (HPFRC) in 
experiment and model. Two types of compressive specimens were designed: no cover 
and uPVC cover with a 3.2 mm thickness. The applied load was directly applied on 
the NC/HPFRC core during testing. All NC/HPFRC cores were cylindrical with an 
identical size as follows: 114 mm in diameter and 600 mm in height. A hybrid fiber 
system, consisting of 1.0% long hooked and 0.5% short smooth fibers by volume, was 
used in the HPFRC core. The effect of confinement on axial compressive strength of 
the NC/HPFRC cores were clear. Besides, the models using Mohr–Coulomb principle 
and Hoek–Brown principle were also built to forecast the compressive strengths of 
them. 

Keywords HPFRC · uPVC tube · Confinement · Mohr–Coulomb criterion ·
Hoek–Brown criterion
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1 Introduction 

Among structural members, columns are popular structures and directly influence on 
space efficiency and durability of a building. Therefore, enhancing column resistance 
and minimizing its size are intensively attractive to researchers. The use of uPVC 
tube covering concrete column is one of the effective solutions to improve resistance 
of columns. This is because the uPVC cover can limit the lateral deformation of the 
concrete column under compressive load in addition to play a role as a formwork 
[1–3], which helps save much construction time. As a concrete core is subjected 
to an axial load, the lateral uPVC cover will react to core expansion under form 
of passive pressure. In this paper, the authors employed uPVC cover for compres-
sive specimens with normal concrete (NC) and high-performance fiber-reinforced 
concrete (HPFRC). The goal of this research is to compare the confined compres-
sive resistance and confinement effect on NC and HPFRC through experimental and 
modeling work. The useful information from this paper is greatly expected to civil 
engineer to widen the application of NC/HPFRC column with uPVC cover. 

2 Experimental Work 

2.1 Materials and Specimens Preparation 

The compressive specimens using NC/HPFRC were cylindrical shaped with its diam-
eter × height of 114 mm × 600 mm. Two types of specimens were designed: no 
cover and uPVC cover 3.2 mm thick. The uPVC making cover had 1.40 g/cm3 

density, 3000 MPa modulus of elasticity, and tensile strength exceeding of 50 MPa. 
The applied load was directly applied on the NC/HPFRC core during testing. Table 
1 provides the compositions of NC and HPFRC regarding weight proportion [4]. 
The compressive strength of NC was 17.8 MPa while that of HPFRC was 79.6 MPa, 
measured from cylinder specimens with its diameter × height of 114 mm × 200 mm. 
Two blended fiber types mixed in HPFRC were macro-hooked fiber with its content 
of 1.0 vol.% and micro-smooth fiber with its content of 0.5 vol.%. The macro-
hooked fiber had length of 35 mm, diameter of 0.5 mm and tensile strength more 
than 1200 MPa. The micro-smooth fiber had length of 13 mm, diameter of 0.2 mm 
and tensile strength more than 2500 MPa. All NC/HPFRC specimens were water-
cured at a temperature of 25 ± 5 °C. After that, they were taken out of the water 
and naturally dried under laboratory room condition. Lastly, the experimental test 
were conducted at the age of 28 days age for all compressive specimens. Detailed 
information regarding mixing/curing materials can be referred to [4].
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Table 1 NC and HPFRC mortar matrix composition 

Concrete Cement 
(INSSE 
PC40) 

Silica 
fume 

Silica 
sand 

Fly 
ash 

Superplas-ticizer Coarse 
aggregate 

Water Compressive 
strength 
(MPa) 

NC 1.00 – 2.07 – – 4.63 0.63 79.6 

HPFRC 0.80 0.25 1.10 0.20 0.04 – 0.26 17.8 

2.2 Experiment Setup 

Before testing, all surfaces of the compressive specimens were smoothed carefully. 
The compressive specimens were tested with a displacement control using MATEST 
machine system with 300-ton capacity. The speed of displacement control was 1 mm/ 
min during testing and the data collection frequency was 1 Hz. A steel plate was 
located on the top surface of core and its diameter was exactly equal to inner diameter 
of cover types for the target of employing compressive load only concrete core. The 
confined compressive strengths ( fcc') of the specimens were computed using the 
following equation: fcc' =  4Pmax/π D2, where, Pmax and D are the maximum load 
and the core diameter, respectively. 

3 Experiment Result and Discussion 

3.1 Comparative Resistance of NC/HPFRC Under Passively 
Confined Compression 

Figure 1 displays the comparative resistance of NC/HPFRC under passively confined 
compression with four series: NC-No cover, NC-uPVC3.2, HPFRC-No cover, 
HPFRC-uPVC3.2. The resistance of the NC/HPFRC core with respect to cover 
type was evaluated in terms of compressive strength ( fcc'), lateral strain capacity 
(εL ), axial strain capacity (εA). As observed in Fig. 1a, the fcc' were observed as 
follows: NC-No cover (15.89 MPa) < NC-uPVC3.2 (23.78 MPa) < HPFRC-No 
cover (61.43 MPa) < HPFRC-uPVC3.2 (63.49 MPa). Additionally, the εL were also 
observed to be same order with the fcc', the  εL values shown in Fig. 1b were as  
follows: NC-No cover (0.13 ‰) < NC-uPVC3.2 (0.19 ‰) < HPFRC-No cover (0.34 
‰) < HPFRC-uPVC3.2 (0.53 ‰). However, the unclear trend was observed for 
εA in Fig. 1c: NC-No cover producing 0.91 ‰, NC-uPVC3.2 producing 1.79 ‰, 
HPFRC-No cover producing 1.58 ‰ and HPFRC-uPVC3.2 producing 1.84 ‰. The 
increase of lateral strain capacity was thought to result in the increase of axial strain 
capacity [4]. The series HPFRC-uPVC3.2 including the highest uPVC thickness 
and higher strength of score, suitably produced the highest axial strain capacity. 
The 3.2 mm uPVC cover enhanced 1.50 times and 1.03 times in strength for NC 
and HPFRC, respectively. The 3.2 mm uPVC cover also contributed to axial strain
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a) Confined compressive 
strength 

b) Lateral strain  
capacity 

c) Axial strain  
capacity 

Fig. 1 Comparison of confined compressive parameters of the investigated concretes 

capacity: enhancing 1.97 times and 1.16 times for NC and HPFRC, respectively. 
Generally, the effect of passive confinement by uPVC cover on compressive resis-
tance was clear: significantly enhancing both compressive strength and strain capacity 
of NC/HPFRC, and, the effect of passive confinement on NC was clearer than that 
on HPFRC. 

4 Modeling the Confined NC/HPFRC Core 

Figure 2 shows two typical model curves of failure criteria, including Mohr– 
Coulomb’s and Hoek–Brown’s strength criterion. As displayed in Fig. 2, the  
Mohr–Coulomb failure criteria is employed in compression only [5], whereas the 
Hoek–Brown’s failure criteria is covered in both tension and compression [6, 7].

Under triaxial compression, the compressive specimen was exposed to ultimate 
compressive strength ( fcc') along the axial axis and lateral confining strength ( f3'). 
This lateral confining strength was produced by of uPVC. In Fig. 2, the concrete core 
suffers the triaxial stress, including f3' and fcc' while cover type only exists the f3' 
owing to the increase in the lateral deformation of concrete core under compressive 
loading at core. Using the equilibrium equations of a half cross section, the value of 
f3' is expressed using the following equation: f3' =  2tεL EL /D, where, t and D are 
the cover thickness and core diameter, respectively; εL is the lateral strain; and EL 

is elastic of modulus of uPVC or steel cover. 
Based on Mohr–Coulomb failure criterion, the fcc' is a function of the c, φ  and f3' 

under triaxial compression, which was given using Eq. (1) [5]. In Eq. (1), where c and 
φ are the cohesive strength and internal friction angle of the compressive specimen, 
respectively. Under unconfined compression, i.e., the value of f3' =  0, the  value of  
fcc' can be calculated using Eq. (2) [5]. The confinement effectiveness coefficient 
(k) is a terms of  φ, as shown  in  Eq. (3) according to Richart et al. [8]. The range of k
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Fig. 2 Strength criterion models and stress states under confined compression

is dependent upon the confinement significance. Hence, the fcc' value in Eq. (1) can 
be obtained using Eq. (4). 

fcc' =  
2ccosφ 
1 − sin φ 

+ 
1 + sin φ 
1 − sin φ 

f3', fcc' ≥  f3' (1) 

fcc' =  
2ccosφ 
1 − sin φ 

, ( f3' =  0) (2) 

k = 
1 + sin φ 
1 − sin φ 

(3) 

fcc' =  fc' +  k f3' ⇔  
fcc' 
fc' = 1 + k 

f3' 
fc' (4) 

According to Hoek–Brown [6], a failure criterion for rock was mathematically 
expressed using Eq. (5). In Eq. (5), where s and m coefficients are the material 
constants. The m coefficient depending on the rock type describes the curvature of 
fcc' versus f3' curve. The value of s illustrates the discontinuities in rocks. The value 
of s is 0 and 1 for heavily jointed and intact rocks [6], respectively. In this study, 
HPFRC core is considered as intact rock material. Hence, the value of s for HPFRC 
core is 1. The m coefficient can be computed in Eq. (6) using from Eq. (5) based on 
the experimental data. 

fcc' =  f3' +  
( 
s f  

'2 
c + m fc' f3' 

)1/2 
(5) 

m = 
( fcc' −  f3')2 − s fc'2 

fc' f3' (6)
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Fig. 3 Relating axial compressive strength and lateral strength 

The curves of the obtained equations of the Mohr–Coulomb’s, Hoek–Brown’s 
criteria were performed in Fig. 3. As shown in Fig. 3a, the obtained k values from the 
equation of the Mohr–Coulomb’s criteria were 247.56 for NC and 23.08 for HPFRC. 
As shown in Fig. 3b, the obtained value of m coefficient from the equation of Hoek– 
Brown’s criteria were 612.56 for NC and 44.86 for HPFRC. Additionally, according 
to observed in Fig. 3, as the lateral confining strength increased, the axial compressive 
strength also increased. Comparatively, the order of failure criteria under confined 
compression in term of axial compressive strength as follows: Mohr–Coulomb’s > 
Hoek–Brown’s criteria. Besides, there was a large difference between two criteria in 
the case of NC while HPFRC produced a small difference between them. 

5 Conclusion 

The study results of both experiment and model could be concluded from this paper 
as follows: 

• The order of compressive specimen in term of compressive strength and lateral 
strain capacity was as follows: NC-No cover < NC-uPVC3.2 < HPFRC-No cover 
< HPFRC-uPVC3.2. 

• The effect of passive confinement by uPVC cover on compressive resistance 
was clear: significantly enhancing both compressive strength and strain capacity 
of NC/HPFRC. The effect of passive confinement by uPVC cover on NC was 
clearer than that on HPFRC. 

• The relationship between axial compressive strength and lateral confining strength 
was explored based on Mohr–Coulomb’s and Hoek–Brown’s failure criterion.
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A Proposed Model for DDMRP 
Implementation and Application 
in a Plastic Manufacturing Company 

Truong Thi Phuc and Phan Thi Mai Ha 

Abstract The Demand-Driven Material Requirements Planning (DDMRP) is a new 
approach that combines the advantages of both push and pull systems. Specifi-
cally, DDMRP works based on a combination of principles of core MRP, theory 
of constraints (TOC) and just-in-time system (JIT). Nevertheless, not many studies 
have been found in the literature analyzing the implementation of DDMRP in actual 
production conditions. Besides, the researchers have not yet proposed any method of 
implementing DDMRP. Therefore, this study aims to propose a model for DDMRP 
implementation and apply it to a plastic manufacturing company to analyze the possi-
bility of implementing DDMRP in the actual production environment. This study 
is conducted through two main methods are desk research and case study. The case 
study selected to collect data is a company operating in the manufacturing sector and 
has a multi-level material structure. It also proposes opportunities and challenges 
that should be addressed by future studies. 

Keywords DDMRP ·MRP ·MPC · Decoupled lead time · Buffer 

1 Introduction 

In 1975, a breakthrough and effective method introduced by Orlicky changed the 
production planning and control (MPC) system into a systematic approach known 
as material requirements planning (MRP) [1]. In the 1980s, with the development 
of technology, planning was further modified into a more complex system called 
manufacturing resource planning (MRP II). During the 1990s, further development 
of technology introduced the Internet, leading to enterprise resource planning (ERP)
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approach. Traditional MPC systems are based on a push strategy and have proven 
unsuitable in a highly flexible manufacturing environment. Since then, the planning 
systems that follow pull strategy have been introduced in manufacturing companies 
such as Just-in-Time (JIT) and the theory of constraints (TOC). However, pull-based 
inventory and materials planning and control methods such as TOC and JIT are also 
inadequate to implement a demand-driven manufacturing strategy [2]. 

To solve this problem, a new system that combines the advantages of both push 
and pull systems is introduced. Demand-driven material requirements planning 
(DDMRP) was introduced by Ptak and Smith [2] in Orlicky’s 3rd edition mate-
rial requirements planning book. In a systematic review and classification of studies 
performed on the DDMRP method, Azzamouri et al. [3] concluded that although 
DDMRP first appeared in 2011, studies on the DDMRP method are still relatively 
limited, researchers have not yet proposed any method of implementing DDMRP. 
Therefore, this study aims to propose a model for DDMRP implementation, apply 
to a plastic manufacturing company and analyze the possibility of implementing 
DDMRP in the actual production environment. 

2 Literature Review 

MRP is defined as a set of techniques that uses bill of material data, inventory data, 
and the master production schedule to calculate requirements for materials. However, 
many authors have analyzed MRP and concluded that it is not the best MPC system 
to deal with a volatile and changing world [4]. 

JIT is a manufacturing philosophy based on the plan to eliminate all waste and 
continuously improve productivity [5, p. 88]. The JIT system is sensitive and suscep-
tible to changes in demand because it works without buffers. This makes the produc-
tion system more vulnerable and less resilient to fluctuations in demand and supply 
[2]. 

TOC is a holistic management philosophy developed by Dr. Eliyahu M. Goldratt 
that is based on the principle that complex systems exhibit inherent simplicity. The 
TOC proposes a six-step solution called the theory of supply chain complementary 
system constraints (TOC SCRS) [6]. However, determining the frequency of replen-
ishment of inventory can be a difficult task, and because it is not combined with the 
BOM structure, so it may be difficult to manage products with a BOM structure of 
more than two levels [2]. 

DDMRP is a multi-level planning and execution approach that promotes and 
protects the flow of related materials and information through the establishment 
and management of decoupled strategic inventory points. The buffer is the amount 
of inventory that will provide and ensure reliable availability to consumers, while 
allowing the accumulation of demand orders, generating a supply signal more stable, 
efficient, and practical for the suppliers. DDMRP has five sequential components 
related to positioning, protection, and pulling (Fig. 1).
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Fig. 1 The 5 components to implement DDMRP [7] 

3 Methodology 

• Research methods and research process 

The secondary research method and case study method in qualitative research are 
used in this study. The research process consists of 4 steps, including (1) Determining 
the objectives of the study, which are to propose a model for DDMRP implemen-
tation; (2) The secondary research method helps to find and synthesize literature 
to provide a theoretical basis to propose a model for DDMRP implementation; (3) 
Collect relevant data from a case study and apply the built model; (4) Summarize and 
conclude on the study, indicate opportunities and challenges that should be addressed 
by future studies. 

• Proposed model for DDMRP implementation 

Step 1-Modeling the environment: The entire process to determine what item or 
component and what data is needed to perform DDMRP is based on DDMRP phase 
1 & 2.  

Step 2-Plan: The next phase corresponding to the 4th component of the DDMRP 
approach is demand-driven planning. In step 2, the planner needs to collect the data 
to prepare sufficient data for the calculation. Once, the data has been sufficiently 
prepared, the net flow equation is calculated to determine whether new supply orders/ 
manufactured orders need to be replenished. The full proposed model for DDMRP 
implementation is shown in Appendix.
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4 Application of Proposed DDMRP Model—A Case Study 

The company is currently one of the leading plastic brands in Vietnam. This study 
focuses on two key products including BG jar and NS bottle, which belong to group 
A products and account for more than 50% of the total sales volume of PET product 
group according to ABC inventory method. 

• Strategic Inventory Positioning 
First, two product structures showing the respective constitutive materials and 
supplies for these two product categories are presented. Six positioning factors to 
position these best buffers positions is applied [7] (Table 1). 

After considering and answering to these main factors, the analyzed buffer points 
are determined. These points are placed into the product structures (Fig. 2).

• Buffer profiles and levels 
– Buffer profiles 

The buffers are divided into 3 zones: green, yellow and red. To determine the size 
for each zone, we considered the data characteristics of each component and its own 
attributes such as decoupled lead time (DLT), average daily usage (ADU) and order 
quantity minimum (MOQ). Based on the analysis of information and data collected

Table 1 Answers for decoupling point positioning 

Positioning 
factors 

Answers 

Customer 
tolerance time 

Usually, these orders are committed to delivery 1 week after the customer 
places the order. The MLT for finished goods of BG jar is 2 days, and the NS 
bottle is 1 day 

Market 
potential lead 
time 

In this study, this factor is not applied because in fact, by reducing delivery 
time, customers are not inclined to pay more or increase their orders 

Sales order 
visibility 
horizon 

The demand for PET products is considered to have a rapid growth rate and is 
one of the best-selling products. This study considers placing a buffer at the 
second consumable level is the jar lid and less storage space 

External 
variability 

Shikong 5015W plastic beads have a long PLT, (2 months) and almost 
exclusively used for these two types of products, rarely used for other products 

Inventory 
leverage and 
flexibility 

PP Repol 110MA plastic beads is a common component for both products 

Critical 
operation 
protection 

Shikong 5015W & PP Repol 110MA plastic beads are main materials for 
blowing preforms of plastic bottles and jars 
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Fig. 2 Product structure tree of BG jar with buffers

from the company, the buffer profiles and individual attributes in this case study are 
determined. 

– Buffer levels 

Next, the inventory levels in each zone are reviewed to determine the correct 
amount of inventory at each level corresponding to each buffer based on detailed 
data of buffers and individual attributes obtained from the previous step. Table 2 is 
example of buffer calculation of PET Lid 10 kg. 

• Dynamic adjustments 

BG jars and NS bottles have seasonal fluctuations in demand. This adjustment period 
will be made at a time when the fourth quarter is considered the peak season for B2C 
products to serve the Tet holiday and the first quarter is the time when demand 
decreases after the increase at the end of last year (Fig. 3).

Table 2 Buffer calculation of PET Lid 10 kg 

PET Lid 10kg Quantity 
ADU 85,000  

DLT x ADU x LTF 297,500 Buffer 
profiles  

M, M (0.5), 
L (0.27) 

MOQ 20,000 000,02QOM 
Green zone Max {ADU x DLT x LTF; MOQ} 297,500 

LT/DLT 7 Yellow zone ADU x DLT 595,000 
Red zone Red base + Red safety 377,825 

 Red base (DLT x ADU x LTF) 297,500 
 Red safety (Red base x FV) 80,325 



226 T. T. Phuc and P. T. M. Ha

Fig. 3 Buffers adjustment 

• Demand-driven planning 

First, demand needs to be incorporated into the daily planning equation at buffer 
points, at the same time, the peak values of each zone are also calculated. The rule 
is to create a purchase order to bring the net flow back to the top of the green zone 
if the net flow equation is below the top of the yellow (TOY) zone. If this position is 
below TOY, then re-order that material. Table 3 is one of the generations of purchase 
orders based on the net flow position (PP Repol 110MA plastic beads in 180-day 
cycle). 

• Visible and collaborative execution 
During the planning phase, planners can know which buffers to watch out for and 
can send reminders to the supplier or production team in case of delay in the supplies 
on-going.

Table 3 Buffer calculation of PP Repol 110MA plastic beads 

Day Planning 
priority 

On-
hand Delivery On-

order 
Qualified 
Demand 

Net flow 
position Order Req. 

date 
220,000 Day 10 

1 81.2% 58,575 220,000 3,728 274,847 63,793 61 
2 99.1% 54,847 283,793 3,162 335,478 0 62 
3 98.1% 51,685 283,793 3,162 332,316 0 63 
4 97.1% 48,523 283,793 3,397 328,919 0 64 
5 96.1% 45,126 283,793 3,507 325,412 0 65 
6 95.0% 41,619 283,793 3,623 321,789 0 66 
7 93.9% 37,996 283,793 3,743 318,046 0 67 
8 92.8% 34,253 283,793 3,690 314,356 0 68 
9 91.9% 30,563 283,793 3,098 311,258 0 69 

10 91.0% 27,465 220,000 283,793 3,098 308,160 0 70 
… … … … … … … … … 
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5 Discussion 

After applying the proposed DDMRP model to a case study. The author identifies 
a number of advantages that DDMRP can bring such as: Division of responsibil-
ities within the organization; Faster response to fluctuations; Accurate inventory 
management. 

Besides, there are several challenges that DDMRP may face, including the chal-
lenge for buffer location selection because its complexity that increases with the 
BOM level. At that time, analysis to make important buffer placement decisions will 
be difficult, it is necessary to develop a tool to assist decision makers in making 
quick and rational decisions. In addition, the calculation of the buffer structure is 
influenced by the lead time rate and variation rate. The range of variation is quite 
wide, which will lead to quite large discrepancies in the results of calculating buffer 
zones, while DDMRP believes that these coefficients can be estimated empirically 
by the company. 

6 Conclusion 

A model including the implementation steps and the necessary input and output data 
for the material requirements planning was proposed. The proposed model was built 
according to the first two phases in three main phases. The author built forms and 
performed calculations to apply the DDMRP method to material requirements plan-
ning for this case study. Finally, the analysis of DDMRP after applying this approach 
to case study is presented to clarify the advantages, disadvantages and challenges 
that DDMRP can face when implementing DDMRP in production environment. 

In addition, the main limitation of the study is that the research has not measured 
the benefits obtained from DDMRP when applied in practice compared to the MRP-
based planning method that the company is currently using. Future research may 
focus on recording real-time operational data long enough to measure and compare 
performance results with the company’s current MRP planning methods. 

Acknowledgements We acknowledge Ho Chi Minh City University of Technology (HCMUT), 
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A Study on the Effect of Gas Ratio 
N2/C2H2 on Some Properties of Hard 
Thin Films TiAlCN on SKD61 Steel 

Luan Duc Nguyen, Dinh Quang Nguyen, and Cuong Duc Pham 

Abstract TiAlCN coating is often used to improve properties of engineering 
surfaces of a variety of applications such as in the mechanical, medical or deco-
rative fields. In this study, the effect of N2/C2H2 gas ratio static friction and color 
(through wavelength measurement) of TiAlCN films created by vacuum arc deposi-
tion technology was investigated. The TiAlCN coating is fabricated on the surface 
of SKD61 steel. Using a home-built deposition system, namely HCM-700 (Hard 
Coating Machine—700 mm in chamber diameter). The static friction of the coated 
sample is evaluated with that of the uncoated ones. For the color determination, a 
spectrophotometer was used to analyze the energy present at each wavelength of the 
coating spectrum. The results show that when the N2/C2H2 gas ratio increases, the 
static friction of the TiAlCN coating decreases and the color of the coating becomes 
darker (i.e. increasing wavelength). 

Keywords Cathode arc · TiAlCN coating · Friction · Color · Wavelength · Gas 
ratio 

1 Introduction 

Thin hard coatings have become a popular choice for protecting mechanical parts, due 
to their unique properties. Metal carbides, nitrides, and carbonitrides are some of the 
most widely used materials for these coatings, as they have high hardness and Young’s 
modulus values. These values are crucial for protecting the softer substrate material. 
TiAlN and CrAlN are some of the most common materials used, with H > 35 GPa 
and E > 350 GPa. [1, 2]. Super hard coatings, like nanocomposite Ti-B-N coatings,
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represent an important step forward in terms of hardness values. These coatings have 
been found to have H up to 50 GPa and an E of up to 500 GPa. These coatings 
are also notable for their high melting points, which can reach as high as 2950 °C 
and 3067 °C for refractory nitrides and carbides like TiN and TiC, respectively. 
The properties of thin hard coatings make them ideal for applications requiring 
superior surface hardness [3, 4]. Thermal stability is a critical feature for coatings 
used in cutting applications, as temperatures in the tribological contact can reach 
high levels. In addition, oxidation resistance is also essential in these applications, 
as the atmosphere surrounding the contact normally contains oxygen. Examples 
of coatings that can provide these features include (Ti, Al)N and nano composite 
TiN-Si3N4 coatings. Both of these coatings have been tested and shown to possess 
high thermal stability and oxidation resistance. In addition, they are also metastable, 
meaning they remain stable even at higher temperatures. These properties, coupled 
with their affordable cost, make them ideal for use in cutting applications. [5–7]. 
Other aggressive environments demand a high corrosion resistance. TiC1 − xNx 
coatings have been found to be able to withstand H3PO4 and seawater [8]. 

TiAl(C,N) coatings have grown in popularity since the 1980s due to their 
outstanding properties which make them highly desirable for a wide range of applica-
tions. These coatings can be produced in a broad composition range, where x ranges 
from 0 to 1, and feature a face-centered cubic structure. The combination of titanium 
nitride (TiN) and titanium carbide (TiC) materials creates a coating that is both hard 
and tough, making it ideal for applications requiring high levels of wear resistance. 
TiC1 − xNx coatings can exhibit hardness values up to ∼40 GPa, depending on the 
nitrogen to carbon ratio. Additionally, these coatings are noted for their excellent 
tribological performance in dry sliding, with low friction at room temperature and 
in ambient atmosphere [9, 10]. 

This study presented Ti-Al-C-N hard coatings deposited by arc cathode technique 
with different N2/C2H2 partial pressure ratios. The friction and color properties of 
these coatings were studied as a function of N2/C2H2 partial pressure ratio. It was 
concluded that the N2/C2H2 partial pressure ratio affects the friction and color prop-
erties of the coatings, with the presence of carbon providing for the low-friction 
behavior at room temperature and in ambient air conditions. 

2 Methods 

Friction is an important force in the physical world. It is a resistive force between two 
surfaces that come in contact with each other. The first law states that the frictional 
force is proportional to the normal force, or F = μw, where μ is the coefficient of 
friction (COF). The second law states that the frictional force is independent of the 
apparent area of contact, meaning large and small objects have the same COF. The 
third law states that the frictional force is independent of the sliding. 

The friction force undergoes six stages before reaching a steady-state, as illustrated 
in Fig. 1.
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Fig. 1 The six stages of friction versus sliding distance for steel counterparts, modified after [11] 

The CIELAB color system is the universal standard for measuring and quantifying 
the color of coated objects. It is an objective method of characterizing color, making 
it a valuable tool for everyone from designers and artists to manufacturers. The 
CIELAB system is based on three fundamental parameters, L*, a*, and b*. These 
parameters measure the lightness, the colorfulness, and the hue of any given color 
respectively. 

L* is the measurement of the lightness or the darkness of the color. It is measured 
on a scale from 0 to 100, with 0 being the darkest, and 100 being the brightest. 

a* measures the colorfulness of the color, ranging from a negative value for 
greenish and bluish colors, to a positive value for reddish and yellowish colors. 

b* measures the hue, or the amount of red, green, and blue in the color, on a scale 
from −128 to +127. 

The CIELAB color system is a reliable and efficient way to measure, quantify, 
and compare colors. With its three parameters, it goes beyond the traditional GB 
system, providing a more comprehensive and accurate way to judge, describe, and 
compare color (Fig. 2). 

The distinction between two hues can be determined by the space between the 
color points of the two hues. ΔEab measures the color difference between two hues, 
identified as ‘1’ and ‘2’, that have respective color coordinates of L1*, a1*, b1* and

Fig. 2 The 3-dimensional CIELAB color space (left) and color co-ordinates systems (right) [12] 
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L2*, a2*, b2*. If ΔE*ab is small, it means that the two hues are almost identical. 
The color difference can be determined through the use of the Pythagorean theorem. 

ΔE∗
ab =

/
(ΔL)2 + (Δa∗)2 + (Δb∗)2 = 

/(
L∗
1 − L∗

2 

)2 + 
(
a∗
1 − a∗

2 

)2 + 
(
b∗
1 − b∗

2 

)2 

The color difference between the batch and the reference is calculated by 
comparing their color coordinates and finding ΔEab. The acceptable range of color 
difference can vary, with some industries having a strict limit of ΔEab less than 0.3, 
while others may have a more relaxed limit of ΔEab less than 1.5. In practical use, 
the representation of color differences is often simplified as ΔE or  ΔE. 

3 Experimental Setup 

The TiAlCN/TiAlN/TiAl coating was fabricated by arc cathode deposition technique 
using a hard coating machine HCM-700 (see Fig. 4) that was equipped with four arc 
sources using a target with a dimension of φ 100 × 40 mm. TiAl alloy targets with a 
ratio of Ti:70/Al:30 and precursor gas C2H2 and N2 were employed for the coating 
formation. 

The SKD61 was chosen as substrates which were cut into pieces of φ 20 × 5 mm  
by wire cutting. The SKD61 samples then were mirror polished to avoid the change 
of the microstructure of the alloy substrate due to the heat effect zone caused by the 
wire cutting process. After polishing, the SKD61 samples were sequentially cleaned 
in acetone, methanol, and deionized water in an ultrasonic bath before drying by 
blowing nitrogen gas. A turbo-molecular pump backed by a rotary pump was used 
to achieve a base pressure of 5 × 10–3 Pa before introducing the gases. Once a high 
vacuum of at least 5 × 10–3 Pa was reached, the sample holder was heated and 
maintained at 450 °C during the deposition. The targets were then etching cleaned 
with argon for five minutes. After preparation, the multilayer coating was deposited 
with the coating parameters and the coating process is detailed in Tables 1 and 
2. During the deposition process, the substrate was continuously rotating to give 
uniform coatings. To determine the color of TiAlCN coating, we use a Ci62 Xrite 
spectrophotometer, which is used based on measuring the wavelength of the spectrum 
as shown in the following Fig. 3.

The colorimeter uses a standard light source to illuminate the sample to be 
measured. Light reflected from the sample is transmitted to the grating which breaks 
it into its spectral components. This signal falls into the Diode series, and is measured 
the amount of light at each wavelength. Knowing the spectral data. Spectral data is 
sent to the microprocessor, and the CIELab X, Y, Z color value is displayed. 

For static friction, we determine through the use of a model, using a flat steel plate, 
placing the samples on top of the flat plate. Then tilt with different angles to determine 
when the sample starts to slide, record the value of that angle and the Table1. From
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Table 1 N2/C2H2 ratio used for coating 

Sample N2/C2H2 

1 (bare substrate) Uncoating 

2 (TiAlN) Only N2 

3 (TiAlCN) 360/40 

4 (TiAlCN) 320/80 

5 (TiAlCN) 200/200 

6 (TiAlC) Only C2H2 

Table 2 Step involve fabrication process and coating parameters 

No Step Time (min) Temperature 
(°C) 

Arc current 
(A) 

Bias Voltage 
(V) 

Pressure (Pa) 

1 Cleaning 5 450 – −900 1.2 × 100 

2 Coating 
TiAl 

5 450 80 −900 5 × 10–3 

3 Coating 
TiAlN 

10 450 80 −650 5 × 10–1 

4 Coating 
TiALCN 

90 450 80 −100 5 × 10–1 

5 Cooling 
down 

80 <150 – – – 

Fig. 3 Base instrumentation a spectrophotometer [13]
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Fig. 4 The hard coating machine HCM-700 (left) and schematic of the arc cathode deposition 
(right)

there determine the static friction (increase and decrease) of the samples relative to 
each other. 

The survey was conducted as follows: 
Sample 1: Uncoating, Sample 2: 100% N2, Sample 3: 90% N2 and 10% C2H2, 

Sample 4: 80% N2 and 20% C2H2, Sample 5: 50% N2 and 50% C2H2, Sample 6: 
100% C2H2. 

4 Results and Discussion 

The multilayer coating was achieved as shown in Fig. 5. Regarding tribological 
properties, the friction coefficient show in Table 3. 

To compare the static friction of coating samples, the samples were put sequen-
tially on a flat steel sheet with a roughness of 0.85 μm. The sheet then was raised 
slowly on one end until a sample slipped and then stops at the other end. The tilt angle 
was recorded. Each experiment was conducted 50 times for each sample. The tilt 
angle values were averaged as shown in Table 3. It can be seen that samples coated 
with TiAlC have reduced the static friction by 9.04% compared to the bare surface. 

The reduction of static friction can be explained as follows: When the sample is 
not coated, the metal sample is in a crystalline state with a rather large graininess.

Table 3 Friction results 
Sample Angle (degree) 

1 (bare substrate) 30.5 

2 (TiAlN) 30.2 

3 (TiAlCN) 29.1 

4 (TiAlCN) 28.6 

5 (TiAlCN) 28.2 

6 (TiAlC) 27.6 
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Table 4 CIELAB values of 
the coating samples Sample CIELab CIELab 

(reference) 
Note 

1 (bare  
substrate) 

91 94 Very bright cream 
color 

2 (TiAlN) 86 81 Greyish cream color 

3 (TiAlCN) 63 58 Dominant honey 
color 

4 (TiAlCN) 52 47 Dominant brown 
color 

5 (TiAlCN) 40 34 Darken brown color 

6 (TiAlC) 89 96 Silver color 

Meanwhile, TiAlCN film having a low carbon ratio remained in a crystalline state 
but the grain size decreased significantly. The increase of carbon ratio results in the 
change of crystalline state to amorphous state. Therefore, at a large carbon ratio the 
static friction decrease. The production of a product must follow a strict process 
to ensure its quality. The color of the TiAlCN layer with varying N2/C2H2 ratios 
was measured and analyzed in the CIELAB color space using a standard D65 light 
source and a 10 colorimetric observer, as shown in Table 4. The color points are 
depicted as points in the Lab* space, with the distance from the center indicating 
the chroma C∗ 

ab =
√
a∗2 + b∗2. Angle between the a* axis and the color coordinate 

vector representing the color Hab = arctan 
(
b∗ 

a∗ 

)
. Although color saturation is not 

formally defined in the CIELAB system, a good sensory correlation for saturation is 
Sab = C*ab/L*. 

The color of TiAlN film will be darker as the carbon ratio increases with the ratio 
of N2 and C2H2 as showed in Table 4. 

5 Conclusions 

In this work, TiAlCN coatings synthesized by cathode arc evaporation at different N2/ 
C2H2 ratios on SKD61 substrates were investigated. The friction and color properties 
of the coating were also studied. From the experimental results following conclusions 
are drawn: 

– The static friction of the coating decreases as the N2/C2H2 ratio increases. This 
could be due to when many carbon atoms are added to the TiAlCN film, the film 
is in an amorphous state, therefore decrease static friction. The static friction of 
the sample coated with TiAlCN film was reduced by 9.04% at the N2/C2H2 ratio 
of 40/360 SCCM compared to the uncoated sample.
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– The color of the characteristic TiAlCN film is yellow copper. That becomes 
darker when the percentage of carbon atoms increases. But when the carbon 
ratio increases too high, the color tends to silver. 
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Studying the Efficiency of Car Brake 
Force Distribution 
by a Three-Dimensional Dynamics Model 

Nguyen Thanh Tung and Luong Van Van 

Abstract The distribution of car braking force according to the traction conditions 
of the wheels with different types of roads in order to increase the braking efficiency 
and the safety of the car’s movement. In this paper, the authors have built a three-
dimensional dynamics model to investigate the influence of brake force distribution 
on the braking efficiency of a car. The survey results using Matlab software show 
that: if a Kia Pride CD5 car is driven on a straight road with a maximum coeffi-
cient of longitudinal friction µxmax = 0.8 at 90 kph, and then the car is suddenly 
braked with a braking torque equal to the maximum braking torque; In case the 
car does not have a mechanical brake force distribution system, the rear wheels are 
locked and slip completely, causing the car to lose its motion stability; If a car with a 
mechanical brake force distribution system, the wheels will not be locked, the force 
generated when braking of the rear wheels will increase by about 25%, the car’s 
braking acceleration will increase by about 15%, the braking efficiency will be satis-
factory according to the standards ECE-R13 (The international braking regulation 
of the UNO-economic commission for Europe in Geneva—ECE-regulation No. 13, 
ECE-R13, Vehicle Regulations, [1]). 

Keywords Braking force distribution · Braking efficiency 

1 Overview  

If the car is braked, the longitudinal inertia force is in the same direction as the car’s 
movement, so the load acting on the front wheel increases and the load acting on the 
rear wheel decreases. The ideal brake force at the wheels is proportional to the load 
acting on the wheel and the maximum brake force is Pxmax = Pzµxmax. If the braking
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force Pxmax < Pzµxmax, the braking process has not fully utilized the wheel’s grip, 
so the braking efficiency is low. If the braking force Pxmax > Pzµxmax, the wheel is 
locked and slips on the road surface, so the braking efficiency is also low. Therefore, 
in order to increase the braking efficiency of the car, it is necessary to distribute the 
braking force to match the grip-ability of the wheels. Brake force distribution is done 
by either a mechanical brake force distribution system or an electronic brake-force 
distribution system (EBD) [2–4]. 

2 The Dynamics Model 

To study the influence of brake force distribution on the braking efficiency of a car, 
The authors have built a 3D spatial dynamics model of the car by the method of 
separating the system of many objects as represented in Fig. 1 [4–7]. 

The authors have established a system of car dynamics equations using Newton’s 
and Euler’s equations as follows [8–10]:

.. 

.. .. 

Fig. 1 The 3D spatial dynamics model of the car 
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(
mc + m Al f + m Ar f + m Ar

)
ẍc = PXl  f  cos δl f  + PXr f  cos δr f  − PYl  f  sin δl f  

− PYr  f  sin δr f  + PXlr  + PXrr (1)

(
mc + m Al f + m Ar f + m Ar

)
ÿc = PXl  f  sin δl f  + PXr f  sin δr f  + PYl  f  cos δl f  

+ PYr  f  cos δr f  + PYlr  + PYrr (2) 

Jzc ψ̈c =
(
PXl  f  sin δl f  + PXr f  sin δr f  + PYl  f  cos δl f  + PYr  f  cos δr f

)
l f 

+ (PXrr  − PXlr  )br +
(
PXr f  cos δr f  − PXl  f  cos δl f  

+PYl  f  sin δl f  − PYr  f  sin δr f
)
b f − (PYrl  + PYrr  )lr (3) 

mcz̈c = PCl f  + PKl  f  + PCr f  + PKr  f (4) 

Jyc ϕ̈c =
(
PCl f  + PKl  f  + PCr f  + PKr  f

)
l f − (PClr + PKlr  + PCrr + PKrr  )lr 

+ Ml f  + Mr f  + Mlr + Mrr (5) 

Jxc  β̈c =
(
PCr f  + PKr  f  − PCl f  − PKl  f

)
b f + (PCrr + PKrr  − PClr − PKlr  )br (6) 

m Al f ξ̈l f  = PCLl  f  − PCl f  − PKl  f (7) 

m Ar f ξ̈r f  = PCLr  f  − PCr f  − PKr  f (8) 

m Ar z̈ Ar = PCLlr  + PCLrr  − PClr − PKlr  − PCrr − PKrr (9) 

JAxr β̈Ar = (PClr + PKlr  − PCrr − PKrr  )wr + (PCLrr  + PKLrr  − PCLlr  − PKLlr  )br 
− PYlr  (rlr + ξAlr ) − PYrr  (rrr  + ξArr ) (10) 

JAyl f ϕ̈l f  = MAl f − MBl f − PXl  f  rdl  f  − PZl  f  eXl  f  

= MAl f − MBl f −
(
PXl  f  − PZl  f  fl f

)
rdl f (11) 

JAyr f ϕ̈r f  = MAr f − MBr f − PXr f  rdr f  − PZr  f  eXr  f  

= MAr f − MBr f −
(
PXr f  − PZr  f  fr f

)
rdr f (12) 

JAylr ϕ̈lr = MAlr − MBlr − PXlrrdlr − PZlr  eXlr  
= MAlr − MBlr − (PXlr  − PZlr  flr )rdlr (13)
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JAyrr ϕ̈rr  = MArr − MBrr − PXrrrdrr − PZrr  eXrr  
= MArr − MBrr − (PXrr  − PZrr  frr  )rdrr (14) 

3 Simulation and Commentary 

The authors used Matlab-Simulink software to investigate the influence of brake 
force regulation on car braking efficiency. The authors surveyed under the following 
conditions: For a Kia Pride CD5 car with a full load, moving straight at V0 = 90 kph 
on a road surface with a sinusoidal profile according to ISO 8608:2016 [11]; The 
survey road is a dry asphalt road with a longitudinal friction coefficient of µxmax = 
0.8; µxmin = 0.75; When examining the brake with brake torque level TB = TBmax 

= PGµxmaxrd; Survey in two cases of cars with and without brake force distribution 
system. The brake torque and transmission torque of the front and rear axle are 
represented in Fig. 2. 

Figure 3 is a graph showing the ratio of slip of the left front wheel Slf and the ratio 
of slip of the right front wheel Srf. The solid red line shows that the car does not have 
a brake force distribution system (N–No); The blue dotted line represents a car with 
a brake force distribution system (Y–Yes). Observing the graph, we can see that the 
slip ratio when braking the left and right front wheels in the two cases of a car with a 
brake force distribution system and a car without brake force distribution system have 
the same shape and value are equivalent, Slf-Y≈Srf-Y≈5.5% and Slf-N≈Srf-N≈6.0%, 
so the front wheels are working in the stable linear elastic region.

The ratio of slip of the rear wheels is represented in Fig. 4. In case a car is fitted 
with a mechanical brake force distribution system, the slip ratio of the rear wheels 
Slr-Y≈Srr-Y≈6%, the wheels are working in the stable linear elastic region. In case a 
car does not have a mechanical brake force distribution system, the slip coefficient 
of the rear wheels Slr-N = Srr-N = 100%, the rear wheels are locked and skid 100% 
on the road, the braking efficiency is decreased and the car is in unstable motion.
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Fig. 2 The brake torque and transmission torque of the front and rear axle 
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Fig. 3 Slip ratio of the left and right front wheels
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Fig. 4 Slip ratio of the left and right rear wheels 

The vertical force on the left and right front wheels is represented in Fig. 5. When 
braking, the vertical reaction on the front wheels is increased. If a car does not have a 
mechanical brake force distribution system, the vertical reaction on the front wheels 
is PZlf-N≈PZrf-N≈3050N, and greater than that of a car with a mechanical brake force 
distribution system of PZlf-Y≈PZrf-Y≈2950N. 

Due to the force of inertia, when braking, the vertical reaction on the rear wheels is 
decreased. When a car has a mechanical brake force distribution system, the vertical 
reaction on the rear wheels is PZlr-Y≈PZrr-Y≈3350N, and greater than a car without 
a mechanical brake force distribution system is PZlr-N≈PZrr-N≈3250N, as Fig. 6.
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Fig. 5 The vertical force on the left and right front wheels 
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Fig. 6 The vertical force on the left and right rear wheels 
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Fig. 7 The brake force of the left and right front tyres 

The braking force of the left and right front wheels is represented in Fig. 7. 
Studying Fig. 7 we see that, the brake force of the left and right front wheels in two 
cases with and without a mechanical brake force distribution system, have the same 
shape and value are, PXlf-N≈PXlf-Y≈1850N; PXrf-N≈PXrf-Y≈1850N. 

Figure 8 is a graph of the braking force of the left and right rear tyres. We see that 
the brake force of the rear tyres in the case of a mechanical brake force distribution 
system is about 25% greater than the case of a car without a mechanical brake force 
distribution system. In the case of a car with a mechanical brake force distribution 
system, the brake force of the left and right rear tyres is PXlr-Y≈PXrr-Y≈2650N. In 
case the car does not have a mechanical brake force distribution system, the rear 
tyres are locked and slide 100% on the road surface, so the brake force of the left 
and right rear tyres is reduced, PXlr-N≈PXrr-N≈1950N.

The braking acceleration of the car and the body rotation angle are represented 
in Fig. 9. We see that the braking acceleration of a car with a mechanical brake 
force distribution system is about 15% larger than that of a car without a mechanical 
brake force distribution system. Braking acceleration of cars with a mechanical brake 
force distribution system aY = 7.5 m/s2, the brake performance of the car meets the 
requirements of the ECE-R13 standard [1]. Braking acceleration of cars without a 
mechanical brake force distribution system aN = 6.5 m/s2. The body rotation angle of 
a car has a mechanical brake force distribution system is ψ̈Y ≈ 0.2◦ while the body
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Fig. 8 The brake force of the left and right rear tyres
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Fig. 9 The braking acceleration and the body rotation angle 

rotation angle of a car does not have a mechanical brake force distribution system is 
ψ̈N ≈ 2◦. 

4 Conclusions 

When a Kia Pride CD5 car is driven on a straight road with a maximum coefficient 
of longitudinal friction µxmax = 0.8 at 90 kph and then the car is braked with a 
torque equal to the maximum braking torque, in two cases a car with and without a 
mechanical brake force distribution system. In the case of a car with a mechanical 
brake force distribution system, the tyres will not be locked, the brake force of the 
rear tyres will increase by about 25%, the car’s braking acceleration will increase 
by about 15%, the braking efficiency will be satisfactory according to the standards 
ECE-R13 [1]. In case the car does not have a mechanical brake force distribution 
system, the rear wheels are locked and slip 100%, causing the car to lose its motion 
stability.
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The Effects of the Ratio of Grip 
to the Ratio of Slip When Braking 
the Semi-Trailer at 60 kmph 

Nguyen Thanh Tung and Luong Van Van 

Abstract This paper shows the results of building a model and simulating the effects 
of the ratio of grip to the ratio of slip when the semi-trailer is braked at 60 kmph on 
a straight road. The system of dynamic equations of the semi-trailer is built by the 
Newton–Euler method. Simulation of the influence of the ratio of grip on the ratio of 
slip using Matlab software. The results showed that, if the semi-trailer is moved on a 
straight road with the ratio of grip μxmax = [0.8:0.1:1.0] at 60 kmph, the longitudinal 
ratio of slip is less than 10%, the brake force reaches the maximum value. If μxmax 

= [0.5, 0.6], the ratio of slip of the middle axle, and rear axle reaches the maximum 
value, S = 100%, the wheels are locked and fully slipped, the brake force reaches 
min value, and the semi-trailer is not safe. 

Keywords Ratio of grip · Ratio of slip · Braking process 

1 Introduction 

The longitudinal ratio of slip Sx of the wheels affects the driving, braking, and safety 
of the semi-trailer, Sx < 0 for driving, and Sx > 0 for braking. Sx is determined 
according to the following formula [1]: 

Sx = rd ωw − Vx 

rd ωw 
; rd ωw > Vx ; −1 < sx < 0 f or  driving (1) 

Sx = rd ωw − Vx 

Vx 
; rd ωw < Vx ; −1 < sx < 0 f or  braking (2)
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Fig. 1 Graph of longitudinal 
ratio of grip 

μx 

μxmax 

μxmin 

μxmin 

μxmax 

Sx 

When the vehicle is in motion, the longitudinal force Fx appears between the tire 
and the road surface, Fx = Fzμx , and the longitudinal ratio of grip μx is a function 
of Sx in driving and braking as shown in Fig. 1. 

The objectives of this paper are to build a dynamics model and simulate the 
longitudinal ratio of slip of tires in the braking process of the semi-trailer on different 
kinds of roads. 

According to the author’s knowledge, up to now, there have been many studies on 
the longitudinal ratio of slip in the braking process of the vehicle [1]. However, there 
have not been many studies on the longitudinal ratio of slip in the braking process 
of the semi-trailer, especially the studies on the semi-trailer produced and operated 
in Vietnam. Therefore, the research results of this paper have high scientific and 
practical significance in Vietnam nowadays. 

2 The 3D Dynamic Model 

The semi-trailer has a complex structure, vehicle with six axles and two bodies linked 
together by a fifth wheel. The three-dimensional dynamic model of the vehicle is 
built by the multi-body system method. The Newton–Euler equation was used to 
build the system of dynamic equations of the vehicle. Equations (3–8) describe the 
dynamics of the vehicle in the XY plane [2–6]: 

(mc1 + m Ai ) ̈xc1 = Fx1 j cos δ1 j − Fy1 j sin δ1 j 
+ Fx2 j + Fx3 j − Fwx1 − Fkx1 (3) 

(mc1 + m Ai ) ̈yc1 = Fx1 j sin δ1 j + Fy1 j cos δ1 j + Fy2 j 

+ Fy3 j − Fky1(i = 1 − 3) (4)
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Jzc1 ψ̈c1 =
[
Fx1 j sin δ1 j + Fy1 j cos δ1 j

]
l1 

+ (Fxi2 − Fxi1)bi − Fyi j li + Fky1lk1 

+ (
Fx12 cos δ12 − Fx11 cos δ11 + Fy11 sin δ11 − Fy12 sin δ12

)
b1(i = 1 − 3) 

(5) 

(mc2 + m Ai ) ̈xc2 = Fxi  j  + Fkx2 (i = 4 − 6) (6) 

(mc2 + m Ai ) ̈yc2 = Fky2 + Fyi j (i = 4 − 6) (7) 

Jzc2 ψ̈c2 = (Fxi2 − Fxi1)bi − Fyi j li + Fky2lk2 (i = 4 − 6) (8) 

Equations (9–12) describe the dynamics of the vehicle in the XZ plane [2–6] 
(Fig. 2): 

mc1 z̈c1 = FCi  j  + FKi  j  − Fkz1 (i = 1 − 3) (9) 

Jyc1 ϕ̈c1 =
(
FCi  j  + FKi  j

)
li + Fkz1lk1 − Fkx1(hc1 − hk1) + Mi j (i = 1 − 3) (10) 

mc2 z̈c2 = FCi  j  + FKi  j  + Fkz2 (i = 4 − 6) (11) 

Jyc2 ϕ̈c2 = −(
FCi  j  + FKi  j

)
li + Fkx2(hc2 − hk2) + Fkz2lk2 + Mi j (i = 4 − 6) 

(12)

Equations (13–17) describe the dynamics of the vehicle in the YZ plane [2–6] 
(Fig. 3): 

Jxc1 β̈c1 = (FCi2 + FKi2 − FCi1 − FKi1)wi + Mkx1 (i = 1 − 3) (13) 

Jxc2 β̈c2 = (FCi2 + FKi2 − FCi1 − FKi1)wi − Mkx2 (i = 1 − 3) (14) 

JAxi β̈Ai = (FCi1 + FKi1 − FCi2 − FKi2)wi 

+ (FCLi2 − FCLi1 − FKLi1)bi − Fyi j
(
ri j  + ξAi j

)
(i = 1 − 6) (15) 

m Ai
(
z̈ Ai + β̇Ai ẏAi

) = FCLi  j  + FKLi  j  − FCi  j  − FKi  j (i = 1 − 6) (16) 

m Ai
(
ÿAi − β̇Ai ż Ai

) = Fi + Fyi j (i = 1 − 6) (17)

The dynamics equations of the wheels are as follows [7–9]:
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Fig. 2 Diagram of forces and moments acting on the vehicle in the XY plane

Fig. 3 Diagram of forces and moments acting on the vehicle in the XZ plane

JAyi j ϕ̈i j  = MAi j − MBi j  − Fxi  j rdi  j (i = 1, 2, 3, 4, 5, 6; j = 1, 2) (18)
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3 Simulation and Discussion 

Simulation of the influence of longitudinal ratio of grip on the vehicle’s longitudinal 
ratio of slip using Matlab software. The vehicle is braked with torque MB = 0.8MBmax 

when it is running on a straight road at 60 kmph. A vehicle is run on six kinds of 
roads with six different maximum longitudinal ratio of grip ϕxmax = [0.5:0.1:1.0]. 
Line 1 has ϕxmax = 0.5, line 2 has ϕxmax = 0.6, line 3 has ϕxmax = 0.7, line 4 has 
ϕxmax = 0.8, line 5 has ϕxmax = 0.9 and line 6 has ϕxmax = 1.0. Graphs of active 
torque and braking torque are shown in Fig. 4. 

Graph of the vertical reaction of the road on the tire Fzij of axles 1, 3, and 6 are 
shown in Fig.  5. Studying Fig. 5, we find that when a vehicle is braked, the vertical 
reaction of the road on the front tire Fz11 has a higher value, whereas the vertical 
reaction of the road on the middle tire Fz31 and the rear tire Fz61 have a lower value. 
On the front axle, the higher the longitudinal friction coefficient is, the greater the 
vertical force Fzij is. On the rear axle, the higher the longitudinal friction coefficient 
is, the smaller the vertical reaction of the road on the tire Fzij is. 

The graphs of longitudinal force FXij of the axles 1, 3, 6 when the vehicle is braked 
on six kinds of roads with six different maximum longitudinal traction ratio ϕxmax 

= [0.5:0.1:1.0] are shown in Fig. 6. The longitudinal force on the front axle, FX11 = 
19kN. For the middle axle, if ϕxmax = 0.5, then FX31 = 16kN; if ϕxmax = 0.6, then 
FX31 = 20kN; if ϕxmax = [0.7, 0.8, 0.9, 1.0], then FX31 = 27kN. For the rear axle, if 
ϕxmax = 0.5, then FX61 = 14kN; if ϕxmax = 0.6, then FX61 = 17kN; if ϕxmax = 0.7, 
then FX61 = 20kN; if ϕxmax = [0.8, 0.9, 1.0], then FX61 = 25kN.

The graphs of longitudinal slip ratios of the axles 1, 3, and 6 when the vehicle is 
braked on six kinds of roads with six different maximum longitudinal traction ratio 
ϕxmax = [0.5:0.1:1.0] are shown in Fig. 7. The longitudinal slip ratio on the front axle

Fig. 4 Graphs of active torque and braking torque on axles 1, 3, 6 

Fig. 5 Graph of the vertical reaction of the road on the front, middle, and rear tire 
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Fig. 6 The longitudinal forces on axles 1, 3, 6

S11 is less than 4%, the front wheels operate stably and safely in the linear elastic 
region. For the middle axle, if ϕxmax = [0.5, 0.6], then S = 100%, the middle wheels 
are locked and full sliped, and the tractor semi-trailer loses its stability; if ϕxmax = 
[0.7, 0.8, 0.9, 1.0], then S = 5%, the middle wheels operate stably and safely in the 
linear elastic region. For the rear axle, if ϕxmax = [0.5, 0.6, 0.7], then S = 100%, the 
rear wheels are locked and full slipped, and the tractor semi-trailer loses its stability; 
if ϕxmax = [0.8, 0.9, 1.0], then S < 10%, the rear wheels operate stably and safely in 
the linear elastic region. 

The friction use ratio fi j  = ϕxi  j  max/ϕxi  j  of the axles 1, 3, 6 when the vehicle is 
braked on six kinds of roads with six different maximum longitudinal traction ratio 
ϕxmax = [0.5:0.1:1.0] are shown in Fig. 8. On the front axle, the friction use ratio 
f = 0.4 ÷ 0.85, and the brake force has not used the full friction of the wheel. On 
the middle axle, if ϕxmax = [0.5, 0.6], then f = 1, the brake force has used the full 
friction of the wheel; if ϕxmax = [1.0, 0.9, 0.8, 0.7], then f = 0.65 ÷ 0.95, the brake 
force has not used the full friction of the wheel. 

Fig. 7 The longitudinal slip ratios on axles 1, 3, 6 

Fig. 8 The friction use ratios on axles 1, 3, 6
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4 Conclusion 

If the vehicle is braked on three kinds of roads with six different maximum longitu-
dinal traction ratio ϕxmax = [0.8:0.1:1.0] at 60 kmph, and the vehicle is braked with 
torque MB = 0.8MBmax, the value of the coefficient of longitudinal slip is very small, 
S < 10%; the brake force reaches the maximum value, FX11 = 19 kN, FX31 = 27 kN, 
FX61 = 25 kN. If ϕxmax = [0.5, 0.6], the coefficient of longitudinal slip of the middle 
axle, and rear axle reaches the maximum value, S = 100%, the wheel is locked and 
fully slipped, the brake force reaches min value, and the tractor semi-trailer loses its 
stability. 
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Combustion Characteristics of DA465QE 
Engine Fueled with HHO Enriched 
Biogas 

Anh Vu Vo, Thi Minh Tu Bui, Tan Tien Huynh, and Thong Ngo Tan 

Abstract This paper presents the results of a numerical simulation of the perfor-
mance of the DA465QE engine and the impact of adding HHO to biogas on its 
efficiency and pollutant emissions. The results showed that at a given operating 
condition, an increase in HHO and CH4 concentrations, as well as the load regime, 
led to an increase in the indicative work cycle Wi. However, this increase decreased 
as engine speed increased and reached a peak value when the equivalence ratio and 
advanced ignition timing varied. Additionally, an increase in HHO and CH4 concen-
trations, the load regime, and advanced ignition timing was found to result in a rise 
in the combustion temperature T and NOx content in the exhaust gas. But, when 
engine speed increased, a decrease was observed, and a peak value was achieved 
with variations in the equivalence ratio. The rate of increase in NOx concentration 
with the equivalence ratio was found to be higher than that of Wi and T. When the 
HHO concentration in the biogas mixture was below 30%, the improvement in Wi 
was observed to be beneficial before the increase in NOx. Given that the biogas 
engine operates with a lean mixture, the addition of HHO is especially intriguing. 
The optimal ignition timing was found to reduce 6CA as effectively as adding 30% 
HHO to biogas at a certain engine speed. By properly adjusting the engine’s operating 
parameters when using HHO-enriched biogas as fuel, a balance between performance 
and NOx emissions can be achieved. A compromise between performance and NOx 

emission can be obtained by appropriate adjustment of operating conditions of the 
engine fueled with HHO enriched biogas. 
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1 Introduction 

Biogas contains CH4, which determines the calorific value of the fuel, while CO2 

impurities lessen the efficiency of combustion and the release of heat. Biogas has 
a high octane number, so it can be used on high compression engines allowing for 
improved thermal efficiency [1, 2]. About pollutant emissions, Verma et al. [3] found 
that biogas-powered spark-ignition engines have low NOx emissions but higher CO 
and HC emissions than gasoline engines. This is because the presence of CO2 in the 
fuel mixture lowers the burning temperature, which reduces the reaction to form NOx. 
To improve the quality of biogas combustion without increasing pollutant emissions, 
one of the most effective ways is to add hydrogen or HHO into the biogas [4]. Ilbas 
et al. [5] showed that increasing the hydrogen concentration in the hydrogen-methane 
mixture accelerates combustion and extends the burning limit. This allows to shorten 
the time between ignition and the peak of the heat release rate curve, and thus the 
maximum pressure increases and moves near TDC. The numerical simulation results 
showed that as the hydrogen content in the fuel increased, the maximum values of 
pressure and heat release rate increased, and the ignition delay time decreased [6]. 
The above analysis shows adding hydrogen into biogas has many prospects in energy 
saving and environmental protection [7, 8]. The challenge of the widespread use of 
hydrogen concerns the fuel storage, especially in vehicles. In fact, hydrogen has a low 
volumetric energy, so to provide the same amount of energy as a conventional fuel a 
larger fuel tank is required. The main storage solution today is to compress hydrogen 
in a tank up to 700 bar, compared to 200 bar for natural gas. Therefore, using hydrogen 
in a mixture with oxygen (specifically HHO) produced directly onboard the vehicle 
or on site for stationary engines with renewable energy, such as solar panels, is more 
interesting. HHO gas is considered as a clean and promising alternative fuel [9, 10]. 
In recent years, the automotive industry has developed an interest in HHO [11], 
attracting the attention of scientists worldwide [12, 13]. Add HHO gas to traditional 
fuels to enhance combustion, increase the Wi and reduce CO and HC emissions. 
However, the drawback of hydrogen or HHO addition into biogas is the increase in 
NOx emissions. 

The focus of this work was to examine the combustion and emission of an engine 
fueled with biogas enriched with HHO. The purpose of this study is to determine the 
harmonized HHO content between Wi and NOx emissions under different operating 
conditions. The study was carried out by numerical simulation on the DA465QE 
engine. 

2 Materials and Methods 

The DA45QE four-cylinder, four-stroke, multi-point injection was used to simulate 
biogas-HHO combustion and NOx emissions. The engine features a 9.0 compression 
ratio, a 65.5 mm cylinder diameter, and a 72 mm piston stroke.
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ANSYS Fluent V15.0 (CFD) software was used for the simulations. The basic 
equations of fluid dynamics are closed by the k-ε model NOx formation was modeled 
using the extended Zeldovich mechanism, which is mostly used in pollutant emission 
modeling because the combustion temperature of HHO-enriched biogas is usually 
higher than 1600 K. Calculations are carried out in a theoretically closed system, 
starting from the point at which the intake valve is closed at 0°CA and ending when 
the exhaust valve is opened at 360°CA. The initial conditions are taken from the 
calculation results of the gas exchange process at the end of the intake stroke [14]. The 
procedure for calculating the influence of fuel composition and operating conditions 
on engine performance and pollutant emissions has been detailed in [15]. The initial 
conditions are taken from the calculation results of the gas exchange process at the 
end of the intake process [14]. In the current research, it is assumed that the biogas 
mixture containing HHO is homogeneous, and the combustion process is modeled 
using the partial mixing model. The volume percentages of CH4 and CO2 in biogas 
are represented by the letters Mx and Cy, respectively, as fuel. The HHO gas is 
composed of 2/3 hydrogen (H2) and 1/3 oxygen (O2) by volume. The HHO content 
was calculated as the ratio of the HHO volume to the total volume of the mixture of 
HHO and biogas. Then the composition of each component in the mixture can be 
determined. For example, the molar compositions in the mixture of a M6C4 biogas 
enriched with 20% HHO are: 

%CH4 = 80% ∗ %VCH4 = 80% ∗ 60 = 48%; 
%CO2 = 80% ∗ %VCO2 = 80% ∗ 40 = 32% 

%H2 = 20% ∗ %VH2 = 80% ∗ 2/3 = 16.32%; 
%O2 = 20% ∗ %VO2 = 80% ∗ 1/3 = 6.68% 

3 Results and Discussion 

3.1 The Effect of Equivalence Coefficient 

Figure 1a presents the effect of the equivalence coefficient on the contour lines of 
temperature and NOx concentration at TDC on the xy section. The engine runs at 
4000 rpm fueled with M6C4 biogas enriched by 40% HHO with a fixed advanced 
ignition angle at 30°CA before TDC. We see that at the same position of crankshaft 
angle, when φ = 1, the burned mixture area is much larger than when φ = 0.78 or φ 
= 1.13. Thus, when the mixture is poor or rich, the burning rate decreases.

Figure 1b and c show the variation of CH4 and H2 concentrations during the 
combustion of biogas enriched by 20% HHO. It can be seen that the consumption 
rates of CH4 and H2 concentrations decrease with poor or rich mixtures. When using 
a rich mixture, the gas–water reaction CO2 + H2 = CO + H2O during combustion
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Fig. 1 Effect of equivalence coefficient on combustion of biogas-HHO mixture: comparison of T, 
CH4, NOx at 20°CA a; Effect φ of CH4 b, H2 c with crankshaft angle (M6C4 Biogas, 40% HHO, 
n = 4500 rpm, ϕs = 25°CA)

takes place vigorously, producing hydrogen during expansion. When φ < 1, CH4 

and H2 combustion start immediately after ignition and end almost at the same time. 
However, when φ > 1, the residual H2/CH4 ratio in the gas mixture increases with φ. 
The above in-cylinder phenomenon study shows that mixed biogas - HHO gas can be 
burned at a very low equivalence rate and therefore produced low NOx concentration. 
This is one of the advantages of adding HHO into biogas. 

The increase in NOx concentration when blending 10% HHO and 30% HHO to 
M7C4 biogas is 1.5 times and 2.8 times respectively compared to NOx concentration 
when the engine runs on biogas only (Fig. 2). Near the burning limit (φ = 0.75), the 
difference between NOx emissions when running on biogas and on HHO enriched 
biogas is not significant, while the indicative engine cycle work has a growth rate by 
10% and 20%, respectively, when blending 10% HHO and 30% HHO to the biogas. 
Therefore, HHO blended to biogas is more beneficial when the engine is fueled with 
a poor mixture.

3.2 Effect of HHO Content 

The indicative work cycle Wi of the engine is significantly improved when HHO is 
blended to the biogas as shown in Fig. 3a. Wi increased from 233 J/cycle to 282 J/
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Fig. 2 Variation of Wi a, T  b and NOx c when the engine runs on biogas M6C4 biogas blended 
HHO n = 4000 rpm, ϕs = 25°CA

Fig. 3 Effect of HHO component mixed into biogas M6C4 on cycle indicator work a, temperature  
b and NOx concentration c when the engine runs at n = 4000 rpm, ϕs = 25°CA, φ = 1 

cycle when switching biogas M6C4 to biogas M6C4 enriched by 40% HHO. This 
is explained by the increased combustion rate and decreased amount of N2 inert gas 
in the mixture when HHO is mixed with biogas. As the combustion rate increases, 
the temperature and pressure peaks tend to closer to the TDC, thereby increasing the 
maximum temperature and pressure. When 30% HHO is blended with M6C4 biogas, 
maximum engine pressure rises from 27 to 41 bar and maximum temperature rises 
from 2050 to 2325 K (Fig. 2a and b). 

The primary causes of the rise in NOx concentration in exhaust gas are an 
increase in heat release rate and combustion temperature. The relationship between 
the concentration of NOx in the combustion products and the amount of HHO in 
the mixture containing M6C4 biogas is shown in Fig. 3c. The results showed that 
NOx concentration increased significantly when increasing the HHO composition in 
biogas. When the HHO component in biogas is below 20%, the NOx concentration 
increases slightly. However, when the HHO component was higher than 20%, the 
NOx concentration increased sharply. Specifically, the concentration of NOx in the 
exhaust gas is below 1000 ppm when the HHO component in biogas is lower than 
20%, but reaches about 3000 ppm when 40% HHO is added to biogas. 

Figure 4a–c introduce the variation of Wi, T and NOx emission according to the 
HHO content in the mixture with biogas M6C4, M7C3 and M8C2 biogas. It can 
be seen that the Wi, T, and NOx concentration increase continuously according to
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Fig. 4 Variation of cycle indicator work a, T temperature b and NOx concentration c to HHO 
content mixed into M6C4, M7C3 and M8C2 biogas; 4000 rpm with ϕs = 25°CA, φ = 1 

the HHO composition. The rate of increase of NOx concentration was higher than 
the rate of increase of the indicative engine cycle work and temperature. At engine 
speed of 4000 rpm, Wi increased on average 11 J/cycle when the CH4 concentration 
increased by 20%, but it increased by 29 J/cycle when the HHO content in the biogas 
increased by 20%. Under that condition, the average increase in NOx concentrations 
was 650 ppm and 2125 ppm for the first and second case, respectively. Therefore, 
with the same increase in concentration, an increase in HHO concentration results in 
a higher increase in Wi and NOx than an increase in CH4 concentration. The above 
results show that when adding HHO to biogas, the indicative work cycle increases, 
but at the same time, NOx concentration also increases due to the increase in heat 
release rate and combustion temperature. Because increase of Wi and NOx according 
to different HHO content (Fig. 4.8), we can choose the operating parameters of the 
engine and the content of HHO in the mixture with biogas to achieve a high increase 
in Wi and moderate increase in NOx, in other words to achieve the best Wi/NOx ratio. 
This necessitates research into how the operating parameters of an engine running 
on biogas that has been blended with HHO affect the indicated work cycle Wi and 
NOx emission. 

3.3 Effect of Advanced Ignition Angle 

Figure 5a–c show the variation of Wi, T and NOx concentration with increasing 
ignition angle when the engine is running at 5000 rpm and is fueled by The M6C4, 
M7C3 and M8C2 biogas were enriched with 30% HHO. Regardless of the biogas 
composition, the T and NOx concentration increased with the advanced ignition 
angle. However, Wi increases slowly after ϕ = 35oCA and tends to decrease due to 
pump loss during compression.

With a given biogas, the effect of HHO composition on the variation of Wi, T and 
NOx according to the advanced ignition angle ϕs is shown in Fig. 6a–c. The results 
show that for a given advanced ignition angle, the increase in HHO composition leads 
to an increase in Wi, T and NOx concentration. Figure 5a shows that the optimal value 
of ϕs tends to decrease with increasing HHO concentration due to improved burning 
rate.
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Fig. 5 Effect of biogas composition to variation of cycle indicator work a, temperature  b and NOx 
concentration c to early ignition angle (30% HHO, n = 5000 rpm), φ = 1, full load)

Fig. 6 Effect of HHO content mixed into biogas on variation of cycle indicator work a, temperature  
b and NOx concentration c to early ignition angle (M7C3, n = 4000 rpm, φ = 1, full load) 

The correlation between Wi and NOx concentrations when the engine was fueled 
with M7C3 biogas enriched with different contents of HHO at 4000 rpm is shown in 
Fig. 7. The results show that, if the engine runs at 4000 rpm, M7C3 biogas enriched 
with HHO with different contents, the advanced ignition angle in the range 25°CA– 
30°CA will achieve the appropriate balance between Wi and NOx emission. 

Fig. 7 Effect of biogas composition a and HHO content b on the relationship between Wi and 
NOx concentration when the early ignition angle from 20°CA to 40°CA (n = 4000 rpm, φ = 1)
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4 Conclusion 

The results of this study allow us to draw the following conclusions: 

– At a given operating condition, when the engine runs on biogas rich in HHO, 
Wi increases with increase in HHO content, CH4 concentration, loading regime 
but It lowers as engine speed increase and reaches the peak value according to 
variation of φ and ϕs. NOx concentration increases with increasing HHO content, 
CH4 concentration, loading regime, ϕs, but it decreases with increasing engine 
speed and reaches the peak value when φ varies. 

– Harmonizing engine performance and NOx emissions can be obtained by adjusting 
fuel composition and/or engine operating conditions. 

– With a given HHO content, the Wi, T, NOx curves have maximum value when φ 
≈ 1.1. The rate of increase of NOx concentration by φ was much higher than that 
of Wi and T. When blending 10% and 30% of HHO to biogas M6C4, Wi increased 
by 4% and 12% respectively and NOx concentration increased respectively 1.5 
and 2.8 times respectively compared to when the engine runs on biogas. 
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Electromagnetic Induction Generator 
by Harvesting Vibration Energy 

Hoa Thi Truong and Dung Hoang 

Abstract Our work aims to develop a vibration generator that generates electrical 
energy from surrounding mechanical vibrations. This generator represents an alter-
native to powering wireless sensors without using primary batteries. The generator 
is an electromagnetic induction generator. When the generator is excited by ambient 
vibration, the resonant mechanism induces the relative motion of the magnetic circuit 
relative to the copper coil. This relative motion generates voltage across the coil due 
to Faraday’s laws. This energy harvesting technology has advantages over conven-
tional types concerning size and efficiency, and it is incredibly robust and has low 
electrical impedance. The generator model can be excited by sine, random, or actual 
vibration data, and can be easily scaled up to increase the output power in order to 
generate an expected output power. 

Keywords Energy harvester · Ambient vibration · Electromagnetic induction 

1 Introduction 

Recently, research and application of smart vibration systems attracts many 
researchers such as vibration isolator, vibration absorber, and vibration energy 
harvesting [1–5]. The vibration energy harvesting is the conversion of kinetic energy 
of vibrations into electricity. The vibrations caused by wind, water, ocean waves, 
even mechanical vibration from vehicles or civil infrastructures are great sources of 
energy that need to be harvested. Electromagnetic induction generator is a partic-
ularly promising means of energy harvesting, as it is cheap, requiring only coils
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and magnets. The energy harvesting system accompanied with an electromagnetic 
induction generator is designed to convert vibration energy into electrical energy. 

The system could be a solution for replacing batteries in wireless low power 
modules embedded in infrastructures, i.e. skyscrapers, bridges, and railways. There-
fore, these structures can be periodic inspected without regular conventional main-
tenance such as battery replacement. The generator is also suitable for powering 
battery-free low power modules because of it’s simply, robustness, and high efficiency 
[6–8]. 

The parameters of the generator can be designed according to the frequency 
and amplitude of the vibration with the aim to maximize the efficiency of energy 
harvesting. 

2 Configuration and Principle 

2.1 Configuration 

The generator configuration is shown in Fig. 1. The generator is a rectangular-shaped 
cantilever consisting of a ferromagnetic core, coil, magnets, and weight. It has dimen-
sions of 225 mm × 30 mm × 37 mm. The core is made from a multi-layer of 30 mm 
× 5 mm  × 180 mm ferromagnetic laminate beams and incorporated a solid part of 
iron. The magnet is attached to the bottom of the iron core to provide the appropriate 
magnetic flux for the operation of the system. The coil is wound around the multi-
layer of ferromagnetic laminate beams. The weight is also made of iron and is a part 
of the core placed at the tip of the cantilever. The resonant frequency can be adjusted 
by changing the mass, the number of layers of ferromagnetic laminate beams, or by 
the position of the coil along the core. There is an air gap between the iron weight 
and another part of the iron core. The magnetic circuit is the whole iron-based parts 
and the air gap. The output power can be maximized when the natural frequency of 
the generator coincides with the frequency of the vibration object.

2.2 Principle 

The Fig. 2 depicts the principle of the power generator. The operation is based on the 
principle of electromagnetic induction. Generators convert vibrations into electrical 
energy based on the laws of electromagnetic induction when the magnetic flux sent 
through a closed loop circuit change, it will induce an electromotive force at both 
ends of the coil. This is a 1-DOF vibration system. The displacement of the weight 
is calculated [9]. Thus, the gap is determined and the magnetic field strength change 
in the iron core is also determined.
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a) Top view 

b) Side view 

Fig. 1 Configuration of electromagnetic induction generator by harvesting vibration energy

Permanent magnets WeightIron core Vibration object 

Steel core using steel sheetsMagnetic induction coil 

Fig. 2 Photo of experiment system 

When the system is excited, the vibration changes the wide of air gap. When there 
is a downward inertia force due to the acceleration of vibrating acting on the weight, 
the air gap is pulled to be narrower, consequently, magnetic flux in the magnetic
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Fig. 3 Output voltage of the generator under vibration 

circuit increases. Then, the tensile stress occurring inside the ferromagnetic laminate 
sheet causes an elastic force, which, together with the upward inertia force of the 
vibration, will pull the weight moved upward, the air gap is then widen and the flux 
decreases. Because the magnetic conductivity of the air is much lower than that of 
the steel core, when the distance of the air gap changes, the magnetic flux through the 
steel core and coil will change. This flux changes induce an electromotive force on 
the coil due to the laws of induction. The generator converts this energy efficiently 
because the small inertia force is magnified into a large axial force due to the length 
of the cantilever. In addition, a generator made of iron material is very strong and 
can withstand high frequency vibration, high acceleration and high kinetic energy. 

2.3 Experimental Results 

Figure 3 shows output voltage of the generator under vibration of a DC motor when 
the generator was open-circuit. As show in Fig. 3, the output voltage is quasi-
triangle shape with a peak of around 450 mV. The voltage pulses were generated 
with frequency of about 14.6 Hz that is corresponding to the speed of the DC motor. 
From this result, it is confirmed that the system has successes in converting the vibra-
tion into electrical energy. The system can provide sufficient energy for powering 
functionality of the battery free wireless sensor based on vibrations. 

When the vibration frequency changed a little, the resonant happed, and the voltage 
pulses were generated with a peak of around 936 mV and frequency of about 15.4 Hz 
as shown in Fig. 4. The voltage peak in this case is nearly double the peak value of 
the output voltage in the case of without resonant phenomena.
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Fig. 4 Output voltage of the generator under vibration when resonant phenomena occur 

3 Conclusion 

In this study, a vibration generator that generates electrical energy from surrounding 
mechanical vibrations has been developed. The generator is an electromagnetic 
induction generator. When the system is excited, the vibration changes the wide of 
air gap, and then change magnetic flux through the steel core and the coil. This flux 
changes induce an electromotive force on the coil due to the laws of induction. This 
energy harvesting technology has advantages over conventional types concerning 
size and efficiency, and it is incredibly robust and has low electrical impedance, can 
be easily scaled up to increase the output power in order to generate an expected 
output power. it is confirmed that the system has successes in converting the vibra-
tion into electrical energy. The system can provide sufficient energy for powering 
functionality of the battery free wireless sensor based on vibrations. 
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Reaction Kinetics of the Extraction 
of Magnesium from Dolomite 
via the Silicothermic Reduction Process 

Vu Viet Quyen, Vu Thi Thu Trang, and Nguyen Duong Nam 

Abstract The silicothermic reduction process under vacuum is currently the main 
method for the production of metallic magnesium from calcined dolomite ore. In this 
paper, the experimental data from ThanhHoa dolomite ore reduction investigations 
are used to analyze the kinetics of the reduction process of calcined dolomite. Several 
kinetic models have been investigated to evaluate the rate control step of the reduction 
reaction. The results show that solid-state diffusion is the controlling stage of the 
reduction reaction. The activation energy of the reduction reaction under vacuum is 
203.2 kJ/mol. Experimental factors affecting the reaction rate are studied, including 
temperature, ferrosilicon ratio, briquetting pressure. From the analysis results, it can 
be determined that silicon diffusion is the main factor controlling the diffusion phase. 

Keywords Magnesium · Silicothermic reduction · Reaction kinetics · Diffusion 

1 Introduction 

Magnesium metal and its alloys have the advantages of particular strength, superior 
thermal and electrical conductivity, damping and shock absorption, external electro-
magnetic shielding, ease of processing and recycling. They are widely used after steel 
and aluminum [1, 2]. The United States Geological Survey (USGS) conveyed that 
the global production of metallic magnesium in 2020 has reached 1 million tons of 
which 90% will be produced in China. Currently, silicothermic process is the chief 
method for Mg production in in China’s magnesium plants [3, 4]. This approach 
uses calcined dolomite and powdered ferrosilicon as reducing agents while CaF2
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contributes as a catalyst, which is combined and briquetted before being placed in a 
vacuum tube [5]. The mechanism and kinetics of this whole process are complex [6, 
7]. In this reaction mechanism, three kind of solid elements (CaO, MgO, Si) react 
to each other in order to give a gas and another solid with the formation of interme-
diate compounds. The kinetics of the process include the reduction stage’s kinetics 
and mass transfer from the magnesium vapor step. The solid-state diffusion takes 
main responsibility in controlling the kinetics of the silicothermal process under the 
condition of vacuum as well as in Ar atmosphere [8, 9]. 

The aim of this paper is to research kinetic analysis of silicon thermal reduction 
of calcined dolomite under vacuum in order to find experimental or semi-empirical 
equations to make comparison with the results from experiment and prove diffusing 
which element controls the diffusion process to get a better view of the reaction 
kinetics of the silicon dolomite thermal process. 

2 Experimental 

2.1 Raw Materials 

Dolomite used in the study was collected at Long mountain mine, Vietnam with 
the primary element being CaMg(CO3)2. Dolomite is mashed in a jaw crusher to 
2–3 cm before being calcined at 1100 °C for 1 h to decompose CO2 and get dolomite 
after calcination with the main components being MgO and CaO. Dolomite after 
calcination and ferroslicon are pulverized to 74 µm by ball mill NQM-4 of Yangzhou 
Nuoya Machinery. The chemical elements of dolomite are shown in Table 1. 

Ferrosilicon alloy is used as the reducing agent with the chemical composition 
includes in weight percentage: 72.2 Si, 0.1 C, 0.03 P, 0.02 S, 1.2 Al, 26.1 Fe. Calcium 
fluoride 98.5% is used as the catalyst. The mixture is mixed with the rate of 83% 
calcined dolomite, 17% ferro-silicon alloy, added 3% CaF2 and briquetted at 60 MPa 
using a plunger press.

Table 1 Chemical elements 
of dolomite and calcined 
dolomite 

Elements Dolomite, wt.% Calcined dolomite, wt.% 

MgO 20.30 38.90 

CaO 30.10 58.70 

Al2O3 0.18 0.45 

SiO2 0.56 0.83 

Fe2O3 0.63 0.96 

L.O.I* 46.60 – 

*Loss of ignition 
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2.2 Method 

The main equipment of kinetic experiments includes a vacuum retort made from 310S 
stainless steel tube. The experimental process are divided into three fundamental 
steps. In the first step, the crucible boat is placed into the retort heating zone at 
ambient temperature. Then, pure argon is continuously charged into the retort to 
clear residual air. In the second step, the heating part of the retort and the crucible 
boat are heated from the ambient temperature to the reduction temperature. In the 
third step, when the temperature in the retort reaches the reduction temperature, the 
crucible boat is relocated from the heating zone to the tip of the retort. The briquetted 
pellets are placed in the firing boat and immediately returned to the heating zone. 
During this process, argon gas is continuously passed through the whole retort to 
create an inert atmosphere that protects the briquettes from oxidation. As a final step, 
the retort is closed and the vacuum pump is operated to vacuum up to 100 Pa within 
20 s to initiate the experiments. 

Eventually, Ar gas is applied into the retort to equalize the pressure, the crucible 
boat is taken out and cooled to ambient temperature. Residue slag was collected and 
weighed to calculate the reduction ratio according to the formula: 

X = x1 − x2 
x1.a 

where X is the reduction rate, x1 the initial mass of the briquettes, x2 is the post-
reaction mass of the briquettes, and a is the theoretical ratio of Mg in the unreacted 
briquettes. 

3 Results and Discussion 

3.1 Kinetic Analysis Results 

Some experimental kinetic models based on the probability of reaction rate control 
factors are listed in Table 2. These models are used to compare kinetic experimental 
data for powder reactions. The rate constants k are determined experimentally and 
depend on the particle size, thermochemical properties and temperature through the 
Arrhenius equation.

Research results from different kinetic models compared with experimental data 
are presented in Fig. 1. It can be observed from experimental data that the proportion 
of silicothermic reduction reaction decreases with time, especially from 1 to 4 h at 
all four temperature zones studied. This result is consistent with the diffusion model 
while the phase boundary reaction and the first order chemical reaction shows that 
the reaction rate does not change with time. Especially at the temperature of 1250 °C, 
the nucleation model and the first order reaction chemical kinetics give much larger
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Table 2 Kinetic models of 
the powder reaction Symbol Reaction model Kinetic equation 

F1 First order reaction ln(1−X) = -kt 

P1 Phase boundary reaction 
(spherical) 

1−(1−X)1/3 = kt 

D1 Diffusion (Jander) [1−(1−X)1/3]2 = kt 
N1 Nucleation (Avrami) [-ln(1-X)]1/2 = kt

results than the experimental data at 4 h. The correlation coefficient (R2) is used  
and shown in Table 3 to evaluate the degree of data description between the model 
and the experiment. The results show that the diffusion model is suitable to describe 
the rate of the reduction reaction, so the reduction process belongs to the form of 
diffusion kinetics. According to this mechanism, when two solids are placed next 
to each other and heated, the atoms of each solid will shift positions leading to the 
formation of a product layer. This product layer grows over time due to continuous 
diffusion. The silicon ions must then diffuse through this increasingly large layer of 
products to continue to react with the dolomite. Therefore, the rate of the reduction 
reaction will decrease with time. 

Fig. 1 Comparison of the calculated results of the models with experimental data
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Table 3 Values of correlation coefficient (R2) of kinetic  models  

Temperature, oC Kinetic models 

F1 P1 D1 N1 

1150 0.968 0.966 0.934 0.961 

1200 0.975 0.957 0.996 0.972 

1250 0.945 0.885 0.996 0.955 

1300 0.900 0.801 0.975 0.941 

Fig. 2 Arrhenius plot of 
relationship between ln k and 
1/T 

The Jander’s diffusion model was used to determine the reduction reaction 
percentage and the activation energy of the reaction by using the relationship graph 
of ln k and 1/T based on the Arrhenius equation shown in Fig. 2. The resultants indi-
cate that the activation energy of the silicothermic reduction reaction under vacuum 
is 203.2 kJ/mol. The results show that the activation energy is significantly lower 
than the activation energy of the reduction reaction in the atmosphere with an Ar 
gas stream of 306 kJ/mol [8]. It is also slightly lower with the result in a vacuum 
environment which is between 226 and 232 kJ/mol [9]. This could be due to various 
sizes of the pellets. The diameter of the briquettes employed in this paper was 15 mm, 
smaller than the 25 mm diameter used in the study by Toguri et al. or 47 mm by Yusi 
Che. In addition, the compression force in this study is also higher and the kinetic 
equations used are different. 

3.2 Effect of Temperature and Ferrosilicon Ratio 
on the Reduction Rate 

In term of the kinetic analysis, it can be clearly seen that the silicothermic reduction 
reaction rate is directed by the diffusion stage. The reduction reaction involving 
three solids consisting of five elements and the diffusion of which element controls 
the rate of the reaction should be investigated. Therefore, the effects of temperature, 
ferrosilicon ratio and time on reduction rate were analyzed. The reduction proportion
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Fig. 4 Impact of a temperature and b ferrosilicon ratio on the reduction rate 

has improved rapidly in the first 0.5 h at all temperatures with 17% ferrosilicon shown 
that in Fig. 4a. 

The reduction proportion has improved rapidly in the first 0.5 h at all temperatures. 
After that, the reduction rate gradually has decreased at subsequent time. At the 
temperature of 1300 °C, the reduction rate has come to 59.3% after only 0.5 h and 
83.2% after 3 h. At the end of the experiment, the final reduction rate has reached 
86.3% after 4 h. The degree of increase of reduction rate has decreased with increasing 
reduction temperature. At different temperatures from 1150 to 1300 °C, the reduction 
proportion rose by 49.2%, 16.2%, 7.5%, 4.9% at 2 h, respectively. The reason is that 
the silicon reducing agent concentration in the briquettes has decreased and a layer 
of Ca2SiO4 product forms around the silicon particles shown in Fig. 5. In order to the 
reduction reaction to continue, Si must diffuse through the Ca2SiO4 product layer 
leading to a decrease in the reduction rate. In addition, two phases Si and FeSi2 have 
existed in ferosilicon. The FeSi2 phase requires a temperature higher than 1150 °C 
to participate in the reduction reaction from a thermodynamic point of view [10]. 
The transparent Si atom in the FeSi2 phase has a lower activity than the Si phase, so 
the diffusivity is significantly reduced. Therefore, at higher temperatures, the degree 
of increase of reduction rate decreases.

Figure 4b shows the results of the reduction experiment from1150 °C to 1300 °C 
with the ratio of ferosilicon varying in the range of 13–30% for 3 h. As the percentage 
of ferrosilicon increased from 13 to 25%, the reduction rate increased at all temper-
atures. The results show that with the increase of the ferrosilicon content in this 
range is in proportion to the reduction rate. The explanation for this phenomenon 
is that because higher concentration of Si will lead to an increase in the number of 
Si atoms per unit volume in the briquettes, more Si effects in a given time period. 
Therefore, the reduction rate of magnesium increases per unit time. However, when 
increasing the ferrosilicon content from 25 to 30%, the reduction rate decreased quite 
quickly. Phase analysis of the reduced slag by XRD technique is shown in Fig. 6. The  
results show that the residue slag of the samples containing 30% ferosilicon appears 
CaMgSi2O6 complex oxide phases with high intensity diffraction peaks. In this case,
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Fig. 5 SEM and EDS of the reduced slag residue after 1 h at 1300 °C

Fig. 6 XRD of the residue 
slag of the samples 
containing 20–30% 
ferosilicon 

MgO participated in the solid dissolution process in Ca2SiO4 slag to form complex 
oxide. This leads to a reduction in the reduction rate. The above analysis shows that 
the main reaction controlling step is the diffusion of Si. 

4 Conclusion 

The kinetics of silicothemic reduction process was examined by isothermal kinetics 
approach. The analysis results indicate that the production of Mg by ferosilicon in a 
vacuum condition can be explained by the Jander diffusion model. The reaction rate 
decreases over time. It is managed by the Si diffusion stage via the Ca2SiO4 product 
layer. The activation energy produced in the reduction reaction is 203.2 kJ/mol.
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Optimizing the Structure of the Axle 
Housing Multi-purpose Forest Fire 
Fighting Vehicle by Finite Element 
Method 

Luong Van Van, Nguyen Thanh Tung, Nguyen Thai Van, 
and Mai Phuoc Trai 

Abstract The drive axle consists of the last elements in the transmission of power 
from the engine to the driving wheels. The drive axle has three main components: 
the main transmission, the differential, and the half-shaft mounted in one housing. In 
there, the axle housing is the part containing all the power transmission components, 
at the same time it acts as a beam to support the weight of the vehicle body and 
is subjected to loads from the wheel-road interaction. During operation, the axle 
housing direct load from self-weight and indirect load from moments of torsion 
and bending moments. Due to the above loads, the axle housing will be deformed, 
cracked, and even broken. This paper presents the research results on the evaluation 
of the fatigue strength of the drive axle housing on the multi-purpose forest fire 
fighting vehicle, according to the research results, the author has determined the 
working life of the axle housing when the vehicle moving on the road according to 
ISO 8608:1995, at the same time, the axle housing structure is proposed to ensure 
durability. 

Keywords Rear axle housing · Multi-purpose forest fire fighting vehicle · Fatigue 
analysis · Finite element analysis
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1 Introduction 

Multi-purpose forest fire fighting vehicle built based on Ural 4320, after manufac-
turing, the volume of the vehicle increases due to the installation of additional fire 
fighting equipment, thus affecting the structure and durability of the vehicle’s compo-
nents, including the drive axle housing [1–5]. The axle housing has the function of 
supporting the rear weight of the vehicle and bearing loads from wheel interaction 
with the road. Therefore, the structure of the axle housing must ensure durability 
and especially rigidity so as not to affect the working conditions of the internal 
components. If the axle housing is deformed excessively, the mounting position of 
the bearings is misaligned, and the axle shaft is bent, increasing the noise level 
of the drive axle housing and reducing the life of related components. During the 
working process, the axle housing is subjected to the forces and moments from the 
drive wheels along with the forces acting on the suspension system. Force compo-
nents in the direction of impact, including longitudinal force (traction and braking 
force), lateral force, and vertical force. These forces form the loads acting on the 
axle housing in the form of forces or moments. During the movement of the vehicle, 
the axle housing is also under the influence of the forces from the suspended mass 
transmitted through the positions of the springs and shock absorbers. Therefore, 
studying the durability and optimizing the axle housing structure to optimize the 
multi-purpose forest fire fighting vehicle structure is the purpose of this study. In 
the world, the relevant research on axle housing durability is as follows: According 
to [6, 7], the method of static strength of the axle housing is only suitable for vehi-
cles moving at low speed and low mass. When the vehicle moves at high speed, 
the dynamic load has a significant effect on the durability of the axle housing. The 
research results [8–10] evaluated the fatigue strength of the drive axle housings of 
trucks subjected to dynamic loads due to random excitation from the road surface 
bump by using a dynamic model of the vehicle. 

2 Fatigue Life Prediction 

The assessment of the fatigue strength of the part is carried out based on the S– 
N fatigue curve. If the part is under stress lower than Se ’, fatigue failure will not 
occur even if N → ∞. The stress value Se ’ is called the standard fatigue limit of the 
material. The number of load cycles acting on the part corresponding to the Se ’ value 
according to the results in Fig. 1 (A517) steel is in the range 106–107 [11].

Fatigue strength can also be calculated according to the ultimate tensile strength 
of the material Su [11]. Se’ = 0.5Su, with Su ≤ 1400 MPa; Se’ = 700, with Su > 
1400 Mpa, for cast iron material: Se’ = 0.4Su [11]. The experimental results [11–13] 
show that, for cast iron and steel, the number of load cycles corresponding to the Se ’ 

value on the S–N graph is usually in the range of 106–108.
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Fig. 1 Experimental fatigue curve determined from steel sample A157

The part is normally subjected to stress which is not the same as the fatigue curve 
construction test conditions, therefore determining the actual fatigue limit value Se 
is very complicated. Therefore, the actual fatigue limit is calculated through the 
correction factors: 

Se = ka .kb.kc.kd .ke.S′
e (1) 

In the above formula: ka is the coefficient taking into account the effect of surface 
roughness: ka = aSb u . It is possible to choose a, b, and other coefficients according to 
[13]. However, several studies have shown that residual stress produces a strength-
ening effect. Therefore, when calculating fatigue strength, people usually take: ka = 
0.959 [13]. 

kb is the factor taking into account the size: kb = 0.75; kc is the load distribution 
coefficient: kc = 1 when subjected to bending; kd is the coefficient taking into account 
the effect of temperature: kd = 1 in the temperature range from 0 to 250 °C; ke is the 
effective coefficient of stress concentration: ke = 1/kf , where k is calculated by the 
influence factor of the static stress concentration Kt : 

Kt = σmax 

σno min al 

where σ max is the limiting stress, and σnominal is the nominal stress. 

3 Calculation Model of Drive Axle Housing Strength 

In this study, the 3D model of the drive axle housing cover of the multi-purpose forest 
fire fighting vehicle was built using Solidworks software, the finite element model 
was built in Ansys software (Fig. 2).
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Fig. 2 3D model of the rear 
axle housing 

Figure 3 the meshing detailed views, in the analysis, the rear axle housing is 
meshed with tetrahedral. The element size is 20 mm. The number of elements is 
62881 and the number of nodes is 122746. Ansys offers a large stock of proven 
materials. For the active axle housing of the forest fire truck, the commonly used 
material is spherical cast iron with the parameters as shown in Table 1 [1, 4]. 

Fig. 3 Meshed model 

Table 1 Material parameter 
of the axle housing Material type Steel 40CR 

Poisson’s ratio (μ) 0.3 

Young’s modulus (E) 205 GPa 

Density (ρ) 7850 kg/m3 

Yield strength (σy) 785 MPa 

Ultimate strength (σut) 980 MPa
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4 Evaluation of the Fatigue Strength of the Axle Housing 
and Structural Improvement 

Fatigue assessment of both the original and modified rear axle housings was 
performed under high dynamic loads with frequent vehicle operation. The survey 
road surface bump modes are type D-E and E–F according to ISO 8606:1995. The 
dynamic loads acting on the axle housing when the vehicle is moving on the road 
are determined from the dynamic model [3, 5]. Due to the characteristics of working 
with low travel speed, the durability of the axle housing is evaluated when the vehicle 
is moving at a speed of 20 km/h. 

The results of the fatigue strength study for the axle housing when the vehicle is 
running on the D-E and E–F roads are shown in Figs. 5 and 6. When the vehicle is 
running on the D-E road, the fatigue point is also the point of greatest stress concen-
tration, element number 444690, located inside the axle housing, at the corners, and 
several of fatigue cycles of 93,103 × 104. On the E–F road, the main fatigue point 
is element number 444690, located inside the axle housing, at the corners, with the 
number of fatigue cycles is 73475 × 104, so the axle housing does not guarantee the 
fatigue strength when traveling on the road. 

To ensure the fatigue strength of the axle housing, the author improved, the area 
around the fatigue point 444,690 is increased by increasing the radius of the corner. 
The angle of curvature at the position of stress concentration is adjusted in increments 
from 25 to 30 mm to increase the material thickness at this position, and increase the 
number of fatigue cycles of the model beyond the fatigue cycle limit of 106 times. 
With dynamic load parameters determined from the dynamics model, the fatigue 
strength of the axle housing is recalculated (Table 2). 

The results of fatigue analysis after improvement show that when the vehicle is 
running on road D-E, the fatigue cycle is 61441 × 105, on E–F road the fatigue cycle 
is 35492.105. Compared with the unimproved axle housing, the fatigue cycle after 
improvement is larger. However, the fatigue cycle limit of 106 times has not been 
exceeded. Therefore, the axle housing doesn’t have enough fatigue strength when 
traveling on the road. After improvement, the weight of the axle housing is 33 kg 
(10.7%) heavier than the original. To ensure fatigue strength, the author improved 
the axle housing for the second time by increasing the thickness of the axle housing 
by 0.5 mm. The results of the second improved fatigue analysis are shown in Figs. 4 
and 5.

Table 2 Comparison of the fatigue cycles on the original axle housing model, 1st improvement 
with 2 types of random pavement D-E và E–F 

Model Original axle housing 1st improvement axle housing 

Mass (kg) 273 306 

Type of road D-E E–F D-E E–F 

Fatigue cycles minimum 9.3103.104 7.3475.104 6.1441.105 3.5492.105 
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Fig. 4 Fatigue cycles on 
axle housing develop, D-E 
road 

Fig. 5 Fatigue cycles on 
axle housing develop, E–F 
road 

Fig. 6 Deformation 

Figures 6, and 7 show the fatigue cycles on the 2nd improved model and Table 
3 shows the comparison results of the fatigue cycles on the original, first improved, 
and second improved models when driving with road types D-E and E–F according 
to ISO 8608: 1995. After the 2nd improvement, the fatigue cycle reached 106. This  
fatigue cycle has met the requirements set forth initially, so the axle housing ensures 
fatigue strength. Through the first improvement, the axle housing has increased the 
radius of the bevel at the position of stress concentration from 25 to 30 mm, and the
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Fig. 7 Equivalent stress 

Table 3 Comparison of the fatigue cycles on the original axle housing model, 1st and 2nd 
improvement with 2 types of random pavement D-E và E–F 

Model Original 1st improvement 2nd improvement 

Mass (kg) 273 306 357.16 

Type of road D-E E–F D-E E–F D-E E–F 

Fatigue 
cycles 
minimum 

9.310.104 7.347.104 6.144.105 3.549.105 106 106 

weight of the axle housing is increased to 33 kg. For the second improvement, the 
axle housing is increased by 0.5 mm in thickness, and the weight is increased by 
51.16 kg compared to the first improvement. 

5 Conclusion 

Evaluation of the fatigue strength of the multi-purpose forest fire fighting vehicle 
when the vehicle is running on bad and very bad roads according to ISO standards. 
The results show that, after the first improvement, the axle housing has not yet 
ensured fatigue strength when the vehicle is moving on the road. Therefore, in the 
2nd structure improvement, the structure area around the fatigue point has been 
increased in the material. As a result, the minimum of fatigue cycles on the axle 
housing has been met (greater than 106 cycles). The studies were carried out with 
two software with Solidworks and Ansys. When building the model, it has been 
done according to the standards and has been evaluated by the software, therefore 
the survey results are reliable in the calculation.
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Design and Experimental Test 
of Magneto-Rheological Seal 

Le Hai Zy Zy, Diep Bao Tri, Do Qui Duyen, Vo Van Cuong, 
and Quoc Hung Nguyen 

Abstract This research focuses on design and experimentally testing of a sealing 
component featuring magneto-rheological fluid for rotary shafts. The working fluid 
is a lubricant. From review of previous researches on application of MR fluid in 
sealing, a configuration of a rotary MRF seal for a working lubricant is proposed. 
Optimal design and modeling of the MRF seal are then realized based on finite 
element analysis. From optimal results, MRF seal prototypes are manufactured and 
experimentally tested. The results are then compared with counterpart conventional 
lip-seals. 

Keywords Magneto–rheological fluid (MRF) ·MRF seal · Finite element 
analysis · Rotary seal 

1 Introduction 

Nowadays, magnetorheological fluid (MRF) and its applications have attracted 
significant attention from domestic and foreign scientific researchers. Thanks to its 
unique properties (like change in viscosity when a magnetic field passes via it). In this 
study, we will focus on developing mechanisms for devices to prevent leakage on the 
rotating shaft using MRF to be applied to machines and operating by MRF devices 
to enhance their performance, such as MRF brakes, MRF clutch, MRF damper, etc.
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Therefore, there have been a number of studies on the self-sealing component for 
rotary shafts, and the results show that MRF is one of potential candidates for leak 
prevention in mechanical equipment. However, these researches are insufficient and 
highly constrained, with most of the solutions being given and applied to a specific 
circumstance. Furthermore, there have been no studies focused on optimal config-
uration design and testing for durability, temperature created during operation, the 
cycle of life, as well as a comparison between MRF seal and conventional seal. The 
effectiveness of seals in preventing air leakage via the shaft gap in the compression 
chamber was tested by Kordonsky et al. [1]. With different currents and MR fluids, 
the maximum working pressure of the experimental model does not cause leakage in 
the shaft gap. Additionally, a benefit of sealing applications using MR fluids is low 
friction torque. Several self-sealing configurations employing MRF for the undersea 
machinery have been presented by Matuszewski et al. [2]. Nonetheless, this study 
did not conduct modeling, computations, and experiments. Urreta et al. [3] have  
studied seals based on magnetic fluids for high-precision spindles of machine tools. 
The result demonstrated the negligibly low frictional torque. Moreover, when using 
different MR fluids, the frictional torque is also different. By utilizing a smart seal 
configuration, Hegger et al. [4] have suggested a method to inhibit the MRF of an 
MRF actuator from leaking. According to experimental tests, the MRF seal gener-
ates extremely little frictional torque, and the system can operate continuously for six 
months. To fill the shortcomings of previous studies, this study concentrates on the 
design, optimization, and experimental testing of the basic parameters of the sealing 
devices using MRF (which is abbreviated to MRF seal) as well as the comparison 
with conventional seal. 

2 Configuration and Working Principles 

The configuration of the MRF seal with the tooth-shaped pole head is depicted in 
Fig. 1, as well as its geometry dimensions. Structurally, a permanent magnet that is 
a crucial component of the MRF seal configuration generates a magnetic field that 
passes through the MR fluid at the tooth-shaped pole head in order to inhibit MRF 
leaking. In terms of working principle, a magnet creates a magnetic field through the 
poles to help prevent leakage of MR fluid. The magnetic separator aims to prohibit 
the magnetic field moving from one pole to the other without going via the MRF 
gap. The nonmagnetic envelope used in this proposed MRF seal helps reduce the loss 
from the outside. The magnetic particles are drawn to one another and subsequently 
aligned along the magnetic field lines when a magnetic field is applied to the MRF 
gap. The result is that the MR fluid changes from a liquid state to a solid form. 
The aforementioned phenomena will assist in stopping the leaking of MRF into the 
external environment.
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Fig. 1 Configuration of the proposed MRF seal with tooth-shaped pole head 

3 Modeling and Optimization 

Figure 2 shows the simulated magnetic results of the MRF seal using ANSYS at 
arbitrary values of design variables (DVs). To simulate the permanent axial magnet in 
ANSYS software, the Y-axis in ANSYS software is set as the magnetization direction. 
Besides, the commercial permanent magnet specifications are as follows: NdFeB is 
component to made of magnet; Nickel plating; axial magnetization direction; suction 
forces F = 34.4N; gauss surface flux density: 2100 ÷ 2300G; magnetic field density: 
Br = 1.26 T; magnetic field strength: Hc = 859 KA/m. The MR fluid used is the MRF-
132-DG produced by Lord Corp. The magnetic property of MR fluid is described by 
B-H curve. 

(a) Simulated magnetic field lines (b) Magnetic flux intensity 

Fig. 2 Simulated magnetic field of the MRF seal at arbitrary values of DVs
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From Fig. 2, it can be seen that by using the above pole head, magnetic flux lines 
are focused at the poles. A mean value of magnetic flux intensity across the MRF gap 
is determined, from which performance characteristic of MRF seal is predicted. In 
order to determine the mean value of the magnetic intensity, the integral of magnetic 
intensity along the paths P1, P2, P3, P4 and P5, which are depicted in Fig. 2a, is 
employed. 

The maximum working pressure can be determined by [5]: 

Pmax = �P = 2 · ce Le 
tg 

τy1 + 2 · cp Lp 
tg 

τy2 + cs Ls 
tg 

τy3 (1) 

where, the coefficients (ce, cp, cs) hinged on the velocity profile of the MRF flow 
in the gap. Because of the low MRF flow velocity in the gap, these coefficients are 
almost equal to 2.0. 

The frictional torque produced by MR fluid in the MRF gap is determined by [6]: 

Tf = 2.Tf 1 + 2.Tf 2 + Tf 3 (2) 

where Tf 1, Tf 2, Tf 3 are respectively the frictional torque of MRF in the gap at the 
envelope, the pole and the separator, which are determined by [6]: 

Tf 1 = 2πR2 
gLe

(
τy1 + η�Rg 

tg

)
; Tf 2 = 2πR2 

gLp

(
τy2 + η�Rg 

tg

)
; 

Tf 3 = 2πR2 
gLs

(
τy3 + η�Rg 

tg

)
(3) 

where � is the shaft’s rotational speed (rad/s). 

4 Optimal Design of the MRF Seal 

In this section, the multi-objective optimization problem (MOOP) of the MRF seal 
with tooth-shaped pole head is conducted based on the following significant factors: 
Maximum working pressure and the maximum magnetic flux intensity at the poles 
head. Therefore, the goal of the multi-objective optimization problem given in this 
research is to find the maximum working pressure (Pmax) determined in the Eq. (1) and 
the maximum magnetic flux intensity (Hmax) at pole heads (P2 and P4). The reason 
why we selected Hmax as the second objective function is because large magnetic 
flux intensity affects the strong connection between iron particles in the MR fluid at 
the pole heads position and the particles will bond more strongly when high pressure 
is applied. The multi-objective optimization problem can be stated as follows: 

Maximum : Obj1 = Pmax, Obj2 = Hmax; Subjected to LLsl;DDsl
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where, the proposed MRF seal’s overall size are L and D; Lsl and Dsl are respectively 
the corresponding overall size of lip-seal. 

Besides, the value of significant dimensions of the MRF seal such as pole length 
(Lp), the core length (Lc), the envelope thickness (Le), the sleeve thickness (ts), the 
separator thickness (tst), the teeth length (Lt), the teeth height (tt), and the geometry 
of magnet (Ri, Ro, Lm, tm) are selected as design variables. The MRF gap (tg) is  
empirically set by 0.2 mm and Lm = Ls; Lc = Lp in order to facilitate the design and 
fabrication. 

To handle the multi-objective optimization problem, many metaheuristic MOOAs 
(multi-objective optimization algorithms), such as the NSGA-II, SPEA2, SMS-
EMOA, MOPSO, MOEA/D, etc., have been proposed and used recently [7]. One of 
the most effective MOOAs among them is MOPSO, which can help find the global 
optimal value with simple initialization conditions. It is noted that, in this research, 
the MOPSO is conducted in MATLAB interfacing with ANSYS Mechanical APDL. 

In this research work, the commercial MRF (MRF132-DG) made by LORD Coop-
eration is employed and the S45C steel is used for magnetic parts including the 
housing, the sleeve, the poles, and the disc while the shaft is made of nonmagnetic 
stainless steel (SS304). Additionally, 1350-Aluminum alloy made use of the enve-
lope and the separator. The Parker-62576 commercial lip seal was employed as the 
object of comparison with the proposed MRF seal, which the following parameters 
can be obtained Dsl = 30 mm, Lsl = 10 mm, Rs = 5 mm. The magnet is sized at Ri 

= 18 mm, Ro = 25 mm, Lm = 3 mm. 
Figure 3a shows the optimal results of MOOP of the MRF seal using MOPSO. 

The magnetic flux intensity of MRF seal at the optimum is shown in Fig. 3b, at which 
Pmax, = 26.287 bar and Hmax, = 730,749 A/m. The optimal result is summarized in 
Table 1. 

(a) Pareto solutions (b) Magnetic flux intensity of 

Fig. 3 Optimal result of MRF seal with tooth-shaped pole head
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Table 1 MOOP results of the 
MRF seal with tooth-shaped 
pole head 

Design parameters Performance 

Overall Length: L = 
9.74 mm 
Overall diameter: D 
= 29.97 mm 
Sleeve annular 
thickness: ts = 
2.705 mm 
Pole annular length: 
Lp = 1.85 mm 
Teeth length: Lt = 
0.37 mm 
Teeth thickness: tt 
= 0.5 mm 
Separator annular 
thickness: tst = 
1.1 mm 
Separator annular 
length: Ls = 3 mm  
Enveloped annular 
thickness: Le = 
1.52 mm 
Magnet annular 
thickness: te = 
2.48 mm 

Max. Pressure: Pmax = 26.287 bar 
Max. Magnetic flux density at pole head: 
Hmax = 730,749 A/m 
Frictional torque: Tf = 0.077 Nm 

5 Experimental Results 

Figure 4a depicts the experimental setup of the MRF seal. The first experiment 
measures frictional torque of lip seal and MRF seal. In this case, the shaft is rotated 
at 300 rpm, and the results are shown in Fig. 4b. It can be seen that the frictional 
torque of the MRF seal is relatively 0.121 Nm, which is significantly lower than that 
of the conventional seal (lip-seal is about 0.155 Nm). Therefore, from the comparison 
between both seals above, it can be observed that the MRF seal is greater than the 
lip-seal. In the second experiment, the maximum working pressure of the MRF 
seal is measured. In this case, the motor is stopped and pressure is supplied via a 
pressurized system. During the experiment, the pressure is incrementally increased 
1 bar and kept for 2 min. Leakage of MRF is observed from the observation slot. 
Additionally, sudden pressure drop due to MRF leaking is observed from the pressure 
gage. The results shows that the maximum working pressure is 24 bar. This result 
is slightly smaller than the calculated results from the simulation (26.287 bar). The 
above discrepancy is most likely caused by magnetic losses and fabricating process 
inputs that do not match the material properties. It is noted that the conventional 
seal (lip-seal) is often restricted to about 3 bar because of high frictional torque, heat 
issues, wear, and cycle life of this seal.
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(a) Experimental setup                            (b) Measured Friction torque 

Fig. 4 Experimental test of the MRF seal 

6 Conclusion 

In this research, a MRF-based seal for rotary shafts is proposed in order to replace 
conventional lip-seal. Firstly, a configuration for the MRF seal was proposed. After-
ward, finite element analysis, ANSYS APDL, was employed to predict the perfor-
mance of the MRF seal. Optimal design of the MRF seal by interacting MATLAB 
and ANSYS APDL using the multi-objective optimization algorithm, MOPSO, was 
performed. From optimal results, MRF seal prototypes are manufactured and exper-
imentally tested. Experimental results showed that the frictional torque of the MRF 
seal (0.121 Nm) is significantly smaller than that of the lip-seal (0.155 Nm). Simul-
taneously, the maximum working pressure result of MRF seal is 24 bar which is 
relatively smaller than simulated result (26.287 bar), and significantly greater than 
the working pressure of the counterpart lip seal (3 bar). 
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Study the Effects of Geometry 
and Materials on Modal Characteristics 
of Honeycomb Composite 

Le Thi Tuyet Nhung, Tran Minh Duy Dat, and Vu Dinh Quy 

Abstract The honeycomb panels are complex structures whose modal character-
istics depend on several factors such as geometry and materials. Therefore, this 
study aims to investigate the impact of geometrical and material variation on natural 
frequencies and the mode shape of the honeycomb structure. The research approach 
is based on the analysis and simulation of a honeycomb plate model by the finite 
element method in ANSYS 2022R1. All the honeycomb models in the simulation are 
applied to the same clamped-free boundary condition and their covers are made of 
carbon fiber-reinforced epoxy composite. A validating model which is equivalent to 
the previous research is carried out to evaluate the reliability of the paper, the differ-
ence between four natural frequencies between the two research is less than 9%. 
With the same geometry conditions of honeycomb structure, the natural frequencies 
the aluminum and Nomex cores produce are considerably more than the values of 
polypropylene. The increase in the core thickness leads to the growth of the natural 
frequency values in longitudinal bending modes, but the decrease in lateral bending 
modes. In terms of the cell size, there is a rise in the first six eigenfrequencies of 
honeycomb structure when expanding the size of the unit cell from 2 to 6 mm. 

Keywords Modal characteristics · Natural frequency ·Mode shape · Honeycomb 
sandwich composite
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1 Introduction 

Due to outstanding chemical, physical and mechanical properties, composite mate-
rials are applied in a wide range of industries such as aerospace, automotive, construc-
tion, manufacturing household or sports equipment, and so on. In each application, 
different constituent materials are combined to produce a specific type of composite 
materials for given needs and requirements. For instance, many aircraft components 
such as leading edges, fairing, engine nacelles, control surfaces, walls, or flooring 
panels are constructed by honeycomb sandwich composite [1, 2]. 

In general, sandwich structures including thick cores and two thin high-strength 
skins possess high stiffness-to-weight and strength-to-weight ratios. Moreover, the 
great energy-absorbing capacity from crashes and radiation is one of the most bene-
ficial characteristics of the honeycomb sandwich composites, which leads to its 
applications widely in the aerospace industry [3]. 

Over nearly two decades, there are a lot of research applying numerical methods 
to predict the dynamic characteristics of honeycomb composite. Besides, analytical 
methods based on the equivalent theory have also been developed and applied to vali-
date and compare the numerical results. The dynamic behavior of sandwich plates in 
which the skin–core interface is partially delaminated is investigated by Vyacheslav 
and Tomasz. The study indicated that the factors (size, location, and types) of the 
debonding zones in sandwich plates have an impact on the modal characteristics. The 
researchers used the commercial software ABAQUS to determine natural frequencies 
and mode shapes of partially debonded sandwich plates with several boundary condi-
tions [4]. Zhi-jia Zhang et al. concentrated on analyzing the vibration performance 
of sandwich structures with the honeycomb-corrugation hybrid core. The results 
were predicted by the equivalent homogenization model (2D model), validated, and 
compared by the experimental and the 3D finite element models [5]. 

In this paper, the study focuses on considering and evaluating the influence of 
design parameters of honeycomb core on modal characteristics of the whole sandwich 
structure. A 3D honeycomb composite model was simulated to validate the results 
of natural frequencies with previous literature. The direct finite element method 
was used to construct a honeycomb sandwich panel in ANSYS 2022R1 where two 
face sheets were erected by ANSYS Composite PrePost (ACP) to create the detailed 
designs of carbon fiber-reinforced polymers (CFRP) material before the free vibration 
analysis. 

2 Validating Model 

In this paper, a honeycomb panel is developed in ANSYS 2022R1 software to 
compare the natural frequencies and mode shapes of the structure. The 3D solid 
model is built from dimension inputs of A. Boudjemai et al. [6] and then simplified it 
into shells. The shell models of the core and two faces are meshed with quad (4-node)
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Table 1 Result comparison 

Mode Natural frequency (Hz) Error (%)* 

FEM (Ansys) FEM (Patran) by A.  
Boudjemai [6] 

Experiment by A. 
Boudjemai [6] 

1 124.07 130.66 134.5 5.04 

2 285.17 304.67 311 6.4 

3 748.26 790.34 711 5.32 

4 1167.4 1278 – 8.65 

*Comparing two FEM models 

elements. Aluminum material used for both the cover sheets and the core owns the 
following mechanical properties: 2800 kg/m3 density, 72 GPa elastic modulus, and 
0.33 Poisson ratio. For the boundary condition, one edge of the short side is fixed at 
all six degrees of freedom. 

The values of the four first natural frequencies shown in Table 1 are compared 
with the results which A. Boudjemai et al. obtained in FEM models and experimental 
testing. The difference in natural frequencies between two finite element models is 
also less than 9%. There is only a remarkable difference with 8.65% in the fourth 
frequency. Therefore, modeling the honeycomb panels by the finite element method 
in ANSYS is acceptable for accuracy and reliability. 

The difference in the natural frequencies between two finite element methods 
could be explained by two reasons. Firstly, although the elements of the honeycomb 
sandwich model in this paper are quad (four nodes), the total elements and nodes in 
the validating model, 60,415 and 54,704 respectively, are more than the Boudjemai’s 
model with 23,221 elements and 40,426 nodes. Secondly, the model in the present 
study is ignored two adhesive layers bonding the core and the skins. Besides, Boud-
jemai’s paper also pointed out that the error between the experimental and simulated 
results is caused by the clamping system at the end of the cantilevered honeycomb 
plate in experiments. 

3 Finite Element Model for Honeycomb Beams 

3.1 Geometrical and Meshing Model 

Depending on the specific application, the honeycomb sandwich structure could 
include one or more cores (multi-layer), the core may be a regular or randomly 
irregular honeycomb. The object of this study concentrates on a sandwich structure 
with a hexagon-cell core and two face skins, while the purpose is to investigate the 
effect of design parameters on modal characteristics of the structure. A series of 
honeycomb sandwich panel models are built with a variation of a specific parameter
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Table 2 Common 
geometrical parameters for all 
honeycomb sandwich models 

Length (L) Width (W ) Skin thickness 
(ts) 

Cell wall 
thickness (tc) 

400 mm 40 mm 1 mm 0.2 mm 

Fig. 1 Typical dimensional 
parameters of a honeycomb 
panel 

and unchanged others. The simulation approach is utilized to determine the natural 
frequencies and mode shapes of all models which are compared and evaluated the 
trend of these results while varying the given design factor. 

It is difficult to simulate the 3D solid model of the honeycomb sandwich panel 
so using the shell model is time-saving and suitable for computational capability. 
The adhesive layers connecting the core and the skins are negligible, instead bonded 
contact is applied in the interface between the skins and the core. Four unchanged 
design parameters of all honeycomb models are shown in Table 2 and Fig. 1. The core 
thickness and height are two factors changed for simulation models and presented 
in 3.4 and 3.5 sections respectively. 

The meshing model with four-node elements is performed by the finite element 
method in ANSYS 2022R1 software, shown in Fig. 2. There is no difference in the 
element size between honeycomb models, as a result, the total number of elements 
depends on the model dimensions.

3.2 Materials and Boundary Conditions 

Three types of material for the core are aluminum, Nomex, and polypropylene, which 
is the most popular cores for manufacturing honeycomb sandwich structure. Modal 
analysis is a linear problem, hence three basic quantities of each material namely 
density, Young modulus, and Poisson ratio are given in Table 3.

In terms of face skins, they used carbon fiber-reinforced polymer, thus ANSYS 
Composite PrePost (ACP) was selected to process this composite material. Epoxy 
carbon woven (230 GPa) wet in ANSYS material library with detailed mechanical 
properties described in Table 3 was assigned for the new fabric. The modeling group 
for the skin consists of five plies where the thickness of each ply is 0.2 mm and the 
ply angle is assigned as the order of [0°/90°/0°/90°/0°].
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Fig. 2 Meshing model of honeycomb sandwich beam

Table 3 Material properties 

Property Aluminum Nomex paper 
[7] 

Polypro-pylene Epoxy carbon 
woven wet 

Density (kg/m3) 2770 720 44.79 1451 

Young modulus 
(MPa) 

X direction 72,000 1300 0.27 59,160 

Y direction 72,000 1300 0.27 59,160 

Z direction 72,000 2500 0.27 7500 

Poisson ratio XY 0.33 0.3 0.46 0.04 

YZ 0.33 0.2 0.46 0.3 

XZ 0.33 0.2 0.46 0.3

Much previous research concluded that boundary conditions have a significant 
impact on the dynamic response of sandwich structures [6]. This study focuses on 
the influence of core design factors on the modal performance, thus all honeycomb 
beam models would only utilize the clamp-free boundary condition, i.e., one end of 
beams is fixed (Fig. 3).

The composite beam models are simulated to determine the response to free 
vibration in which there is no external force or vibration acting. In each circumstance, 
the response is six first frequencies and their mode shape in each frequency. 

3.3 Effect of Core Materials 

In this section, the core of the honeycomb models has the following dimension: 
the thickness hc = 10 mm and the cell size lc = 5mm. Figure 4 describes the
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Fig. 3 The clamp location in the composite beam

difference between the four first frequencies of three core materials, and Fig. 5 
indicates the mode shapes corresponding to each natural frequency. It is clear that 
the natural frequencies of honeycomb models with Nomex and aluminum core are 
significantly higher than polypropylene. The consequence is explained by the reason 
that the elastic and shear modulus of Nomex and aluminum are dramatically more 
than polypropylene, these mechanical properties play an essential role in the modal 
performance of honeycomb sandwich panels. 

Considering the mode shapes, in the first frequency, the vibration of all honey-
comb models is the first bending mode. Nevertheless, in the higher values of natural

Fig. 4 Comparison of four first frequencies of sandwich structure with the honeycomb core made 
of polypropylene, Nomex, and aluminum
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Fig. 5 Mode shapes in the 1st and 4th eigenfrequencies according to three material cores

frequencies, the vibration types of each core material are different. For instance, 
the first lateral bending mode is in the second natural frequency of the panels with 
Nomex and aluminum core, in contrast, this vibration kind does not occur in the four 
first frequencies of the polypropylene-core honeycomb beam. In terms of torsion 
modes, it occurs at the fourth frequency of the aluminum core and the third eigenfre-
quency of the Nomex and polypropylene panels. Therefore, selecting core material 
for honeycomb composite need to consider carefully to have appropriate modal 
performance. 

3.4 Effect of the Core Thickness 

The impact of core thickness is investigated in this sub-section. The dimensions of 
the honeycomb beam are described in Table 2, the core applied by aluminum material 
includes the size of the unit cell lc = 2mm, and the core’s height hc in the range 
from 5 to 25 mm.
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Table 4 Effect of the core thickness on natural frequencies of sandwich panels 

Mode 1 
(Hz) 

Mode 2 
(Hz) 

Mode 3 
(Hz) 

Mode 4 
(Hz) 

Mode 5 
(Hz) 

Mode 6 
(Hz) 

hc = 5 mm  44.994 169.04 280.36 352.2 777.92 904.58 

hc = 
10 mm 

64.106 131.5 392.79 462.12 703.24 1062.9 

hc = 
15 mm 

78.528 111.33 463.46 488.68 595.39 1195.2 

hc = 
20 mm 

89.929 98.285 466.68 499.35 525.58 1211.7 

hc = 
25 mm 

88.959 98.851 424.94 475.66 506.82 1122 

The results of the first six eigenfrequencies are shown in Table 4. It is clear  
that increasing the core height leads to the growth of the first natural frequencies 
(first bending modes) but the decline in the second one (first lateral bending mode). 
Nevertheless, there are fluctuations in the larger natural frequencies between the 
core thickness due to the difference in the vibration type corresponding to each 
eigenfrequency. For example, the second bending mode is detected at the third natural 
frequency of the core thickness of 5 mm, 10 mm and 15 mm, while in cases of 20 mm 
and 25 mm thickness, it happens at the fourth and fifth frequencies respectively. 
Hence, comparing the natural frequencies based on the mode shapes of honeycomb 
panels is convenient for identifying the effect of the core thickness. 

Figure 6 illustrates the variation in the eigenfrequencies of the vibration modes 
according to the core thickness. Two longitudinal bending modes represented by 
red and orange lines increase gradually due to the increase of the core thickness. In 
contrast, there is a considerable decline in the natural frequency of lateral bending 
modes. In the torsion mode, the trend is not clearly determined, the eigenfrequency 
of 15 mm core height is the highest with 488 Hz.

3.5 Effect of the Cell Size 

The sub-section refers to the simulation results involving the variation of the cell size 
in the honeycomb core. Similar to the previous sub-sections, honeycomb sandwich 
beam models also possess four dimensions shown in Table 2, in addition, the core 
height hc = 10 mm, and the range of the cell size is between 2 and 6 mm. 

Table 5 depict the results of natural frequencies obtained, it is observed obviously 
that honeycomb sandwich beam models experience a growth in the natural frequen-
cies at all of the first six modes as a result of the unit cell size. When evaluating the 
percent difference between the frequency values of the 2 mm and 6 mm cell size, 
the highest and smallest percentage is respectively 43.86% in mode 1 and 27.80% 
in mode 4.



Study the Effects of Geometry and Materials on Modal Characteristics … 301

Fig. 6 Impact of the core height on frequencies of five modes of honeycomb panels

Table 5 Natural frequencies depend on the cell size of the aluminum core 

Mode 1 
(Hz) 

Mode 2 
(Hz) 

Mode 3 
(Hz) 

Mode 4 
(Hz) 

Mode 5 
(Hz) 

Mode 6 
(Hz) 

lc = 2 mm 64.106 131.5 392.79 462.12 703.24 1062.9 

lc = 3 mm 74.418 151.92 456.66 516.79 804.12 1238.5 

lc = 4 mm 81.375 165.46 499.05 541.74 862.8 1352.3 

lc = 5 mm 87.055 176.86 532.96 572.8 920.1 1440.7 

lc = 6 mm 92.225 187.13 562.83 590.58 970.32 1514.8 

In addition, the five honeycomb sandwich models above witness the same type of 
vibration in each mode: (1) first longitudinal bending mode, (2) first lateral bending 
mode, (3) second longitudinal bending mode, (4) torsion mode; (5) second lateral 
bending mode, (6) third longitudinal bending mode. Therefore, changing the cell 
size only affects the values of the natural frequencies. 

4 Conclusion 

Several FEM models of the honeycomb sandwich beams consisting of a core 
and two CFRP skins are established to investigate the change of modal behaviors 
causing geometrical and material parameters. Mechanical properties of aluminum 
and Nomex core namely density, elastic modulus, and shear modulus are larger 
than these of polypropylene, which makes the eigenfrequencies of honeycomb beam 
with aluminum and Nomex higher. The strength and stiffness play a key role in the
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modal performance of any structure. The variation of the core thickness in honey-
comb beams influences both the natural frequencies and mode shapes. There is a 
slight increase in the frequencies in longitudinal bending modes, to the contrary, a 
dramatic fall occurs in lateral bending modes. The fluctuation in the frequencies of 
the torsion mode would need to be further studied. Increasing the size of the unit cell 
from 2 to 6 mm is the reduction of the honeycomb core weight, which consequently 
leads to the noticeable growth in the natural frequencies of the first six modes. 
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An Active Seismic Isolation Two-Layer 
Floor Based on Hedge Algebra Control 

Thanh-Lam Bui and Xuan-Thuan Nguyen 

Abstract The paper proposes an anti-vibration system to protect equipment and 
people under the impact of earthquakes. The seismic isolation design consists of 2 
floors system that reduces the acceleration and vibration of the object on the top floor. 
A hedge algebras-based controller (HAC) is applied to increase the system’s stability 
under earthquake excitations. Earthquakes with different properties are also given 
as input to verify the system’s performance. A conventional fuzzy set is designed 
based on HAC analog parameters. Numerical results indicate the effectiveness of 
the proposed method with previous method. Moreover, the experiment results also 
confirm the performance of the controller. 

Keywords Hedging algebra-based controller (HAC) · Fuzzy controller (FC) ·
Damping · Seismic isolation 

1 Introduction 

Structural protection of structures and equipment in buildings has been the focus 
of research in recent decades. Structural vibration control can be considered an 
optimal solution to reduce the impact of vibrations on structures. Fuzzy control is 
a control method that has received much attention in recent years, especially in 
structural vibration reduction [1–4]. Nguyen et al. [1] proposed a semi-active fuzzy 
controller to improve the performance of the seismic isolation system. Simulation
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results confirmed that FC significantly reduced the relative displacement and abso-
lute acceleration of high-rise buildings. Martin et al. studied the proposed optimal 
fuzzy controller based on magnetic rheological (MR), and FC dampers to minimize 
vibration for a 5-storey building. The results shown that both absolute acceleration 
and relative displacement of buildings were significantly reduced. 

The fuzzy controller optimization methods have been proposed in many studies 
[5–8]. Whale Optimization algorithm was proposed by Mahdi et al. [5] to optimize 
for FC in structural vibration reduction. The main objective function and perfor-
mance criteria are considered based on the nonlinear responses of the structure. 
The Hedge Algebra (HA) theory introduced in 1990s [9–12]. The Hedge Algebra 
Controller (HAC) has some improvements compared to the Fuzzy algorithms such as: 
faster response time, easy to establish the linguistic values as an algebraic structure, 
compatibility with different structures. Bui et al. [9] proposed a controller based on 
HAC to represent relationships between the state variables. The HAC performance 
has been verified by numerical simulations in controlling the building equipment 
vibrations under several types of earthquakes. 

It can be remarkable that the studies on the safety systems for small and medium-
sized devices under the impact of vibrations have not received much attention. In 
this paper, a two-stage seismic isolation system based on HAC is presented. This 
is a new approach with a key property that the semantic order of language values 
is always guaranteed. HAC is applied to improve the anti-vibration performance of 
the device. The designed system is simulated on MATLAB with two earthquakes of 
different amplitudes and frequencies. To evaluate the performance of the proposed 
system, the simulation results are compared with those in FC. The final results show 
the superior effectiveness of the proposed device under the earthquake vibrations. 

2 The Detailed Structure System 

2.1 Motion Equations of the Structure System 

In Fig. 1, the damping system is located on both floors. The first floor is subjected 
to direct earthquakes. The control force ut is set up at the 2nd layer. The motion 
equation of the two-layer seismic system is presented as follows: 

M

[
xb 
xt

]
+ C

[
ẋb 
ẋt

]
+ K

[
xb 
xt

]
= −M

[
1 
1

]
ẍw + F

[
0 
ut

]
(1) 

M =
[
mb 0 
0 mt + me

]
(2) 

C =
[
cb + ct −ct 
−ct ct

]
(3)
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Fig. 1 Schematic drawing of a two-layer seismic system 

K =
[
kb + kt −kt 
−kt kt

]
(4) 

F =
[
0 −1 
0 1

]
(5) 

whereas: me is the movable load mass (kg); x f , xi are the layer displacements (m); 
mi is the layer mass (kg); q f , qi , qw are the positions (m); kit  , kib  are the spring 
stiffnesses (N/m); ut is the control force (N); cit  , cib  are the damping coefficients 
(Ns/m). 

3 Theory and Controller Algebraic Hexadecimal 

3.1 Controller Algebra 

In this section, the HAC controller is established based on [6]. The operating principal 
diagram of the proportional-differential (displacement–velocity) HAC given by the 
control force ut is shown in Fig. 2. The controller consists of 2 inputs xt and ẋt 
(displacement–speed) and 1 output ut .

3.2 Normalization and De-Standardization 

The assumption that the reference domain of the state and control variables is given 
by xi ∈ [−ai , ai ], u ∈ [−ci , ci ] is clearly indicated in Fig. 3.
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Fig. 2 Control diagram of a proportional-derivative HAC

Fig. 3 Linear normalization (a) and denormalization (b) diagram  in  HAC  

Assuming that the language variable X belongs to the real interval [x0, x1] 
and its linguistic labels receive quantitative values in the corresponding semantic 
quantitative interval [s0, s1], then the real value x ∈ [x0, x1] is quantified by: 

Normalization(x) = s0 + 
s1 − s0 
x1 − x0 

(x − x0) (6) 

The problem of quantitative solving is carried out in reverse according to: 

Denormalization(s) = x0 + 
x1 − x0 
s1 − s0 

(s − s0) (7) 

In FC, after combining inferences, the output fuzzy set is normally complex. 
The defuzzification step would converts the output fuzzy set to the actual value of 
the control variable. However, it requires many rather complicated methods such as 
center of gravity, maximum, minimum, average, and so on. In HAC, to convert from 
SQM values into the actual values of the control variables, the denormalization step 
can simply reuse the diagram of the normalization step as shown in Fig. 3.
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Table 1 Law basis with SQM of HAC 

xt ẋt 

S = 0.25 LS = 0.375 W = 0.5 LL = 0.625 I. = 0.75 
S = 0.25 VS = 0.125 VS = 0.125 S = 0.25 LS = 0.375 W = 0.5 
LS = 0.375 VS = 0.125 S-0.25 LS-0.375 W-0.5 LL = 0.625 
W = 0.5 S = 0.25 LS = 0.375 W = 0.5 LL = 0.625 L = 0.75 
LL = 0.625 LS = 0.375 W-0.5 LL-0.625 L-0.75 VL = 0.875 
L = 0.75 W = 0.5 LL = 0.625 L = 0.75 VL = 0.875 VL = 0.875 

3.3 Law Base HA with SQM 

The rule base with SQM of the language values in the HAC controller is illustrated 
in Table 1 with fm(−c) = 0.5 and μ(h−) = 0.5. 

3.4 Inference HA 

The SQM values in the HAC rule system allow the representation of this rule 
system in geometric form to represent the relationship between the input state vari-
ables and the output control variables. These representations can be considered as 
inference methods of HAC instead of having to use three inference steps as in FC 
including: evaluating the influence of each rule, determining the conclusion of each 
rule, combining the conclusions to get the output fuzzy set. Here, the HA inference 
using the quantitative semantic curve using the multiplication (a) with the weights 
w1, w2 and the quantitative semantic surface (b) for the HAC is clearly shown in 
Fig. 4.

4 Numerical Simulation 

The detailed parameters of the system are as follows: 
m0 = 30 kg; me = 725 kg; C1 = 4.9Ns/m;C2 = 5.2Ns/m; K1 = 1.9×103N/m; 

K2 = 2 × 103N/m; c1 = 3; c2 = 1; k = 3.5; η = 5. 
The two earthquakes used are Chalfant, Kokuji. The earthquake inputs are shown 

in Figs. 5a and 8a, respectively, with different properties. Figures 5b and 8b show  
the control force of the system when using the HAC controller. The driving force is 
proportional to the amplitude of the vibration of the earthquake.

The responses of the lower layer (unit B) shown in Figs. 6 and 9 are similar to those 
of the upper layer (unit T) shown in Figs. 7 and 10. It can be seen that when using 
the proposed controller, the displacement and acceleration of the lower and upper
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Fig. 4 Inference in HA

(a) Earthquake ground motion (b) Control force 

Fig. 5 Chalfant earthquake and control force

decks have been markedly reduced compared with No control. The effect is clearly 
seen from different earthquakes. Besides, HAC provides better results in terms of 
position and acceleration than FC. In the Chalfant earthquake, from Figs. 6 and 7, 
it can be asserted that even in the case where the acceleration response during free 
oscillation is greatest, the acceleration and displacement when using the controller 
for is still significantly reduced.

The amplitude of displacement of the upper stage is slightly larger than that of 
the lower layer. Acceleration is significantly reduced when vibrations are transmitted 
from lower to upper floors. This is important to ensure that the device is not destroyed. 
Shows the effectiveness of using a 2-stage isolation system.
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(a) Bottom layer’s displacement (b) Bottom layer’s Acceleration 

Fig. 6 Bottom layer’s responses (Chalfant earthquake) 

(a) Top layer’s Displacement (b) Top layer’s Acceleration 

Fig. 7 Top layer’s responses (Chalfant earthquake) 

(a) Earthquake ground motion (b) Control force 

Fig. 8 Kokuji earthquake and Control force 

(a) Bottom layer’s Displacement (b) Bottom layer’s Acceleration 

Fig. 9 Bottom layer’s responses (Kokuji earthquake)
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(a) Top layer’s displacement (b) Top layer’s acceleration 

Fig. 10 Top layer’s responses (Kokuji earthquake)

5 Conclusion 

The design of the 2-stage anti-vibration device and the HAC controller is shown 
in the article. The system has good performance when it significantly reduces both 
absolute displacement and relative acceleration. The numerical and experimental 
simulation results demonstrate the stability and practical applicability of the 2-stage 
seismic isolation system. HAC controllers achieve better performance than FC when 
subjected to different earthquakes. The system can continue to improve the control 
algorithm to improve control quality, as well as deploy the actual model in the future. 
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Optimization of High Temperature 
Technology Parameters for 42CrMo Steel 

Le Hong Ky 

Abstract This paper presents research results on the influence of high annealing 
technology parameters on turbine shaft mechanical properties in turbocharger turbine 
structure made of 42CrMo steel. The study has established a regression equa-
tion showing the relationship between mechanical output factors according to high 
annealing technology parameters. The research has also determined the optimal value 
of the technological parameters when highly tempering the turbine shaft. 

Keywords Hardness · Strength · Relative elongation · Yield strength · High 
tempering 

1 Introduction 

Turbocharger works with very high temperature, and the working speed is usually 
100,000 rpm. The turbine shaft is an important part connecting the two turbine 
blades [1]. The manufacture of turbine blades is mainly by casting in metal molds 
[2, 3]. Casting process has been developed and progressively refined to provide a 
casting profile that requires minimal machining. In practice, the only turbine wheel 
machining undertaken in-house by Cummins Turbo Technologies is to ‘mass centre’ 
the hole in the nose of the wheel [4]. Friction welding was developed in the 1980s as 
a relatively low cost and reliable welding process, which proved ideal for attaching 
a turbocharger’s comparatively soft steel shaft to the much harder turbine wheel 
investment casting [4, 5]. EMAG Corporation [6] introduces the automatic produc-
tion of turbine shafts. Specifically, in the heat treatment part, a robot picks it up from 
there and transfers it for heat treatment in a MIND-L 1000 from EMAG eldec, which 
very quickly and precisely heats the component to a specific temperature to relieve
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any possible stresses. Previously published studies [7, 8] mentioned the design and 
manufacture of turbine blades and [9] published the research results on the effects of 
temperature and heat retention time at high tempering of steam turbine. The material 
requires high tensile properties along with good impact strength for proper applica-
tion. However, these two properties are inversely related to each other, i.e., the efforts 
to increase the tensile strength of materials result in a decrease in impact strength 
and vice versa. Therefore, one has to select the heat treatment parameters to maintain 
a good combination of these properties [10]. The most common and very useful test 
of mechanical properties of materials is a tension (a.k.a. tensile) test. Tension tests 
provide information on the strength and ductility of materials under uniaxial tensile 
stresses [11]. The author and his colleagues have had some of studies to design 
and manufacture important details of the turbocharger, including the turbine shaft 
[7, 8, 16]. 

To achieve the fine sorbite organization, the part must go through the high 
tempering and hardening stages [12]. The study focuses on the high tempering part. 
Selecting high tempering temperature of Temp_R, according to [7, 8, 14, 15] with 
axial parts, because of working in continuous rotating condition at high speed, high 
pressure, high strength, as well as part material with microstructure of sorbite, in the 
experiment, the selected temperature range for planning is the two edges of the high 
tempering mode of 550 °C (the high temperature edge of low tempering) and 670 °C 
(the high temperature edge of high tempering). Selecting tempering time of time_ 
R, according to [7, 8, 14, 15] the minimum effective time when high tempering is 
120 min, herein selected as the lower limit. The mechanical properties of the turbine 
shaft part to be achieved are the tensile strength and hardness. With 42CrMo steel, 
the heat retention time is up to 240 min to ensure that the Martensite and Austenite 
organizations residual after hardening is transformed into the desired Sorbite orga-
nization [9]. This study it is necessary to find the optimal mechanical properties of 
42CrMo steel, so the temperature range is from 550 to 670 °C, and high tempering 
time is 120–240 min. 

Among the types of quadratic planning, in the study, the quadratic symmetric 
mixture planning form of type B is selected. In particular, the output parameters that 
need to be studied are hardness (HRC) and tensile strength (σb), respectively. The 
center experiment was chosen as 2 to keep the number of experiments to a minimum. 

The Wilson Hardness, DX300 devices are used to measure the hardness, the 
ultimate strength, the yield limit and calculate the relative elongation [6–11] to obtain 
the results as in Table 1.
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Table 1 Results of the experiment 

No Temp_R Time_R σ0.2 sσ0.2 σb sσb HRC sHRC δ sδ 

1 550 120 1091 3 1111 4 38,95 0.18 71.5 0.3 

2 670 120 908 12 928 12 23.85 0.48 75 0.2 

3 550 240 1080 8 1093 7 37.75 1.24 72.1 0.1 

4 670 240 868 12 888 14 22.5 0.52 75.6 0.2 

5 550 180 1083 6 1100 4 38.38 0.85 72.3 0.1 

6 670 180 893 12 913 13 23.25 0.4 75.9 0.3 

7 610 120 958 13 973 7 31.7 0.51 72.5 0.2 

8 610 240 930 12 947 13 30.9 0.36 73.1 0.1 

9 610 180 945 13 964 13 31.72 0.6 73 0.2 

10 610 180 939 13 959 13 31.62 0.24 73.2 0.1 

2 Results and Discussion 

2.1 The Output Parameter is HRC Hardness 

Use Minitab software to analyze samples by experiment, remove unaffected coeffi-
cients, then recalculate the coefficients of the regression equation. The results of anal-
ysis of variance for the regression equation showing the influence of input parameters 
on the hardness of the test specimen have the following natural form [7]: 

HRC = −162.3 + 0.7390 ∗ Temp_R−0.01144 ∗ time_R 
−0.000685 ∗ Temp_R ∗ Temp_R (1) 

The graphs show that the higher the temperature (Temp_R) is, the lower the hard-
ness becomes, and it discussed a lot when the temperature is higher. When the time 
(time_R) increases, the hardness of the part decreases, but it decreases slightly, Fig. 1.

2.2 The Output Parameter is the Ultimate Strength σ b 

By doing the above, the regression equation is determined as follows: 

σb = 6568−16.65 ∗ Temp_R−0.2333 ∗ time_R 
+ 0.01234 ∗ Temp_R ∗ Temp_R (2) 

The analysis shows that (Fig. 2), the higher the temperature (Temp_R) is,  the lower  
the ultimate strength gets, and it decreases a lot when the temperature is higher. The 
time (time_R) increases, the ultimate strength of the part decreases.
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Fig. 1 The effect of parameters on HRC hardness

Fig. 2 The effect of parameters on the ultimate strength
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2.3 The Output Parameter is the Relative Elongation δ 
and the  Yield Limit  σ 0.2 

By doing the same, the regression equation characterizing the effect of the input 
parameters on the relative elongation of the test specimen has the natural form as 
Eq. (3). The regression equation characterizing the effect of the input parameters on 
the yield limit of the test specimen has the natural form as Eq. (4) [7] (Figs. 3 and 4). 

δ = 121.4−0.4199 ∗ Temp_R + 0.0725 ∗ time_R 
+ 0.000383 ∗ Temp_R ∗ Temp_R 
−0.000180 ∗ time_R ∗ time_R (3) 

σ0.2 = 6339−16.30 ∗ Temp_R + 1.008 ∗ time_R 
+ 0.01232 ∗ Temp_R ∗ Temp_R 
−0.002014 ∗ Temp_R ∗ time_R (4) 

Fig. 3 The effect of parameters on the relative elongation
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Fig. 4 The effect of parameters on the yield limit 

Table 2 Table of permissible values of the results 

Response Goal Lower Target Upper Weight Importance 

σb Target 877 1044 1115 0.1 1 

σ0.2 Target 857 1011 1095 0.1 1 

2.4 Optimization of High Tempering Technology Parameters 

Because the ultimate strength and yield limit are two important factors that determine 
the quality of turbine shaft during working, optimization of these two parameters has 
been carried out (Table 2). 

Boundary conditions for input variables are set: 

550 ≤ Temp_R ≤ 670 
120 ≤ time_R ≤ 240 

Minitab software is used to calculate the optimal value (Fig. 5):
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Fig. 5 Compatibility 
function diagram 

Solution Temp_R Time_R σ b Fit σ 0.2 Fit Composite desirability 

1 577,879 160 1029,59 1011,00 0,995,497 

The item “Composite Desirability” has a value of 0,995,497. According to the 
optimization theory [6], it can be concluded that this optimal result is appropriate. 

The optimal value to choose for retesting is: 

Temp_R 578 

time_R 160 

The suitability is checked by substituting the above optimized tempering temper-
ature and time with the regression equation to test the hardness (2) and the relative 
elongation (4), which shows that these values correspond to the original base of the 
sample shaft. High tempering, tensile test, hardness measurement and microscopic 
organization review were carried out with the results: 

σ0.2 = 985 N/mm2 

σb = 1027 N/mm2 

HRC = 30.35 
δ = 15.8%
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Table 3 Table comparing the 
results of sample and 
optimally calculated parts 

Sample parts Parts with optimal parameters 

σb = 1044 N/mm2 σb = 1027N/mm2 

σ0.2 = 1011 N/mm2 σ0.2 = 985 N/mm2 

δ = 14,3% δ = 15,8% 

HRC = 28 -32 HRC = 30,35 

(a) The research turbine shaft (b) The sample turbine shaft 

Fig. 6 The microscopic organization 

The values of the yield strength, the ultimate strength, the relative elongation and 
the hardness are compared with the matched sample parts of the HX40W turbo set 
as shown in Table 3. 

The comparison results show that the high tempered turbine shaft with the optimal 
set of parameters with the mechanical properties is equivalent to the sample turbine 
shaft of the HX40W turbo set. In order to increase the reliability, the microscopic 
organization review of the study sample was conducted with the optimal pair of 
temperature and time parameters, Fig. 6. 

3 Conclusion 

This paper presents the research results on the effects of high tempering technology 
parameters on the mechanical properties of turbine shafts made of 42CrMo steel. 
The study has established the regression equations showing the relationship of the 
yield limit (σ0.2), the ultimate strength (σb), , the hardness (HRC) and the relative 
elongation (δ) according to the tempering temperature (Temp_R) and the tempering 
time (time_R). 

The optimal technology parameters when high tempering are determined: the 
tempering temperature is 578 oC and the tempering time is 160 min. These are the 
optimal values to ensure the mechanical properties of the turbine shaft in terms of
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the yield limit, the ultimate strength, the hardness and the relative elongation. The 
optimal parameters were tested again with the test specimen to compare with the 
turbine shaft model of the HX40W turbocharger. 

After high tempering, the hardness decreases very sharply; the steel becomes 
relatively soft, and the strength decreases but achieves the best combination of the 
mechanical properties of strength, ductility, and toughness. 
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Study on Recycling of Chrome-Tanned 
Leather and Agriculture Waste for Insole 
Towards Sustainable Development 

Vu Dinh Giap 

Abstract Currently, the world towards the use of recycled materials from industrial 
agricultural waste not only contributes to economic development but also contributes 
to environmental protection—sustainable development. Use of agricultural wastes 
such as rice straw, rice husk, wood fibers, etc. as additives are increasing. In this 
study, the potential use of industrial from leather tanning (chrome tanning shavings, 
CTS) and agricultural wastes (rice husks, RH) as a additive materials for insole 
for shoe. Thermoplastic rubber (TPR) is selected as the substrate polymer for the 
synthesis of new materials. CTS released from leather tanning and rice husks from 
agricultural activities were used in powder form with various percentage to synthesize 
different composites. These composites were tested for various mechanical properties 
as hardness, specific gravity, tensile strength, abrasion and tear strength. The addition 
of any filler improves the mechanical properties of the material. The results showed, 
rice husk powder (5%, w/w) and chrome tanning shavings (20%, w/w) were the 
appropriate concentrations studied. The mechanical properties have been determined 
in insole such as specific gravity (0.895 g/cm2); hardness (69 shore A); tensile strength 
(58 kg/cm2); abrasion (189 mm3) and tear strength (33 kg/cm). Rice husk make the 
material properties better than no filler composite. This contributes to promoting the 
development of recycled materials towards sustainability in the future. 

Keywords Chrome tanning shavings · Rice hurk · Chrome-tanned leather waste ·
Agricultural wastes · Shoe insole · Composite materials
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1 Introduction 

The leather tanning industry has generated many negative impacts to the ecological 
environment. During the production process, an enormous amount of solid waste 
is emitted from these activities. According to the estimates, one ton of raw leather 
(includes salted skin, fresh skin, etc.) can only produce 250 kg (25%) of leather 
products [1]. In which, 75% of that waste, includes wastes emitted in the process and 
production (chromium tanning shavings, splits, trimmings, finished leather wastes) 
and the used leather wastes (used bags, jackets, purses, etc.). Chromium tanning shav-
ings (CTS) approximately 9–15%. The composition of the CTS includes (dry weight): 
moisture (46%), ash content (7.5%), total nitrogen (14.65%), Cr2O3 (2.1%), protein 
(91.6%) and pH 3.4 [2]. Among the solid wastes generated in the leather tanning 
process, CTS waste is the greatest threat to the environment. Presently, the above 
waste source is recycled into various useful products with economic value such as: 
gelatin glue, biological fertilizer, animal feed, hydrolyzed collagen, composite mate-
rials, etc. [4]. Therefore, the treatment of these wastes becomes an urgent problem 
for the domestic and foreign leather tanning industry. Besides leather tanning waste, 
agricultural waste is discharged with a huge amount of waste. Their main component 
is lignocellulose. The polymers in the structure of lignocellulose are cellulose, hemi-
cellulose and lignin. In addition, other components are also found in this structure 
such as ash, pectin and protein. It is considered as a rich source of raw materials in 
the world. In plant cell wall structure, the average amount of cellulose is from 40 to 
65%, hemicellulose from 20 to 30% and lignin from 15 to 20% with different percent-
ages depending on the plant species [5]. Annual domestic agro-industry production of 
hundreds of millions of tons of lignocellulose-rich by-products is an extremely abun-
dant source of materials. On the other hand, it solves the problem of environmental 
pollution caused by not being treated or exclusion by traditional methods. Millions 
of tons of lignocellulose are produced in the world mostly as a non-commercialized 
waste product per year [6]. In Vietnam, this annual rice production leaves estimated 
50 million tons of dry rice straw per year, so the biomass obtained from the rice 
husks is very large, which has attracted research ideas to make use of it as renew-
able resource for the production of composite materials. However, at the moment 
still a major part of this raw material is getting lost through burning directly on the 
fields or composting material. Therefore, shoe insole production from as rice husk is a 
good solution especially for countries with agriculture like Vietnam. Hence, possible 
conversion of both forms of wastes into value added products will not only help to 
save the environment, but also prove to be income generating [7]. The goal was to 
studies the use of a hot compression moulding process to prepare the composites 
based on chrome-tanned leather waste (chrome tanning shavings, CTS), thermo-
plastic rubber and agricultural wastes (rice husks, RH) into a useful product (insole), 
thereby reducing environmental pollution. The main problems of this composites are 
related to the hydrophilic properties of the cellulose fiber structure from rice husk. 
To overcome these problems, it is necessary to modify the fiber surface to reduce 
the hydrophilic nature of the rice husks. The performance and stability of composite
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Fig. 1 Chromium tanning shavings waste from chrome-tanned leather (A, 0.5-1 mm) and rice hurk 
powder from agricultural waste (B, 0.7–1.5 mm) 

materials for insole depends on the degree of coherent interfacial bonding between 
rice husks, CTS and thermoplastic rubber [8]. The product was characterized for 
mechanical properties such as tensile strength, abrasion, tearing strength, specific 
gravity and hardness. 

2 Materials and Methods 

2.1 Materials 

Thermoplastic rubber (TPR) was purchased from LCY chemical CORP (Taiwan). 
Chromium tanning shavings (CTS) were collected from leather tanning technology 
center, Leather and Shoe Research Institute, Hanoi, Vietnam. It is milled to size 
ranged approximately 0.5–1 mm in diameter. 

Rice husks (RH) were collected from Dong Anh district, Hanoi, Vietnam (Fig. 1). 
RH is dried then ground powder (0.7–1.5 mm). RH contains 23–30% lignin, 10–15% 
moisture, 34–44% cellulose and 13–39% ash [9]. 

2.2 Testing Methods 

2.2.1 Specific Gravity 

Specific gravity is defined as the ratio of material’s density to the density of water 
at 23 °C. Specific gravity is a measurement of the ratio of the mass of a material to 
the mass of an equivalent volume of water [10]. It is common to use the density of
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water as a reference point as water at this point has the highest density of 0.99576 g/ 
cm3. Specific gravity of a material can be calculated by following equation: 

Specific gravity
(
g/cm3

) = Density(at 23 ◦C)/0.99576 

2.3 Hardness 

The hardness is determined by resistance to indentation under a specified load. Shore 
A is used to measure the hardness of soft elastomers (10–80 shore A) and shore D is 
used to measure the hardness of hard elastomers (> 80 shore A) [11]. 

2.4 Tensile Strength 

Tensile strength can be defined as the maximum stress that a material can bear before 
breaking when it is allowed to be stretched [12]. 

Tensile strength
(
kg/cm2

) = FP 

T ∗ W 

FP Maximum load of the test sample. 
T Thickness of the test sample. 
W Width of the test sample. 

2.5 Abrasion 

Abrasion is the process of rubbing [13]. 

Abrasion
(
mm3) = (W 1 − W 2) ∗ 200 

219 ∗ Spec ific Gravity 
∗ 1000 

W1 The initial weight of the specimen is measured. 
W2 The final weight of the specimen is measured.
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2.6 Tear Strength 

Tear strength is the ability to resist the tearing force of a cut on a specimen when 
tension is applied. This force is determined by dividing by the thickness of the sample 
[14]. 

Tear strength(kg/cm) = 
FP 

T 

FP Maximum load during test sample. 
T Thickness of the test sample. 

2.7 Experimental Model 

Fabrication of shoe insole was done by CTS, RH and TPR. CTS and RH powder 
were used 10%, 20%, 30% and 5%, 10%, 15%, respectively. Thermoplastic rubber 
approx. 60% was used as binder. Moreover, the composition of mixing additives 
includes: (1)—vulcanizers and vulcanization accelerators are zinc oxide (ZnO, 2%), 
mercaptobenzothiazole (MBT, 0.5%), dibenzothiazole disulfide (DM, 0.8%) and 
sulfur (S, 1%); (2)—anti-aging agent (butylated hydroxytoluene, BHT, 0.6%) and 
(3)—fatty acids (stearic acid, 0.6%) are used as zinc salts to enhance the dispersion 
of zinc oxide. The mixing process is carried out on a heat press machines at 700C 
(No 09001, KS, Taiwan). Raw material for the test production of shoe soles is cut 
into small pieces of size 4 × 7 cm, a weight of 100 g. Then, it is put into a hot 
stamping machine to vulcanize at 140 °C, for 5 min. All experiments were repeated 
three times. 

3 Results and Discussion 

3.1 Chromium Tanning Shavings for Shoe Insole 

This study evaluates various mechanical tests on composite materials. It was made 
of thermoplastic rubber (TPR) as the polymeric substrate and chromium tanning 
shavings (CTS) as the filling material for insole. In which, CTS is adjusted from 10 
to 30%, the data showing the results is shown in Figs. 2 and 3. 

Figure 2a showed, test results of composite materials of TPR as the substrate 
polymer with different concentrations of CTS for the synthesis of new materials. 
Specific gravity of 30% weight (0.802%) is lower than control sample of 0% (0.954) 
when the loading of CTS is increased from 10 to 30%. Meanwhile, hardness increased 
from 10% (63 shore) to 30% (69 shore), so the fillers CTS harden the material. Due
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to the non polar CTS, increase from its concentration has led to decrease from tensile 
strength and tear strength. They decreased the most at 30% weight (48 and 23 kg/ 
cm), but both are better when CTS are added to 20% (59 and 29 kg/cm), respectively 
(Fig. 2b). However, the abrasion increases when CTS increases from 10 to 30%, the 
highest value is 168 mm3 at 30% weight (Fig. 3). Thus, based on tensile strength and 
tear strength, it has been determined that the suitable concentration of CTS to make 
insole is 20% weight. Considering the properties of composites for shoe insole, it 
can explain that chromium tanning shavings and thermoplastic rubber contributes to 
the elastic properties of materials. When it was added to the composites, it tends to 
increase the abrasion. However, when the CTS content exceeds 20% by dry weight 
of the material, it will inhibit the coagulation process and reduce the adhesion of the 
rubber to other ingredients and lead to a decrease in the tensile strength of the material. 
In addition, CTS reduces the water absorption value, which is highly recommended 
for footwear, as it helps to maintain a dry product surface [15]. So, CTS weight (20%) 
was used. CTS is proven to improve the required parameters and properties of insole 
materials. Thus, chromium tanning shavings is evaluated as a potential material for 
applications to produce leather and footwear. 

Fig. 2 Specific gravity, hardness (a) and tensile strength, tear strength (b) for insole with CTS 
(10–30%) 

Fig. 3 Abrasion for insole 
with CTS (10–30%)
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Fig. 4 Specific gravity, hardness gravity (a) and tensile strength, tear strength (b) for insole with 
CTS (20%) and RH (0–15%) 

3.2 Insole Composite from a Mixture of Rice Husk 
and Chromium Tanning Shavings 

In this content, CTS was kept fixed 20% of weight from previous study, three different 
concentrations of RH (5%, 10% and 15%) were used as an additive for material. The 
results of this study are showed in Figs. 4 and 5. 

Figure 4 showed, the various mechanical tests sample on composites of RH 
combines with CTS and TPR. Concentration of RH is adjusted from 0 to 15%. 
The results of this study are showed that, specific gravity increased from 5% of 
weight RH (0.896 g/cm2) to 15% (1.130 g/cm2), hardness increases slightly when 
increasing husk from 5 to 10% and then decreases when RH is higher than 10% 
(Fig. 4a). Especially, tear strength increases until 10% loading and decreases to 
15%. Tensile strength decreases slightly to 5% loading with rice husk and decreasing 
steeply to increased loading into 15% or even higher concentration (Fig. 4b). Abra-
sion increases when RH is higher than 10% (Fig. 5a). Therefore, concentrations of 
RH higher than 5% are not appropriate in the TPR matrix. In addition, the product has 
a smooth surface and uniform color (Fig. 5b). Rice husks are used suitable for shoe 
insole (footwear) applications that increase product durability. All materials used to 
gave positive results in terms of parameters are checked. In general, the addition of 
additive materials leads to an increase in terms of tear strength, hardness, abrasion 
and decrease in tensile strength. Thus, 5% of rice hurk and 20% of chromium tanning 
shavings have shown positive results.



330 V. D. Giap

Fig. 5 Abrasion for insole (a) with CTS (20%), RH (0–15%) and Insole products (b) with CTS  
(20%), RH (5%) 

4 Conclusion 

This study investigates that the potentials for chromium tanning shavings from leather 
tanning and rice hurk from agricultural wastes were prepared to use thermoplastic 
rubber as a binder, fabricated insole using cellulose fiber from rice husk (5%) without 
pretreatment. These material mixture is made by mixing with chromium leather 
shavings (20%), thermoplastic rubber (approx. 60%) and other additive materials. In 
addition, additives are also added to the raw material mix and then pressed to shape 
the material. The thickness of the insole from 8 to 15 mm. Raw materials about 85% 
by weight of the product. The remaining material consists of sulfur, vulcanization 
accelerator and other compounds (approx. 15%). The mechanical properties have 
been determined in shoe insole such as specific gravity (0.895 g/cm2); hardness 
(69 shore A); tensile strength (58 kg/cm2); abrasion (189 mm3) and tear strength 
(33 kg/cm). Recycling raw materials as industrial waste contributes to promoting the 
development of recycled materials towards sustainability in the future. 
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Influence of Recrystallization Annealing 
on the Microstructure and Ductility 
of Al–Zn–Mg–Cu Alloy Added La, Ce 

Bùi Thi Ngoc Mai 

Abstract This article presents about the influence of recrystallization annealing 
temperature on the microstructure and ductility of Al–Zn–Mg–Cu alloy. This alloy 
was modified by La and Ce, uniformly annealed and cold rolled with 275%. After the 
cold rolling process; the structure of the alloy has a grain size of less than 10 μm. The 
alloy is heated at the other recrystallization annealing temperature for 2 h. Research 
results show that with recrystallization annealing temperature at 450 °C for 02 h; the 
microstructure of this alloy is α phase which has a grain size of less than 10 μm; 
the structure of the alloy is uniform. In addition, the intermetallic phase Al11Ce3 and 
Al3La are finely dispersed in the matrix. With the structure of this alloy, the ductility 
of the alloy reaches 667% when tensile is performed at 400 °C. The mechanism of 
high ductility has also been determined for Al–Zn–Mg–Cu alloy as the grain fine 
mechanism; uniform and dispersed high hardness particles which increased ductility 
of the studying alloy. 

Keywords Recrystallization annealing · Grain size · Intermetallic · Ductility 

1 Introduction 

Recrystallization is a process in that deformed grains are replaced by strain-free and 
equiaxed grains; these grains will be nucleated and grow until the initial grain is 
completely lost. 

Studies on thermo-mechanical effects [1, 2] on high ductility with different tensile 
speeds were presented. The studying alloy system is Al–Zn–Mg–Cu which are 
divided into 2 groups: group A has 0.15% Sc and group B has 2.8%Ni. The samples 
were molded in sheets and homogenized at 450 °C (for both samples A and B) and
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then at 500 °C (for sample B) then rolled at 410 ± 10 °C. The plate thickness up to 
1 mm. With the alloy has Ni, the elongation is 450–480% at a constant strain rate 
between 10–2 and 10–1 s−1, but the alloy with Sc the elongation has from 300 to 
600% at much smaller strain rates 10–3–10–2 s−1. The study uses an alloy sheet of 
7075–T651 with a thickness of 4 mm that is treated with friction welding [3]. The 
microscopic structure of the sample in the weld region showed fine recrystallization 
with the grain size of 4.65 μm. The maximum elongation to failure reaches 900%. 

Studies on ductile behavior [4–6] of 7055 aluminum alloy. Casting and pouring 
directly through metal molds and homogenizing annealing at 470 °C for 24 h then 
going through 2 steps: Rolling down 70% at 410 °C then annealing to recrystallize in 
salt bath for 1 h, then quenching in water. Next, aging at 410 °C for 4 h and cooling at 
room temperature, then cold rolling to reduce 80%, finally annealing to recrystallize 
at 410 °C in a salt bath for 1 h. After recrystallization, the particle size is 11 μm 
and a coaxial shape. The other region consists of small surrounding particles with 
a size of 2  μm. Below is the development of the microorganism during the 450 °C 
deformation and the strain rate 10–2 s−1. The recrystallization process continuously 
occurs in rolling process and create the superparticle grain. 

The research group of R. Kaibyshev and colleagues at the Russian Academy of 
Sciences studied “High ductility behavior of 7055 aluminum alloy” [7]. The test was 
performed using alloy 7055 which was homogenized at 470 °C for 24 h and then 
subjected to a two-step heat treatment: Alloy 7055 was rolled to a 70% thickness 
reduction at 410 °C, then annealed. recrystallized at 450 °C in a salt bath for 1 h, 
then quenched in water. Over-aging was performed at 410 °C for 4 h, cooled slowly 
at room temperature, and then cold rolled to a 70% reduction in thickness. Final 
recrystallization incubation was performed at 450 °C in a salt bath for 1 h. The authors 
concluded that a partial recrystallization consists of fully recrystallized particles with 
an average size of 11 μm interspersed with recovered superparticles with an average 
size of 2 μm after 2 steps of Thermo-mechanical treatment. The maximum total 
elongation reaches 960% in the temperature range 400–490 °C, exponent m = 0.6 
at 450 °C and ˙ε = 3.3 × 10−4 s−1. At this temperature, the optimum range for high 
ductility to occur is 8.3 × 10–5–8.3 × 10−3 s−1. 

In this paper, the effects of recrystallization annealing process on microstructure 
and ductility of this alloy when adding La and Ce are presented in this paper. 

2 Material and Method 

2.1 Material 

The Al–Zn–Mg–Cu modified by La, Ce alloys is studied in the current work. The 
compositions are given in below table.
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Elements Zn Mg Cu Si Fe La Ce Al 

%wt 5.6 2.1 1.56 ≤ 0.34 ≤ 0.24 0.21 0.16 – 

2.2 Method 

The alloy was deformed by warm rolling, the width reduces from about 6–2 mm. After 
that, the samples cutting off from this alloy were heated to recrystallization annealing 
at respectively 350 °C, 400 °C, and 450 °C for 2 h. With these temperature values are 
guaranteed for the new grains which have fine. These temperatures satisfy the theories 
for calculating recrystallization annealing temperatures. After the recrystallization 
annealing process, the sample with the size shown in Fig. 1 was tested tensile. 

Tensile tests were performed at temperatures 400 °C and strain rates are at ε̇ = 
1.67 · 10−4s−1. The equipment is a Devontrans testing machine shown in Fig. 2. 

Fig. 1 The size of the tensile test sample 

Fig. 2 The testing machine
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3 Results and Discussion 

In this work, La and Ce were compositely added into the Al–Zn–Mg–Cu alloy. 
The research focused on the influence of recrystallization on the microstructure and 
ductility of Al–Zn–Mg–Cu added La, Ce alloy. The addition of La, Ce with the 
optimal condition of recrystallization significantly reduces the grain size of Al–Zn– 
Mg–Cu—alloys because the Al11Ce3 and Al3La intermetallic phases have formed. 
Intermetallic, shown in Fig. 3. The  Al11Ce3 intermetallic phase, which is structurally 
similar to the α-Al base phase, should act as the nucleation for the solidification. The 
Al3La intermetallic phase plays a role in preventing the growth of matrix phases. 

From the structural features of Al11Ce3, the bottom and side faces have the same 
structure as the bottom and side faces of phase α-Al. Furthermore, the difference in 
crystal structure parameters of these is 8.3%. The lattice parameter value of Al11Ce3 
is 4.377 Ȧ and the lattice parameter of α-Al solid solution is 4.04 Ȧ. Thus, it can 
be concluded that the Al11Ce3 intermetallic phase plays the role of the nucleation 
for the solidification process of the studied alloy. Rare earth elements combine with 
aluminum to form the nucleation for the crystallization process, the more nucleation 
will make the grain finer because at this time, at the same volume, these nucleations 
grow more and faster. then the primary crystals of the zinc-aluminum substrate will 
be inhibited, leaving no room to grow. 

Fig. 3 The X-ray results of intermetallic phases of the alloy Al–Zn–Mg–Cu-(La+ Ce). Microstruc-
ture after crystallization
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Compare with the grain structure at 350 °C, 400 °C, the average grain size of the 
alloy after annealing at 450 °C is the smallest. The number of crystallized grains 
at 350 °C is the fewest and at 450 °C is the most. In Fig. 4b, the coarse grains 
disappear, the microstructure includes fined and evenly grain, and the average size 
is about 10 μm (Fig. 5). 

The recrystallization has an influence on the ductility of the investigated alloy. 
The alloy before recrystallization has low ductility. After deformation process, the 
ductility of this alloy is 14%. Increasing the recrystallization temperature from 400 
and 450 °C, the elongation sharply rises from 430 to 667%. At 450 °C, the elongation 
is at 667%. The values of the elongation are shown in Fig. 6.

a) b) 

c) d) 

Coarse grain 

recrystallized 

grain 

Fig. 4 Microstructure of the alloy Al–Zn–Mg–Cu-(La + Ce). a After warm rolling b after recrys-
tallization at 350 °C for 2 h c after recrystallization at 400 °C for 2 h. d after recrystallization at 
450 °C for 2 h
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Fig. 5 The tensile diagram of the sample with the strain rate of ε̇ = 1.67 · 10−4 s−1ε̇ = 1, 67 at 
tensile test temperature of 400 °C. a deformed sample, b sample crystallized at 400 °C, c sample 
crystallized at 450 °C

14% 

430% 

667% 

0% 
100% 
200% 
300% 
400% 
500% 
600% 
700% 
800% 

deformed sample Sample crystallized 

at 400oC 

Sample crystallized 

at 450oC 

Fig. 6 Effect of recrystallization on the ductility of the alloy 

4 Conclusion 

The present experimental results can be summarized as follows. A partially recrystal-
lizion structure consisting of coarse grains and recovered grains with a mean size of 
about 10–15 μm. At 450 °C occurred completely recrystallized structure consisting
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of fined and evenly grains with a size of about 10 μm. At this temperature, the 
ductility of the alloy is the best with the elongation reaching the maximum at 667%. 
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A New Design of a Three-Speed Gearbox 
Provides Continuously Variable Torque 
During Gear Shifting in Electric Cars 

Nguyen Hoang Viet, Nguyen Thanh Trung, and Nguyen Hong Thai 

Abstract In electric car transmissions, multi-speed transmissions provide operating 
modes to suit different travel needs and thus contribute to the vehicle’s desired perfor-
mance with minimum energy consumption. However, multi-speed gearboxes are not 
widely used in the electric car manufacturing industry because the car jerks during 
gear changes, causing energy loss and making passengers uncomfortable, which is 
incredibly annoying for people with motion sickness. To solve the above problem of 
the multi-speed gearbox, in this paper, the authors present an alternative to design 
a gearbox using non-circular gears to provide continuously variable torque during 
gear shifting. A control strategy is also proposed to provide the same shifting flex-
ibility as an internal combustion engine transmission. On that basis, a calculation 
and design program was written on Matlab software to verify the theory. The results 
show that the new design solution has overcome the disadvantages of the traditional 
multi-speed gearbox in electric cars. 

Keywords Multi-speed gearboxes · Non-circular gear · Centrode · Variable torque
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1 Introduction 

On the electric vehicle market today, most models are equipped with motors that come 
with single-speed gearboxes (SSG), such as VW e-Golf, Nissan Leaf, BYD e6, Tesla 
Model S, or VF e34. SSG has many advantages but can only be optimized for a single 
operating mode and cannot provide the same high performance in all different speed 
ranges and load modes. A 2-speed or even a 3- or 4-speed gearbox can be installed 
to increase torque, reduce acceleration time and maintain speed, and promote the 
engine to operate in the high-performance zone in drive cycles, thereby extending the 
vehicle’s operating range [1–3]. This is a solution that has been introduced previously. 
It was applied by Tesla on the first version of the Tesla Roadster in 2006. However, 
this option was quickly superseded by SSG, mainly due to tissue disruptions—Torque 
during gearshift causes energy loss and jerks. This is the biggest problem of AMT that, 
so far, research in the world has not been completely overcome, causing the multiple-
speed gearbox (MSG) to be limited in research and application for some EV models. 
Gao [4] suggested using a dry clutch at the transmission’s rear to suppress the traction 
disruption of traditional MSG. However, the loss caused by clutch friction during 
gear shifting significantly affects the vehicle’s energy efficiency. Liang [5] combines 
the clutchless automatic transmission (CLAMT) with an assist motor that provides 
the necessary torque during gear changes. The experimental results demonstrate 
that this solution significantly improves the shifting quality when changing gears 
compared to conventional AMT. Another idea is to provide independent power to 
all wheels, thus allowing increased drivability and a small turning radius without 
needing a larger engine and transmission. Each motor is coupled to a 2-speed AMT 
gearbox leads, requiring complex control logic. If not optimized properly, it will cause 
discomfort to drive and increase transmission losses [6, 7]. In 1975 Kerr [8] applied 
for a patent for a CVT transmission that used a combination of non-circular gears 
(NCGs) with a bevel gear and clutch mechanism to overcome the disadvantages 
point of a CVT gearbox using the pulley-belt mechanism. This idea was further 
developed in the works of Ferguson [9] and Dooner [10, 11] and perfected by the 
research group of Hebbale [12]. Meanwhile, Kang [13] uses only a pair of NCGs  
with specially designed centrodes to provide the desired gear ratio. Both Hebbale 
and Kang’s methods are only suitable for designing two-speed gearboxes. In the 
case of multi-speed gearboxes, synthesizing the NCGs mechanism centrodes in these 
two directions is complicated, and the transmission ratio magnitude is also limited. 
Regarding the curve using the tooth profile design of NCGs, there are four common 
forms so far: (1) The involute profile of the circle [14] and the ellipse [15, 16]; 
(2) The Novikov arc profile [17]; (3) The cycloid profile [18]; (4) The improved 
cycloid curve of the ellipse [19–22]. However, the cycloid and cycloid profile gear 
pairs improve with the number of tooth pairs involved in meshing, usually leading 
to large tooth and gear sizes. The tooth Novikov profile has a complicated structure. 
In contrast, the involute profiles have a contact ratio that can be adjusted to increase 
the number of tooth pairs participating in the matching. Therefore, to overcome the 
limitation of torque interruption during gearshifting and continue to develop and



A New Design of a Three-Speed Gearbox Provides Continuously … 343

perfect the idea of applying NCGs in MSG, in this study, we propose a new gearbox 
using NCGs with designing the centrodes of the NCGs to meet the requirement of 
providing continuous torque during gear shifting. 

2 Design of Non-circular Gears Providing Continuous 
Torque 

2.1 Analysis and Determination of Gear Ratio Function 
of Non-circular Gears 

In this research, the authors chose four operating modes of the Chevrolet Bolt EV 
[23], corresponding to three levels of gear ratios that have been optimized, including 
the passing ability (gear ratio 6.0:1.0), the operating range (gear ratio 7.0:1.0), the 
launching and grade ability (all achieved at gear ratio 9.0:1.0) to illustrate the design 
of a three-speed gearbox to provide the highest performance in different operating 
modes of the EV. For the transmission to be smooth, without a jerk, a prerequisite is 
that the gearbox’s transmission ratio must be maintained continuously. On the other 
hand, to ensure the size and weight of the gearbox, the gear ratio of a pair of gears is 
usually less than 8.0. Thus, The Chevrolet Bolt EV transmission must be including 
(a) an auxiliary gear ratio of 2.0:1.0 and (b) three main gear ratios of 3.0:1.0, 3.5:1.0, 
and 4.5:1.0. To realize this idea, the paper proposes a three-speed gearbox with the 
scheme described in Fig. 1, in which gear pairs 1–2, 3–4, 5–6, and 13–14 located 
in the structure on the left are circular gear pairs, while gear pair 7–8 are NCGs; 
clutches from C1 to C6 have the function of connecting the movement of gear pairs 
to the output shaft.

This study uses trigonometric functions to establish the gear ratio for the transition 
period, and the gear ratio equation is presented in Table 1, with ϕ7 being the rotation 
angle of the NCG. The general form of gear ratios at stages a, b, and c are i78 = 
m1 + m2(1 + cos(n1ϕ7 + n2)), where m1 is the average gear ratio value, component 
m2(1 + cos(n1ϕ7 + n2)) is the amplitude value of the gear ratio change with m2, n1, 
n2 is the parameters determining the rate of change of the gear ratio. The results are 
presented in Fig. 2. Specifically, from level two, EV can switch to level three or level 
one; meanwhile, if the EV is operating in third gear, it can shift to second gear before 
returning to first gear so that the shifting process is smoother and smoother. Figure 3 
shows how the clutches operate to accommodate a complex shifting process: from 
the initial state at the first level to the second level, then to the third level, then again 
turn to the second level and first level, finally shifting up and maintaining the gear 
ratio at the second level.

Thus, with the proposed shift cycle above, when encountering different gearshift 
cycle requirements, the EV only needs to select the appropriate clutch control mode 
without changing NCGs or the entire gearbox. This feature is suitable for EVs 
operating in complex urban roads or uneven terrain environments.
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Fig. 1 Diagram of gearbox

Table 1 Equation of gear 
ratio of the sections Section Rotation angle ϕ7 Gear ratio function i78 

1
[
0, 227 600 π

]
,
[ 281 
150 , 2π

]
i78 = 3 

a
[
0, 227 600 π

]
,
[ 281 
150 , 2π

]
i78 = 3 + 
0.25

(
1 + cos

(
4φ7 − π 

2

))

2
[
0, 227 600 π

]
,
[ 281 
150 , 2π

]
i78 = 3.5 

b
[
0, 227 600 π

]
,
[ 281 
150 , 2π

]
i78 = 3.5 + 
0.5

(
1 + cos

(
4φ7 + π 

2

))

3
[
0, 227 600 π

]
,
[ 281 
150 , 2π

]
i78 = 4.5 

b' [
0, 227 600 π

]
,
[ 281 
150 , 2π

]
i78 = 3.75 + 
0.75

(
1 + cos

(
4φ7 − π 

2

))

2.2 The Equation for Determining the Centrodes 
of the Non-circular Gears 

Equation of the centrode of the non-circular gears is determined according to [24]: 

r7(ϕ7) = a78(i78 + 1)−1; r8(ϕ8) = i78a78(i78 + 1)−1 and
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Fig. 2 The transmission ratio 

Fig. 3 Clutch operating state in response to a gear shift procedure
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Fig. 4 The centrodes of non-circular gears 

ϕ8(ϕ7) = 
ϕ7∫ 

0 

i−1 
78 dϕ7 (1) 

where a78 is the axial distance of the NCG pair; r7(ϕ7), r8(ϕ8) are pole radius of Σ7, 
Σ8 with ϕ7, ϕ8 being the rotation angles of two non-circular gears 7, 8 respectively 
Perform calculations and simulations using Matlab software on the basis of the 
system of Eq. (1) and the data in Table 1, with shaft distance a78 = 132.75 mm, the 
results of centrodes of gear pairs 7–8, 9–10, 11–12 are summarized in Fig. 4. 

The centrodes of the non-circular gear train in Fig. 4 show that the addition of new 
pairs of non-circular gears besides the non-circular gear pairs 7–8 does not change 
the radial size of the transmission, which is the advantage of this alternative when 
compared with other methods uses pairs of non-circular gears that differ in centrodes. 

3 Conclusion 

This paper proposes a new three-speed gearbox in which the NCS and cylindrical gear 
mechanisms are combined with the clutch mechanism to provide a continuously vari-
able torque during the gear shift operation for electric cars. The study’s preliminary 
results are summarized and summarized as follows: (i) Continuous supply of torque 
during gearshifts using gear ratios in the form of trigonometric equations that mediate 
transitions between gear ratios that are constants optimized for each operating mode
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of vehicle motion and (ii) Provides flexible gear shifting without increasing the radial 
size of the gearbox by combining the movement of pairs of non-circular gears with 
the same centrodes and phase difference through clutch mechanisms. 
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Research Design and Manufacture 
Eccentric Elliptical Gear Pair 
with an Improved Cycloid Profile 
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Abstract Eccentric elliptical gears are a special case of non-circular gears used in 
generating gear drives with variable gear ratios. This type of gear can create a speed 
increase and reducer of the output shaft relative to the input shaft in one working cycle. 
In this study, the authors present a method to establish computational expressions 
for the geometrical design of a pair of improved cycloid profile eccentric elliptical 
gears taking into account avoiding undercutting. First, a mathematical model of the 
centrode of an eccentric ellipse gear pair is established. After, the mathematical 
equation describing the tooth profile of the eccentric ellipse gear is established based 
on the theory of the enveloping by rack cutter with an improved cycloid profile. Based 
on research theory, this research wrote a numerical calculation program for the survey 
and design purposes on Matlab software. Since then, a pair of eccentric elliptical 
gears has been manufactured on a 3-axis CNC milling machine to demonstrate the 
practicality of the research theory. Experimentally manufactured gear drives the 
output shaft has a variable speed and torque range from 0.33 to 3 times versus input 
shaft, which makes it different from traditional circular gear drives and conventional 
non-circular gear pairs. 
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1 Introduction 

Elliptical gear is a non-circular gear (NCG) with the advantage of creating a gear 
drive that changes speed and torque according to a particular rule with a simple 
mechanical structure. In recent years, many scientists have studied the application of 
NCG in practice, including using the NCG to replace the crank-slider mechanism of 
a nail machine [1], using NCG for reciprocating high-pressure compressors [2], silk 
reeling machines [3], applications in the design of gear driver for the Roots blowers 
[4, 5]; Research on building a method for designing and manufacturing elliptical 
gears with the ellipse involute profile of the ellipse [5, 6] and Novikov-type circular 
arc [7, 8]. Besides, the NCG there are the following studies: Study on the application 
of NCG pairs in blood pumps for cardiac surgery [9]; Application of the EG train 
in the transplanting structure of the automatic rice transplanter [10]; Application of 
the EG train in combination with cylindrical gears to create a drive system for the 
water pumps of the mining system [11]; Application of NCG in continuously variable 
transmission gearbox of automobiles [12], or research, design and manufacture pairs 
of NCGs with improved cycloid profiles [13]. From the above analysis, it is found 
that most studies focus on the tooth profile as the involute of the circle. The literature 
[14] has shown that when using tooth profiles such as the involute of the circle, 
or the involute of an elliptical, and the circular arc then disadvantageous that the 
minimum number of teeth is often large to satisfy the condition to avoid undercutting. 
Furthermore, the teeth are arranged in different positions on the EEG unequal and 
often have pointed teeth at the elliptical centrode’s semi-major axis [15–17]. 

To overcome the above disadvantages, our previous studies have proposed to novel 
curve by replacing the generating circle [18–20] with a generating ellipse rolling 
without slipping on the line or curve to design the tooth profile of the rack cutter 
and the shaper cutter [20–23] is called the novel profile. For that purpose, this study 
focuses on establishing the analytic expressions relating the shaping parameters of the 
cutting tool (rack cutter) with the design parameters of the EEGs when considering 
avoiding undercutting. The content of the paper includes (1) Synthesis of the centrode 
of EEGs; (2) Establishment of analytic equations describing the relationship between 
the design parameters of the rack cutter with improved cycloid profile and pinion 
with a design parameter for EEG pair; (3) Design, prototype manufactured of an 
EEG pair. 

2 Synthesis of the Centrodes for the Eccentric Elliptical 
Gear Pair 

If Σ1 is called the centrode of the EEG driving, then the mathematical equation 
describing Σ1 is determined by [24]: 

ρ1(ϕ1) = a1(1 − E2 
1 )(1 − E1 cos ϕ1)

−1 (1)



Research Design and Manufacture Eccentric Elliptical Gear Pair … 351

Fig. 1 Geometric 
relationship of the eccentric 
elliptical centrode pair 

wherein ρ1(ϕ1) is the pole radius, ϕ1 ∈ [0 ÷ 2π] is the pole angle, E1 = /
1 − (b1.a−1 

1 )2 with a1, b1 are the major and minor axis of Σ1, respectively. 
From Fig. 1, the mathematical equation of the centrode Σ2 is described by [3, 

25–27]: 

⎧ 
⎨ 

⎩ 

ρ2(ϕ2(ϕ1)) = a12 − a1(1 − E2 
1 )(1 − E1 cos ϕ1)

−1 

ϕ2(ϕ1) = 
ϕ1∫ 

0

(
a1(1 − E2 

1 )
(
a12(1 − E1 cos ϕ1) − a1(1 − E2 

1 )
)−1

)
dϕ1 

(2) 

Thus, the gear ratio function of the EEG pair is defined: 

i21(ϕ1) = a1(1 − E2 
1 )

(
a12(1 − E1 cos ϕ1) − a1(1 − E2 

1 )
)−1 

(3) 

The shaft distance of gear drive a12 is given by: 

f (n1, a1, b1) = 2π − n1 

2π∫ 

0

(
a1(1 − E2 

1 )
(
a12(1 − E1 cos ϕ1) − a1(1 − E2 

1 )
)−1

)
dϕ1 = 0 

(4) 

Here n1 is circumference coefficient of EEG 1 relative to EEG 2. 

3 Shaping the Tooth Profile for the Eccentric Elliptical 
Gears by the Rack Cutter with an Improved Cycloid 
Profile 

3.1 Mathematical Model of the Rack Cutter Profile 

According to the literature [13, 23], the novel rack cutter with an improved cycloid 
profile is described in Fig. 2 has the profile equation  ⎡R expressed as below [13]:
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Fig. 2 The novel rack cutter with an improved cycloid curve [13] 

rKR =
[
xKR 

yKR

]
=

[
v2(ϕ) − aR sin(ψ) 

(−1)gv3(ϕ) − aR cos(ψ)

]
(5) 

In Eq. (5) g = 0, then  ⎡R is the tooth tip profile; g = 1,  ⎡R is the tooth root profile, 
with aR being the semi-major axis of ΣR. 

Thus, the design parameters of the rack cutter: 

T ooth pi tch: pc = sc + wc = 2CR (6) 

sc = wc, CR = 
∫ 2π 
0

/
r2 KR 

(ϕ) + (
drKR (ϕ)/dϕ

)2 
dϕ is the circumference of the ellipse 

generating ΣR. 

Whole  depth: h = ha + h f = 4aR (7) 

Here ha, hf are the addendum and dedendum tooth, ha = hf 

Modules  are  de  f  ined: mc = pcπ −1 (8) 

3.2 Mathematical Model of Eccentric Elliptical Gear 

The mathematical model of the tooth profile of the eccentric EEG was shaped by the 
rack cutter as described in Fig. 3, is expressed by: 

rK1 =
[
xK1 

yK1

]
=

[
(s2(ϕ1) − xKR (ϕ)) sin ψ1(ϕ1) + (s3(ϕ1) + yKR (ϕ)) cos ψ1(ϕ1) 
(s2(ϕ1) + yKR (ϕ)) sin ψ1(ϕ1) − (s3(ϕ1) − xKR (ϕ)) cos ψ1(ϕ1)

]

(9)

In Eq. (9), the relationship between the parameter φ of the rack and kinematic 
parameter φ1 of the EEG is determined through the meshing condition [28].
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Fig. 3 Relative motion 
between the rack cutter and 
the EEGs

3.3 Conditions for Avoiding Undercutting 

In the process of shaping the tooth profile of EEGs so that the rack cutter does not 
cut into the root of the EEG, the following conditions must be satisfied [29]: 

Δ1 = 

||||| 
dxK R (ϕ) 

dϕ
−Vt1x 

∂ f (ϕ) 
∂ϕ 

∂ f (ϕ1) 
∂ϕ1 

dϕ1 

dt  

||||| /= 0 and Δ2 = 

||||| 
dyK R (ϕ) 

dϕ
−Vt1y 

∂ f (ϕ) 
∂ϕ 

∂ f (ϕ1) 
∂ϕ1 

dϕ1 

dt  

||||| /= 0 (10)  

with Vt1x , Vt1y are the components of the sliding velocity on the rack profile  ⎡R at 
the meshing point KR. 

4 Experimental Manufactured 

Based on research theory, a numerical design calculation program has been 
programmed on Matlab. After surveying the design parameters to satisfy the condi-
tion of avoiding undercutting, Table 1 are the EEG pair manufacturing parameters. 
Figure 4a has demonstrated that the design data of the EEG pair selected through 
the investigatory in Table 1 is not undercutting. Figure 4b is the gear ratio of the 
designed EEG pair. Figure 4b shows that the gear ratio of the gear drive varies from
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Table 1 Eccentric EEG pair 
design parameters Parameter Notation Values 

Semi-major axis (mm) a 41 

Eccentricity (mm) E 0.50 

Module (mm) m 3.83 

Circumference coefficient n 1 

Shaft distance (mm) a12 82 

Number of teeth z 20 

Tooth pitch (mm) p 12.04 

Tooth thickness (mm) s 6.02 

Width of space (mm) w 6.02 

Whole depth (mm) h 4.40 

Tooth addendum (mm) ha 2.20 

Tooth dedendum (mm) hf 2.20 

Fig. 4 Characteristics of the designed EEG pair 

0.33 to 3.0, which means that in one duty cycle, the gear drive is designed to have 
two working modes: acceleration and deceleration. 

Figure 5 are the results of the EEG pair design and manufacturing with the data 
set in Table 1. Figure 5 shows that the designed EEG pair is equal to the teeth’ 
geometric shape and dimension. The number of teeth is less than the involute profile 
of the circle [15, 17], or the involute profile of the ellipse [6, 30] and Novikov circle 
arcs [7, 16], resulting in increased gear load capacity.
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Fig. 5 EEG pair with a the vertical view, b 3D description and c after manufacturing 

5 Conclusion 

From the results of theoretical research, experimental fabrication, discussion and 
evaluation above, this study has achieved the following results: (i) A relationship 
has been established between the machining of the cutting tool (rack cutter) and 
the design parameters of the EEG to ensure to avoid undercutting; (ii) A numerical 
calculation program module allows the investigation, calculation, and selection of 
EEG design parameters with an improved cycloid profile; (iii) Manufactured EEG 
pair with a speed variation range: deceleration from 1 to 0.33 and acceleration from 1 
to 3 in one working cycle to verify the correctness of the research theory and practical 
applicability. 

It then shows that the results of this study have practical significance in the design 
of EEG speed converters with two working modes: acceleration and deceleration, 
to meet the particular requirements of practices such as the implants of agricultural 
machines or the steering systems of autonomous mobile robots AGV, UGV, etc. 

However, the limitation of this study is that it has not the coefficient of coincidence 
and the unverified ability to perform the gear ratio function of the EEG pair after 
manufacturing. As such, it will be considered part of our future research goals. 
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Studying the Influence of Geometric 
Design Coefficient on Flow and Pressure 
of Lobe Blower by Numerical Method 

Nguyen Hong Thai, Trinh Dong Tinh, and Nguyen Thanh Trung 

Abstract Unlike traditional designs, the novel Lobe blower proposed recently by 
the authors has two completely different rotors, which are developed based on the 
meshing principle of the oval gear pair. Each rotor has two tooth pairs that are 
symmetrical according to the two semi-axes of the base oval. The paper presents the 
influence of the base oval’s geometric design coefficient λ (equalled to the ratio of the 
semi-minor axis and semi-major axis) on this novel blower’s flow rate and pressure. 
The CFX module of Ansys software calculates six blower designs with different 
coefficients numerically λ. The k-ε turbulence model also considers the kinematics 
and dynamics of the airflow through the blower. The numerical calculation results 
show that the design coefficient λ is a factor affecting the dimension, flow rate, 
pressure, and airflow quality at the blower outlet. Specifically, for blowers designed 
with a small coefficient λ, the average flow rate can increase from 0 to 32% compared 
to λ = 1, and the dimension of the blower can decrease from 1 to 21.43%. 

Keywords Lobe blower · Flow fluctuations · Pressure fluctuations · Rotor 
profile · Ansys software 

1 Introduction 

Since the first design in the world by George [1] in 1843 in England, and through 
nearly 180 years of development, the Roots blowers have had many different improve-
ments mainly based on two principles rotor drive. Which is: (i) Driven by an external
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cylindrical gears pair with the gear ratio of 1:1 [2, 3] and (ii) Driven by a non-circular 
gears pair with the various gear ratio [4, 5]. Roots blowers are widely used in many 
industrial fields such as the papermaking industry, mining industry, pharmaceutical 
industry, and sewage treatment because of their high reliability, low cost, easy main-
tenance, etc. And they are classified to: (i) The Roots blower has the rotor with only 
two lobes [2, 6] and (ii) The Lobe blower has the rotor with three or more lobes [5]. 
The development of Roots blowers primarily involves designing the rotor profile; 
Including the following original studies: Litvin et al. [7] developed the rotor profile 
using conjugate arcs and curves; Palmer and Knox [8] used cycloid (hypocycloid and 
epicycloid) curves in the rotor profile design; Hsieh [9] used an improved cycloid 
which is the locus of a fixed point on the generate ellipse for the rotor profile design; 
Thai et al. [10, 11] developed a new curve according to the meshing principle of 
oval gear pairs to design the rotor profile of the Roots blower. In addition, some 
studies continue to improve these original profiles to enhance the flow and efficiency 
of blowers such as [6, 12]. Regarding the research method of Roots blower, there 
are three main directions: (1) Using the analytic model to calculate flow and pres-
sure [2, 4, 13]. This method has the advantage of global optimization, but it has 
not considered the kinematic and dynamics of the airflow in the blower; (2) Using 
numerical simulation in the blower design research [3, 6, 9, 12]. This method has 
already considered the kinematics and dynamics of the airflow through the blower. 
Still, it has the disadvantage that it is not general and only suitable for local problems; 
(3) Combining two previous methods with experimental control to study [6, 14, 15] 
to achieve more accurate results. 

In this study, we continue to develop a novel type of Lobe blower that we recently 
proposed [5], which is entirely different from most published research since it has two 
completely different rotors. Each rotor has two completely different pairs of teeth. 
Numerical methods are used to study by considering the kinematics and dynamics 
of airflow through the blower. On that basis, an evaluation of the influence of the 
blower design coefficient λ on the airflow flow rate and pressure instantaneous at the 
blower outlet. 

2 The Geometric Design of the Lobe Blower 

Structure of the lobe blower: According to [5], the blower generates from two rotors 
that differ in shape and dimensions. The two rotors of the blower are driven by the 
external oval gear pair with a variable gear ratio. 

The drive gear pair and the rotor pair have the same centrodes, as shown in Fig. 1. 
Thus, the two rotors move relative to each other according to the principle meshing 
and they combine with the casing to generating the working chambers as follows: ➀ 
is the suction chamber which gradually increases in volume to create suction pressure 
at the inlet blower; ➁ is a chamber that has a constant volume. It is a function of 
displacing air from the suction chamber to the discharge chamber; ➂ is the discharge 
chamber which lowers the volume to create high pressure to push the airflow out of
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Fig. 1 The lobe blower with the rotor has four lobes with a blower structure and b cross-section 
of the working chamber of the blower 

the blower. From Fig. 1b, if set: A is the axis distance, R1 is a radial dimension of the 
left blower chamber with center at O1, R2 is a radial dimension of the right blower 
chamber with center at O2, B is an axial dimension of the blower. The geometrical 
design parameters of the blower are determined by: 

A = aO + bO , R1 = aO + 2rC and R2 = ρmax =
/
x2 ⎡2 

+ y2 ⎡2 
(1) 

where aO, bO is the semi-major and semi-minor axes of the oval centrode ΣO, respec-
tively; rC is the radius of the generating circle ΣC and x⎡2 , y⎡2 are the coordinates 
of the rotor profile 2. 

Mathematical model of rotor profile design: The rotor profile ⎡r is the locus of a 
fixed point on generating circle ΣC when ΣC circle rolls without slipping on the oval 
centrode ΣO of the rotor. The rotor tip profile formed when ΣC rolls without slipping 
outside ΣO, while the rotor root profile formed when ΣC rolls without slipping inside 
ΣO as described in Fig. 1b. With the principle of generating rotor profile as above, 
according to [4, 5] the rotor profile equation is given by:

{
x⎡ = rC cos(ψ(θ ) + ξ(θ )) + rC cos(ξ(θ )) + rO (θ ) cos(θ ) 
y⎡ = (−1) j rC sin(ψ(θ ) + ξ(θ ) + rC sin(ξ(θ )) + rO (θ ) sin(θ ) 

(2) 

wherein: ξ(θ ) = tan−1
(

∂xO (θ )/∂θ 
∂ yO (θ )/∂θ

)
, γ (θ  )  = 1 

r 

∫ θ 
0

(
∂xO (θ ) 

∂θ

)2 +
(

∂ yO (θ ) 
∂θ

)2 
with 

xO (θ ) = rO (θ ) cos θ , yO (θ ) = rO (θ ) sin θ , rO (θ ) = 2aObO ((aO + bO ) − (aO − 
bO ) cos(2θ))−1 [16–18]. 

Conditions for generating the rotor surface: According to [19, 20], to generate the 
rotor profile of the lobe blower, the relationship between rC and rO must be satisfied:
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Table 1 Design parameters of Lobe blower according to coefficient λ 
No. λ aO (mm) bO (mm) rC (mm) No. λ aO (mm) bO (mm) rC (mm) 

1 0.5 58.4498 29.5502 5.7751 4 0.8 57.0508 45.9492 6.4746 

2 0.6 58.0328 34.9672 5.9836 5 0.9 56.6026 50.3974 6.6987 

3 0.7 57.5670 40.4330 6.2165 6 1.0 56.0000 56.0000 7.0000 

rC = (16π)−1 

2π∫ 

0

/(
r2 O (θ ) + (∂rO (θ )/∂θ )2

)
dθ (3) 

3 Design and CFX Model for Lobe Blower 

3.1 Design of the Lobe Blower According to the Coefficient λ 

To evaluate the influence of the coefficient λ on the flow rate, pressure and air quality 
at the outlet of the Lobe blower, the design parameters aO, bO, rC of the Lobe blower 
are calculated according to coefficient λ so that the radial radius R1 of the casing is 
constant. According to [8], radial and axial dimensions of the Lobe blower fixed are 
R1 = 70 mm, B = 40 mm. With the coefficient λ is chosen from 0.5 to 1 to avoid 
undercutting the rotor [4] and R1, the parameters aO, bO, rC numerically calculated 
on Matlab according to the formulas from (1) to (3) and statistics in Table 1. 

In Table 1, when λ = 1.0, the oval degenerates into a circle and becomes the 
design traditional of Palmer [2, 8]. On the other hand, tip gap ΔR, Lobe gap ΔK, 
and axial gap ΔB, according to [14], chose for all design with ΔR = 0.07 mm, ΔK 
= 0.07 mm, ΔB = 0.11 mm, so that the leakage flow is minimal. 

3.2 The Numerical Calculation Parameters in the CFX 
Module of Software Ansys 

Computational model: An Embedded boundary model used in this study assumes 
the two rotors are solid bodies moving in the gas mass inside the casing. 

Grid generation: The ICEM was used to generate a quadrangular structure grid to 
improve accuracy and reduce grid elements. The number of boundary elements is 
divided with a high density, while the number of interior elements is divided with a 
lower density, as shown in Fig. 2.

Parameter setting of airflow through a blower: The inlet and outlet pressures are P1 
= 1 atm, P2 = 1 atm; Airflow through the blower is assumed to be the standard, and
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Fig. 2 Generation grid of computational model with a grid of the rotor 1, b grid of the rotor 2, and 
c grid of the casing

have following parameters: specific weight d = 1.185 (kg/m3), dynamic viscosity μ 
= 0.00001831 (kg/ms), specific heat c = 1004.4(J/kgK) at 25 °C and pressure 1 atm. 

Kinematic parameter setting: The rotational speed of rotor 1 is n1 = 1500 (rpm), 
while the rotational speed of rotor 2 is determined by [21]: 

n2 = n1( f (i12(ϕ1)))
−1 (4) 

wherein f (i12(ϕ1)) = ( A − rO (ϕ1))/rO (ϕ1) is the gear ratio function of the driving 
oval gears pair. The setting time for each revolution of the drive shaft of 0.04 s 
corresponds to 180 sampling points. 

4 Analysis of Calculation Results and Discussion 

After calculation and numerical simulation with the design database in Table 1 and 
the numerical calculation settings above, Figs. 3 and 4 are the instantaneous graphs 
of flow rate and pressure at the blower outlet, respectively. Consider the steady cycle 
(cycle 4 and later) then from Figs. 3 and 4 easy to see: (1) When the design coefficient 
λ increases from 0.5 to 1.0, then the instantaneous value of the flow and the pressure 
at the blower outlet decreases in both amplitude and period; (2) At λ = 1, the novel 
design of the blower degenerates to the traditional design, and then the instantaneous 
values of flow rate and pressure at the outlet are minimum.
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Fig. 3 Instantaneous flow rate 

Fig. 4 Instantaneous pressure 

5 Conclusion 

From the numerical simulation and calculation results, combined with the evaluation 
and discussion above, the main results of this work are the design coefficient λ is 
the factor that affects the flow and size of the blower. A small design coefficient λ 
gives a more significant blower flow and a smaller fan size. Specifically, when the 
design coefficient λ is reduced from 1.0 to 0.5, the average blower flow increases to 
32%, while the blower size decreases to 21.43% compared to the traditional design
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at l = 1 [2, 8]. The above-obtained results have important implications in applying 
and developing the proposed novel lobe blower into practice. 
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Dynamic Simulation 
of Differential-Driven Mobile Robot 
Taking into Account the Friction 
Between the Wheel and the Road Surface 

Trinh Thi Khanh Ly, Hoang Thien, Dam Khac Nhan, 
and Nguyen Hong Thai 

Abstract The dynamics problem is essential in designing dynamic control laws 
for tracking autonomous mobile robots (AMR). Differential-driven mobile robots 
(DDMR) among AMR are commonly researched and applied. Thus, this article 
focuses on modelling and simulating the dynamics of a DDMR when moving on an 
arbitrary trajectory. The reverse dynamics model of a DDMR is established, taking 
into account the sliding phenomenon between the wheel and the road surface. The 
coefficient of friction is determined experimentally based on a platform DDMR and 
an S-type load cell. NURBS interpolation is used to design the motion trajectory of 
the DDMR in the general case. The research results have important implications for 
designing kinematics and dynamics controllers for the DDMR to follow a complex 
trajectory without slipping at a certain speed. 

Keywords Differential-drive mobile robot · Dynamic modeling · Simulation ·
NURBS curve · Friction 

1 Introduction 

Mobile robots (MBs) are being widely applied in many different fields, such as 
in industrial logistics [1], medical logistics [2], tunnelling robots in mining [3], or 
service restaurant service [4]. MBs were one of the important elements in the indus-
trial production system 4.0 [4–7]. Modeling dynamics is a significant problem when
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designing, manufacturing, and controlling MBs. There have been many studies on 
the dynamics of different types of MBs [8–10]. Ren et al. [11] modelled and simu-
lated an open-loop dynamics controller of an omnidirectional MB with three wheels, 
ignoring wheel slip and friction between the wheels with the working environment. 
Sarkar et al. [12] proposed a feedback nonlinear dynamics controller that follows the 
trajectory according to the Dubins method with the assumption of ignoring slip and 
friction. Several other studies have tried to design different controllers to improve 
the position and posture accuracy of MBs during movement with the assumption 
that there is no friction between the wheel and road surface [13–16]. Zamanian 
et al. [17] modelled the dynamics problem of a 4-wheel MB taking into account the 
longitudinal and transverse sliding when moving on arbitrary sloped surfaces, Sidek 
et al. [18] proposed a nonlinear dynamics controller to improve the lateral slip of a 
DDMR when navigating an MB. Cerkala et al. [19] modelled the frictional states in 
the newton dynamics model to design a PI controller that follows the trajectory is a 
second-order curve similar are some other studies [20, 21], etc. In the above studies, 
in which friction between wheel and road surface is assumed, have the disadvantage 
of not being close to practice. 

In this work, a dynamic model for a DDMR was established considering the 
friction between the wheel and road surface with variable load. In addition, a complex 
curve was applied when the coefficient of friction was determined experimentally 
based on a platform robot manufactured as input data for the simulation problem. 

2 Mathematical Models of Dynamics 

2.1 Kinematic Model 

Consider a DDMR moving along the trajectory ξ with no longitudinal slip in the 
global coordinate ϑ f {Of xf yf zf } as described in Fig. 1. According to [22], the 
kinematic of the DDMR is defined by:

{
VG = (V2 + V1)/2 = r ( ̇ϕ2 + ϕ̇1)/2 
Ω = (V2 − V1)(2l)−1 = r ( ̇ϕ2 − ϕ̇1)(2l)−1 (1)

The linear velocity of the robot in the global coordinate is determined by: 

qf =
[
xG yG θ

]T =
[
cos θ sin θ 0 
0 0  1

]T[
VG 

Ω

]
(2)
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Fig. 1 Illustrate the 
kinematic relationship of 
DDMR in the global 
coordinate

2.2 The Dynamic Model of DDMR 

If τ 1, τ 2 are the torque of the left and right driving wheels; Fms1, Fms2 are the friction 
force between the two wheels and the road surface; mp is the mass of the robot; mw is 
the wheel’s mass; Ip, Iw, Im are the moment of inertia of the robot, the wheel about its 
axis and the wheel around its diameter, respectively. Applying Lagrange dynamics 
equation we have the dynamic equation of the DDMR is given by:

{
m ẍG − λ1 sin θ + (λ2 + λ3) cos θ = 0 
m ÿG + λ1 cos θ + (λ2 + λ3) sin θ = 0 ; I θ̈ + l(λ3 − λ2) = 0;

{
Iw ϕ̈1 − λ2r = τ1 − r Fms1 

Iw ϕ̈2 − λ3r = τ2 − r Fms2 
(3) 

wherein m = m p + 2mw; I = Ip + 2mwl2 + 2Im ; λ1, λ2 and λ3 are Lagrange 
multipliers. 

Writing Eq. (3) in the form of an algebraic matrix, we have [23]: 

D(q) ̈q + MT (q)λ = E(τ − F), q = [xG , yG , θ, ϕ1, ϕ2]T (4) 

Transform Eq. (4) using the matrix B(q) with v(t) = [
VG Ω

]T 
, we have the  

dynamics of DDMR when considering the frictional force: 

D(q)v̇(t) + C(q)v(t) = E(τ − F), B(q) =
[
cos θ sin θ 0 r−1 r−1 

0 0  1  −lr−1 lr−1

]T 

(5)
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3 Simulation Results and Discussion 

3.1 Setting Simulation Parameters 

Step 1. Determine the inertia parameters of DDMR 

Inertia parameters matrix of the DDMR, the frames, and the wheel are determined 
from the design by the Mass Properties tool of Solidworks software, given by: 

Ir = 
⎡ 

⎣ 
0.128 −0.001 −0.004 
−0.001 0.130 0.007 
−0.004 0.007 0.142 

⎤ 

⎦, It = 
⎡ 

⎣ 
0.114 −0.001 −0.004 
−0.001 0.126 0.007 
−0.004 0.007 0.131 

⎤ 

⎦, 

Ib = 
⎡ 

⎣ 
0.153 × 10−3 0 0  

0 0.299 × 10−3 0 
0 0 0.153 × 10−3 

⎤ 

⎦ (6) 

Step 2. Experimental determination of the coefficient of friction of the driving wheel 
with the road surface 

Experimental determination of the coefficient is carried out according to the diagram 
Fig. 3, with the platform as described in Fig. 2, has the parameters: DDMR mass m 
= 10.4 (kg), driving wheel radius r = 0.0475 (m), the distance between two driving 
wheels 2l = 0.3 (m). 

Experimental process is carried out with 3 cases: (1) No load, (2) Test load with 
mL1 = 1 kg and (3) Test load with mL2 = 2 kg. For each test case 10 times. The 
experimental data is described in Table 1.

With the experimental values in Table 1, the coefficient of friction between the 
wheel and the road surface is calculated by the formula below:

Fig. 2 A photo of the 
platform DDMR
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Fig. 3 Determine the 
coefficient of friction

Table 1 Experimental data determine the coefficient of friction 

No. Case 1 Case 2 Case 3 No. Case 1 Case 2 Case 3 

F1 (kgf) F2 (kgf) F3 (kgf) F1 (kgf) F2 (kgf) F3 (kgf) 

1 3.535 4.060 4.490 6 3.560 4.020 4.570 

2 3.570 4.130 4.520 7 3.565 4.035 4.550 

3 3.550 4.160 4.485 8 3.570 4.015 4.525 

4 3.535 4.150 4.520 9 3.565 4.035 4.520 

5 3.570 4.075 4.545 10 3.550 4.120 4.525 

The average value: Case 1: 3.557, Case 2: 4.080, Case 3: 4.525

μi = Ftb(mΣg)
−1 , μc = μtb  = (μkt  + μt1 + μt2)3

−1 (7) 

where Ftb is the mean force value, mΣ = m + mLi (i = 1, 2); g = 9.81 m/s2. 
Thus, the coefficient of friction between the wheel and the road surface is μc = 

0.355. 

Step 3. Simulated trajectory settings 

To simulate DDMR dynamics in the general case, we use the NURBS curve [23, 
24] to design the motion trajectory of the DDMR, as shown in Fig. 4, Bi points (i 
= 1–10) are NURBS interpolation points. The red curve is the motion trajectory of 
DDMR after performing NURBS interpolation on Matlab software.

Step 4. Set the kinematics and dynamics parameters 

From the motion trajectory ξ is defined in Fig. 4, the radius of curvature of the 
trajectory is obtained as follows: 

ρ(t) = 
|||(ẋ(t)2 + ẏ(t)2

)3/2 
( ̇x(t) ̈y(t) − ẏ(t) ̈x(t))−1

||| (8)
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Fig. 4 Motion trajectory of 
DDMR

Here (x(t), y(t)) is the coordinates of trajectory ξ . 
Set the linear velocity VG of the DDMR VG = 0.2 (m/s). Thus, the angular velocity 

and angular acceleration of the DDMR is determined by: 

Ω(t) = 2VG ρ−1(t), ε(ti ) = Ω̇(ti ) = ΔΩ(ti )(Δti )
−1 = (Ω(ti+1) − Ω(ti ))(ti+1 − ti )−1 

(9) 

3.2 Simulation Results and Discussion 

From the kinematics and dynamics equations established in Sect. 2 and the setting 
parameters are presented in Sect. 3.1. Figure 5 is a calculation diagram simulating 
the dynamics problem of DDMR set up on Simulink of Matlab software. Figure 6 
is a graph describing the angular velocity and acceleration of the DDMR with the 
markers corresponding to those in Fig. 4.

The simulation results in Fig. 6 shown at inflexion points 2, 3, 6, and 7 in Fig. 4 
have curvature radii 0.954 m, 0.988 m, 0.988 m, and 0.978 m, respectively, angular 
velocity of DDMR has a sudden jump from positive to negative or vice versa. That 
leads to an abrupt change of moment τ 1, τ 2 as described in Fig. 7. While at inflexion 
points 1, 5 with corresponding curvature radii of 4.0 m, 3.950 m, and no change of 
direction τ 1, τ 2 at that time is a point on the smooth curve. At inflexion points 4, 8 
have curvature radii of 0.628 m and 0.499 m and no change of direction. From the 
simulation results and discussion above, it can be seen that at inflexion points with the 
change of direction of DDMR, the angular velocity has jumped, causing the driving 
torque of the driving wheels to change suddenly, causing the slip phenomenon.
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Fig. 5 Simulink diagram calculates dynamic simulation for DDMR 

Fig. 6 The velocity and 
acceleration angular of 
DDMR

Fig. 7 Torque value of two 
driving wheels for DDMR
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4 Conclusion 

From simulation results, experimental, discussion above, this research has achieved 
the following results: (i) The dynamics problem with a simple friction model is 
considered in the case of DDMR moving along a general trajectory; (ii) At inflexion 
points with a small radius of curvature and DDMR, there is a change of direction, 
resulting in a sudden change in torque. At that time, there is a slippage between the 
wheel and the road surface, causing the position and posture error of the DDMR. 
These results have scientific significance in designing trajectory tracking dynamics 
controllers for practical DDMRs such as AGVs serving logistics in industry or hospi-
tals. However, the limitation of this research is that it has not considered the influence 
of rough and material homogeneity of the road surface in practice on the coefficient 
of friction. These factors affect the ability to grip the road and the motion accuracy 
of DDMR. As such, it will be considered part of our future research goals. 

Acknowledgements Hoang Thien was funded by the Master Scholarship Programme of Vingroup 
Innovation Foundation (VINIF), code VINIF.2022.ThS.128. 

References 

1. Cardarelli E, Digani V, Sabattini L, Secchi C, Fantuzzi C (2017) Cooperative cloud robotics 
architecture for the coordination of multi-AGV systems in industrial warehouses. Mechatronics 
45:1–13 

2. Søraa RA, Fostervold ME (2021) Social domestication of service robots: the secret lives 
of automated guided vehicles (AGVs) at a Norwegian hospital. Int J Hum Comput Stud 
152:102627 

3. Nguyen TH, Nguyen TQ (2017) A kinematic control algorithm for blasthole drilling robotic 
arm in tunneling. Sci Technol Dev J 20(K5):13–22 

4. Shimmura T, Ichikari R, Okuma T, Ito H, Okada K, Nonaka T (2020) Service robot introduction 
to a restaurant enhances both labor productivity and service quality. Procedia CIRP 88:589–594 

5. Thai NH, Trinh LTK, Dzung LQ (2021) Roadmap, routing and obstacle avoidance of AGV 
robot in the static environment of the flexible manufacturing system with matrix devices layout. 
Sci Technol Dev J 24(3):2091–2099 

6. Ahmadi SM, Taghadosi MB, AmirReza Haqshenas M (2021) A state augmented adaptive 
backstepping control of wheeled mobile robots. Trans Inst Meas Control 43(2):434–445 

7. Ly TTK, Thai NH, Dzung LQ, Thanh NT (2020) Determination of kinematic control parameters 
of omnidirectional AGV robot with mecanum wheels track the reference trajectory and velocity. 
In: Sattler KU, Nguyen DC, Vu NP, Long BT, Puta H (eds) Advances in engineering research 
and application. ICERA 2020. Lecture notes in networks and systems, vol 178, pp 319–328 

8. Yu R, Ding S, Tian H, Chen Y-H (2021) A hierarchical constraint approach for dynamic 
modeling and trajectory tracking control of a mobile robot. J Vib Control, 1–13 

9. Andaluz VH, Roberti F, Carelli R, Toibero JM, Wagner B (2011) Adaptive dynamic path 
following control of an unicycle-like mobile robot. In: International conference on intelligent 
robotics and applications, pp 563–574 

10. Vázquez JA, Villa MV (2008) Path-tracking dynamic model based control of an omnidirectional 
mobile robot. IFAC Proc 41(2):5365–5370



Dynamic Simulation of Differential-Driven Mobile Robot Taking … 375

11. Ren C, Ma S (2013) Dynamic modeling and analysis of an omnidirectional mobile robot. In: 
IEEE/RSJ international conference on intelligent robots and systems, pp 4860–4865 

12. Sarkar N, Yun X, Kumar V (1994) Control of mechanical systems with rolling constraints: 
application to dynamic control of mobile robots. Int J Robot Res 13(1):55–69 

13. Thai NH, Ly TTK, Long NT, Dzung LQ (2021) Trajectory tracking using linear state feedback 
controller for a mecanum wheel omnidirectional. In: Khang NV, Hoang NQ, Ceccarelli M (eds) 
Advances in Asian mechanism and machine science. ASIAN MMS 2021. Mechanisms and 
machine science, vol 113, pp 411–421 

14. Thai NH, Ly TTK (2022) Trajectory tracking control for mecanum wheel mobile robot by 
time-varying parameter PID controller. Bull Electr Eng Inf 11(4):1902–1910 

15. Thai NH, Ly TTK (2022) Path tracking control for car-like robots by PID controller with 
time-varying parameters. Sci Technol Dev J 5(2) 

16. Ly TTK, Thien H (2022) Bézier trajectory tracking control of the omnidirectional mobile robot 
based on a linear time-varying state feedback controller. Sci Technol Dev J 25(2):2444–2452 

17. Zamanian H, Javidpour F (2016) Dynamic modeling, and simulation of 4-wheel skid-steering 
mobile robot with considering tires longitudinal and lateral slips. Int J Sci Res Knowl 4(2):040– 
055 

18. Sidek N, Sarkar N (2008) Dynamic modeling and control of nonholonomic mobile robot with 
lateral slip. In: Third international conference on systems, pp 35–40 
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Research on the Vibration of Passenger 
Car Using Magnetorheological Fluid 
Damper 
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Abstract Vehicle vibration is a problem that is currently in need of research attention 
to improve the quality of automobile exploitation. The suspension system directly 
affects vibration as well as safety and performance. It helps control and suppresses the 
vibration of the road acting on the chassis, helping the vehicle to move stably and the 
passengers on the vehicle to feel smooth. The design to optimize the suspension, more 
specifically the damping is being interested in and developed, one of the ideas is to 
add shock absorbers using magnetorheological fluid, which can change the viscosity 
by electricity. This study will simulate the traditional suspension system and the 
suspension system with the addition of using magnetorheological fluid dampers (MR 
dampers) when the vehicle moves into different profiles on the road. MR dampers 
are activated and supplement the damping force for a certain period to quickly reduce 
the amplitude of the vibration, test with different values of the force from the MR 
damper to evaluate and select the most reasonable value. The results show that the 
body vibration amplitude is improved, the ability to suppress vibration increases, the 
shake angle of the vehicle body decrease, respond the smoothness, and increase the 
convenience of the car. 
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1 Introduction 

In the process of economic development and serving social life, the demand for 
transportation of passengers and goods is increasing daily. With its advantages, car 
transportation is better than other means of transport. Many modern cars were born to 
meet the needs and purposes of human use. Research aimed at improving the quality 
of automobiles is needed. Research on oscillation and its effect on transport service 
quality, durability of automobile parts and structures is increasingly interesting. 

When a car moves on the road and encounters bumps on the road, the car will expe-
rience a loss of smoothness. This force tends to cause the coordinates of the center 
of gravity of the suspended mass to change, causing the vehicle to become unstable, 
causing discomfort to people in the vehicle. Therefore, limiting this phenomenon in 
the vehicle is necessary. The solution is to increase the value of the damping force, 
one of the methods of adding a damping element [1]. 

The problem of longitudinal instability of the vehicle has been studied by domestic 
and foreign scientists as well as many solutions, one of the solutions given is the use 
of additional dampers [2]. However, previous studies have often focused on passive 
damping. To increase the value of resistance against the force from the road surface 
feedback to the vehicle, it is necessary to increase the stiffness of the suspension. 
Today, vehicles are often equipped with dampers to minimize the reaction from 
the road surface to the vehicle. The stiffness and size of the shock absorbers are 
proportional to the mass of the vehicle, larger vehicles require larger diameter and 
stiffer shock absorbers. Therefore, it will greatly affect the smoothness of the car 
when moving on the road. 

Given the above problems, instead of using conventional mechanical dampers, 
some midsize and high-end vehicles have been equipped with electrically or hydrauli-
cally controlled dampers. Active damping has the advantage of reducing body move-
ment when entering bumpy areas, thereby increasing the smoothness of the vehicle 
when in motion. 

This paper focuses on simulating the working efficiency of dampers to propose 
a design option for active dampers equipped with MRF to provide additional force 
value against pavement reaction when entering uneven roads. 

2 Building a Simulation Model of the Suspension System 
with MR Damper 

Research, orientation to build diagrams studied in the document [3, 4]. From the 
literature [5], 1/2 and 1/4 suspension models are built, we have constructed and 
formulated a mathematical differential equation for the whole vehicle vibration. For 
example, we have a left-front suspension diagram (Fig. 1).

The damping force of the left wheel:
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Fig. 1 Overall spatial model to survey the vibrations of passenger cars

FCL1T =
(
ḣ1 − Ż1T

)
. CL1T (1) 

The elastic force of the left wheel: 

FKL1T = (h1 − Z1T) .  KL1T (2) 

Call Z1T the point on the left of the front axle connected to the body through the 
left front suspension. 

The damping force of the left front suspension: 

FC1t =
( s 

2 
ϕ − aθ − z − Z1T

)
. C1T (3) 

The elastic force of left front suspension: 

FK1t =
( s 

2 
ϕ̇ − aθ̇ − ż − Ż1T

)
. K1T (4) 

From this we can get the equilibrium equations. 
The force balance equation of the vehicle body in the Z direction: 

FC1t + FK1t + FC1p + FK1p + FC2t + FK2t + FC2p + FK2p + FMR1 

+ FMR2 + FMR3 + FMR4 = Fqt(m) (5)
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The equation of moment balance in the X direction: 

Ix . ϕ̈ = (−FC1t − FK1t + FC1p + FK1p − FC2t − FK2t + FC2p + FK2p
)
. 
s 

2 
+ S/2 . FMR1 − S/2 . FMR2 − S/2 . FMR3 + S/2 . FMR4 (6) 

The Y-direction moment balance equation: 

Iy . ̈θ = (
FC1t + FK1t + FC1p + FK1p

)
. a−(

FC2t + FK2t + FC2p + FK2p
)
. b 

− aFMR1 − aFMR2 + bFMR3 + bFMR4 (7) 

3 Vehicle Vibration Simulation 

Based on the differential equations describing the vibration of the whole vehicle to 
simulate the vibration of the full body vehicle. Then proceed to solve the vibration 
equation. 

Vehicle parameters 

The parameters are referenced from the passenger car line with the following specific 
parameters: 

• Load of the whole vehicle at no load: M = 4000 (kg) 
• Moment of inertia along X axis: Jx = 10,000 (kg m2) 
• Moment of inertia along Y axis: Jy = 5760 (kg m2) 
• Tire hardness: KL1 = 200,000 (N/m); KL2 = 240,000 (N/m) 
• Tire damping coefficient: CL = 2000 (Ns/m) 
• Front damping drag coefficient: Ct = 10,000 (Ns/m) 
• Rear damping drag coefficient: Cs = 10,000 (Ns/m) 
• Front suspension stiffness: Kt = 100,000 (N/m) 
• Rear suspension stiffness: Ks = 120,000 (N/m) 
• Distance from center of gravity to front axle: a = 2.1 (m) 
• Distance from center of gravity to rear axle: b = 1.9 (m) 
• Vehicle speed: v = 60 km/h. 

Road surface agitation function 

h1 = 0.1 
2 

× (1 − cos(8π t)) and h2 = 0.05 
2 

× (1 − cos(8π t)) (8)
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4 Simulation Results 

The simulation is performed with a suspended mass of 4000 kg when moving on an 
amplitude of the road of 5 cm and 10 cm. 

(a) Simulation and comparison of the results of the center of gravity amplitude of 
the vehicle with and without the use of MR dampers. 

Survey with h = 5 cm and h = 10 cm (Fig. 2). 

• For h = 5 cm with  the value  F MR  = 7000 N, the maximum amplitude of 
fluctuation reaches the minimum value of 1.142 × 10–2 (m). 

• For h = 10 cm with the value of F MR = 14,000 N, the maximum amplitude of 
fluctuation reaches the minimum value of 2.011 × 10–2 (m) (Fig. 3). 

Fig. 2 The graph of the maximum value of the body vehicle vibration amplitude with MR damper 
force 

Fig. 3 Graph comparing the vehicle’s center of gravity with F MR = 7000 N, h = 5 cm (left) and  
h = 10 cm (right)
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Fig. 4 Vehicle acceleration graph with pavement amplitudes 5 cm and 10 cm 

The vibration of the vehicle’s center of gravity has been reduced: 

• 72.5% from 4.449 × 10−2 to 1.224 × 10–2 m for pavement amplitude h = 5 cm  
• 41.166% from 8.728 × 10−2 to 5.135 × 10–2 m with pavement amplitude h = 

10 cm. 

With the addition of an MR damper, the body vehicle displacement is less, which 
proves that there is an optimum in terms of comfort when adding an MR damper. 

(b) Simulation comparison of acceleration results between vehicles with and 
without magnetic damper MR (Fig. 4). 

The vibration acceleration has decreased: 

• 18.71% from 4.013 m/s2 to 3.262 m/s2 for pavement amplitude h = 5 cm  
• 21.94% from 8.001 m/s2 to 6.245 m/s2 with pavement amplitude h = 10 cm. 

Due to the change in body vehicle vibration amplitude, the acceleration also 
changes, this change is appropriate when adding an MR damper. Although there has 
been a change in amplitude, there is not much change in vibration quenching time, 
This is a limitation as well as can become the next research direction to be able to 
further optimize the results. 

5 Conclusion 

With simulation results, it has been shown that the damper using magnetorheological 
fluid (MR damper) affects the displacement of the body’s center of gravity. When an 
additional force of 7000 N is applied, the MR damper works more effectively reduced 
by 41.166% compared to when no MR force is added. Theoretically, the more force 
applied to the damper, the lower the body displacement decreases, which makes the 
vehicle move more smoothly, but in practice, the design of the MR damper must
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ensure the main geometric dimensions of the components. Details in the suspension 
such as volumetric length and width, orifice diameters, as well as the thicknesses of 
the main components, so that the production of larger force values is possible but in 
practice is affected by the size, so in this research, the survey team with MR force 
is 7000 N. With the obtained simulation results, it can be seen that after adding the 
MR damper with force F = 7000 N, the vehicle has moved more smoothly when the 
vibration amplitude is reduced in both cases of the test road, despite the time vibration 
quenching time does not change much, this may be the next research direction to 
improve the efficiency of the design. 
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Design and Durability Test of the Main 
Assemblies of Active Anti-roll bar 
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Abstract The anti-roll bar has the effect of increasing the stable motion of the 
vehicle. It has the role of receiving, transmitting force and torque between the wheel 
and the chassis, reducing the vibration frequency of the car, ensuring the smoothness 
and stick on the road of the vehicle. Therefore, this paper conducts research on 
“design and durability test of the main assemblies of active anti-roll bar”. The active 
anti-roll bar uses MR fluid, the design of the magnetic brake assembly replaces two 
rubber bearings on the conventional anti-roll bar, this is also the position to increase 
the torque for the bar. The article conducts research and simulation with different 
materials, in different working modes to evaluate the durability of the bar, and gives 
the most suitable results for the design, ensuring the durability detail. At the same 
time, evaluate and give suitable materials for the MR brake assembly. 

Keywords Durability test · Design and simulation anti-roll bar · Active anti-roll 
bar ·MR brake ·MR fluid 

1 Introduction 

The suspension system on modern vehicles must ensure two basic criteria: smooth-
ness to the driver and firmness when the vehicle is in motion (such as when turning 
around or braking sharply). To meet the above two basic requirements, one of the 
methods is to use an active anti-roll bar. The body vehicle tilt angle ψ has a great influ-
ence on the stability of the motion. To improve the lateral stability of the car, solutions 
can be applied such as: changing the size of the passive anti-roll bar, using control
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systems such as suspension, steering and brake system… But in the above research 
cases, the smoothness and safety of movement and vice versa are not guaranteed. 
In order to satisfy both of the above criteria in accordance with the characteristics 
of the road and the stability and structure of the vehicle, the research team this time 
designed a passive anti-roll bar using MR fluid. With this passive anti-roll bar, in 
addition to the torsional values of the normal passive rod, it can be changed to increase 
the torque value for the rod to match the vehicle’s stability with the road profile [1]. 

The research will approach the active anti-roll bar from the design, then evaluate 
and test the durability, select the right material for the active anti-roll bar and the 
component assemblies to serve the purpose of long-term use, avoiding damage that 
affects the movement as well as endangers the occupants of the vehicle. 

2 Design Active Anti-roll bar 

Bar design: In the active anti-roll bar model using MR magnetic oil with the design 
of the MRF magnetic brake assembly so that there is not much change in the rod 
structure and chassis structure on the vehicle to optimize, the research team has The 
design of the MRF brake assembly is the point to replace the two rubber bearings on 
the conventional anti-roll bar (passive bar) and at the same time, it is also the point 
to increase the torque for the rod [2]. The parameters selected in the study include 
size and shape according to the actual car model. After referencing documents, the 
research team has designed 01 stabilizer bar model created on Solidworks software 
with the standards and parameters shown in Table 1 (Table 2). 

The research team selected 3 types of spring steel materials used to manufacture 
tweezers, springs, … for testing, which are AISI 1065, SAE 5160, SAE 9262 with 
the following characteristics [3] (Table 3).

Table 1 Steel parameters 
and values Parameter Value 

Length 1100 mm 

Type of section Hollow section 

Bearing position 440 mm 

Swing arm length 150 mm 

Inner-outer diameter 15–Ø20 

Table 2 Characteristics of 
steel grade AISI 1018 Parameter Value 

Gradual recovery module (Pa), E 2.05e11 

Poison’s ratio 0.29 

Density (kg/m3), ρ 7870 

Tensile strength (MPA), Sy 370 
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Table 3 Characteristics of 
steel grades Characteristic AISI 1065 SAE 5160 SAE 9262 

Elastic modulus 
(MPa) 

207 207 207 

Poisson’s ratio 0.3 0.3 0.3 

Tensile strength 
(MPa) 

280 1487 455 

Max tensile strength 
(MPa) 

420 1584 923 

MR Brake design and assembly: MR brake assembly is designed to replace and 
install in place of two rubber bearing assemblies being used on current vehicles. The 
design requirement is that the magnetic oil brake assembly has the same shape and 
size as the rubber bearing assembly. The purpose of placing in the position of the 
bearing helps to keep the chassis design unchanged from the original size. With the 
design close to the position of the swingarm, it also helps to make the most of the 
generated torque to make the vehicle’s stabilization time faster [4] (Figs. 1 and 2). 

In order to come up with the optimal design in terms of the number of poles and 
the length of the brake, the authors have simulated and tested the design with different 
sizes and different numbers of poles on Ansoft Maxwell software and selected the 
4-pole magnetic design. After selecting the number of poles, we continue to run the 
test of lengths of 45 mm, 50 mm, 60 mm, 70 mm, 80 mm respectively to evaluate 
the change in torque when the length size changes. The author chooses AISI 1018 
magnetic steel as shown in Table 4 to evaluate and test two important main details, 
rotor and stator. The rotor is a very important detail in the MRF brake assembly, 
which is considered a core part (bone part) to assemble other details on it such as 
wire wrapping, magnetic shield, bolt holes (Fig. 3).

Fig. 1 MR brake assembly
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Fig. 2 The brake assembly 
is installed on the anti-roll 
bar

Table 4 Nodes and elements 
of details after meshing Steel marks AISI 1065 SAE 5160 SAE 9262 

Maximum stress (MPa) 420 1584 923

The material chosen for the shield is aluminum because aluminum is a non-
magnetic material, has high corrosion resistance and is easy to process and manu-
facture. The detail assembly cover is responsible for keeping the force and sealing 
with the internal components to form the MRF brake assembly. In order to ensure 
long-term use conditions, the material used for the detailed lid is stainless steel. And 
are fastened together with bolts. In the MRF brake assembly, the stator is an external 
fixed element that is hung on the iron cylinder through the brackets on both sides 
(Figs. 4 and 5).

The two ends of the stator have been designed to install oil-shielded ball bearings, 
to avoid the leakage of MR oil during use, and moreover, it also limits the swing 
angle of the rod to help the MRF brake assembly operate in the most stable way [5]. 
After the MRF brake assembly is fully assembled and sealed, the MR magnetic oil 
is poured into the MRF brake assembly through the threaded hole in the stator body. 

3 Simulation 

Link Settings: The stabilizer bar works based on the support of the ball bearing, so 
the condition of face-to-face contact is set, swing conditions for the swing arm. Then, 
setup bar boundary condition, rotor boundary conditions, stator boundary condition 
(Fig. 6).
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Fig. 3 Definition of parameters and rotor—winding

Fig. 4 Stator design model



390 N. A. Ngoc et al.

Fig. 5 Assembly model

Fig. 6 Meshing the stator-rotor simulation model 

4 Results and Discussion 

Result: We run with each material in turn with the inner and outer diameters of 
(Ø14–Ø20), (Ø15–Ø20) (Fig. 7). 

Fig. 7 Displacement and stress of steel grade SAE 5160
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When changing rotation angle increases, the stress also increases gradually and 
reaches the maximum value for diameter 14 is 1423.1 MPa, for diameter 15 is 
1337.5 MPa. The bar is durable enough, not destroyed even when reaching the 
largest rotation angle. 

In Fig. 8, when the rotation angle increases, the stress also increases gradually 
and reaches the maximum value for diameter 14 is 1419.4 MPa, for diameter 15 
is 1334.1 MPa. The bar can only be rotated to 40 rotations angle, check with 60 
rotations angle, the maximum stress on the bar exceeds the allowable stress. 

In Fig. 9, as the rotation angle increases, the stress also increases gradually and 
reaches the maximum value of 1432 MPa for diameter 14, 1345.8 MPa for diameter 
15. The bar can only be rotated to a rotation angle of 80, check with a rotation angle 
of 100, the maximum stress on the bar exceeds the allowable stress (Figs. 10, 11 and 
12). 

Stress on Rotor and Stator is very small (<1 MPa), displacement on Rotor and 
Stator is very small (<1 mm). Rotor and Stator is durable enough under operating 
conditions.

Fig. 8 Comparing the effect of diameter with steel SAE 5160 with each rotation angle 

Fig. 9 Comparing the effect of diameter with steel AISI 1065 with each rotation angle
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Fig. 10 Graph comparing the effect of diameter with steel SAE 9262 with each rotation angle 

Fig. 11 Displacement and stress of rotor of MR brake 

Fig. 12 Displacement and stress of stator of MR brake
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Table 5 Max stress with diameter 14 and 15 

Steel marks AISI 1065 SAE 5160 SAE 9262 

Max stress (MPa) with diameter 14 1222.9 1200.3 1195 

15 1091.5 1070.4 1065.3 

Evaluation: The time required to construct, simulate and determine the reaction 
and stress of the rod is also not too long. It is possible to repeatedly seal the balance 
bars with different materials as well as bars with different sizes and materials used. 
To find the optimal solution designed balance bar. 

Anti-roll bar: We have the maximum allowable tensile strength of steel grade. 
After simulation we get the following results (Table 5). 
Inference: Only one SAE 5160 material is qualified for durability. 
MR brake assembly: According to simulation, the highest stress and displacement 

of the Rotor are 1.9147e−8 MPa and 2.0093e−004 mm, respectively, of the Stator 
is 1.3599e−008 MPa and 2.4918e−004. The stress and displacement of the MR 
brake assembly are satisfactory under the operating conditions, making it suitable 
for long-term use. 

5 Conclusion 

The study has produced a detailed design for the active anti-roll bar using MR brake, 
from that design, a simulation of testing and durability assessment was conducted, 
choosing the optimal diameter from two values of 14 and 15, and select materials with 
high strength and stress tolerance in AISI 1065, SAE 560, SAE 9262 materials for 
the anti-roll bar and test with AISI 1018 material for rotor and stator. The simulation 
results show that the rod size with diameter Ø15 and SAE 5160 material is the 
optimal material to ensure the conditions during operation, this is a reliable material 
for designing and manufacturing for the bar, max stress of each rotor and stator 
part is lower than the allowable stress value of AISI 1018 steel of 370 MPa and 
the displacement of the assembly is very small. With the design size and simulation 
conditions as above, it is completely reasonable. From the above results, it can be 
seen that the details are super durable, which can be extended to a number of further 
research directions: fatigue strength, dynamic durability, … in the case of moving 
vehicles, building optimization problems to improve detail quality. 
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Determination of Magnetorheological 
Brake Characteristics by Experiment 
on the Test Rig 

Tuan-Hoang Quang, Hoang-Trinh Minh, Ngoc-Nguyen Anh, 
and Tung-Tran Thanh 

Abstract In this study, braking torque characteristics of a disc-shaped Magnetorhe-
ological brake (MRB) structure are determined on the test platform. The primary 
purpose of this study is to determine the relationship between the generated braking 
torque depending on the current supplied to the coil on the MRB device. The process 
of determining the brake torque characteristics on the test platform consists of three 
steps. In the first step, the study deals with the magnetorheological fluid (MRF) char-
acteristics and the MRB structure. In the second step, a brake test platform is built to 
measure the torque generated on the MRB. In the third step, the measurement proce-
dure on the platform is introduced, and experiment results are analyzed. These results 
show that the relationship between the generated braking torque depends on the input 
amperage. The study’s results confirm the effectiveness of magnetorheological fluid 
in highly appropriate scientific and technical fields. 

Keywords Magneto-Rheological Fluid (MRF) ·MR brake · Test rig 

1 Introduction 

In scientific research, the research on the test platform is one of the commonly 
used methods. The results of the measurements on the test platform can be used as 
input parameters for simulation problems or to evaluate the model’s reliability or the 
system’s efficiency and performance. Also, for these purposes, in the world, there
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have been many experimental studies on the MR brake system in order to determine 
the braking torque characteristics when changing the current, speed, or changing 
brake system structure. 

Research by Mousavi et al. [1] with a new configuration of the MR hybrid brake 
consisting of a T-shaped drum with an arc surface. The author has experimentally 
determined the braking torque when changing the amperage, through which the 
maximum braking torque is 38.5 Nm when the maximum current in each coil is 
1.2 A. Another study by Sukhwani and Hirani [2] determined the torque character-
istics of the MRB when changing the current from 0 to 1.2 A and the number of 
revolutions of the motor from 200 to 1200 rpm. Another synthetic study was carried 
out with the analysis on the test bench of the moments generated with different struc-
tures of MR brakes such as drum, multilayer magnetic, and disc type [3] and showed 
some Braking torque characteristics with current and structure. Research by Dr. Ngoc 
Nguyen Anh [4] has proposed a new type of MR brake with the features of modeling, 
structure optimization, testing, and prototype analysis. The main contribution of this 
work is the optimal design of the new configuration of the MR brake to improve the 
braking torque. However, for magnetic brakes, to evaluate the application effective-
ness for specific objects, the output braking torque characteristics need to consider 
the structure’s mass and volume. Therefore, with the specific MRB structure chosen 
by the authors, the goal is to use the experimental method on the brake test platform 
with high stability and accuracy to determine the characteristics of the braking torque 
generated on the MRB when changing the input current value is necessary. 

The structure of the paper is that after the overview, the second part introduces 
the basic operating principle of the brake using MR fluid. The third part presents the 
structure and operating principle of the brake test platform, including the method, 
equipment, and measurement parameters. The final part presents the results and 
comments. 

2 Theory  

2.1 Magneto-Rheological Fluid 

Magnetorheological Fluid is an oil containing ferromagnetic particles. It is an inno-
vative material that can quickly change phase state (liquid-semi-solid) and whose 
reversible properties are controlled by an applied electric current. When applying 
a current to the coil, a magnetic field will appear, and that magnetic field directly 
affects the properties of the oil. Usually, soft ferromagnetic or paramagnetic particles 
(0.03–10 μm) are dispersed in the oil layer. Without a magnetic field, ferromagnetic 
particles are distributed mainly in the liquid. However, under the action of the applied 
magnetic field, the ferromagnetic particles acquire a dipole moment by the external 
magnetic field and form chains. In addition, the yield stress of the magnetic oil 
can be adjusted continuously and rapidly as it responds to the applied magnetic field
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strength [5]. The properties of MR fluids used in brake equipment are often expressed 
as Bingham models with varying yield strength (τy), depending on the magnetic field 
(H), [4, 6]. 

2.2 Working Principle of MR Brake 

To apply MRF technology to the automotive auxiliary brake system, the structure of 
the MRB consists of a fixed part and a rotating part (Fig. 1). The fixing includes the 
mounting parts on the brake support, including details such as the outer stop plate, 
the outer stop plate, the outer stop disc, and the bolts, nuts, and screws on the fixing 
assembly. On the fixed assembly, two conductive coils are placed between the inner 
stop and the outer stop, each winding 1000 turns, with a wire diameter of 0.5 mm. 
Fixing elements are bolted together by standard bolts. The rotating cluster has the 
main detail as the rotating disc. In addition, to ensure smooth movement between 
the rotating part and the fixed part, in the design, there are two more assemblies of 
ball bearings and an oil seal. Outside there is a stop disc to prevent the oil seal from 
slipping out of the installation position. The space between the rotating disc and the 
two inner plates is filled with magnetic oil. 

With the above structure, the torque transmitted from the active part (the motor 
through the gearbox) will make the passive part (the rotating disc) rotate at a certain 
speed. In the state where no current is supplied to the coil arranged in the cavity 
of the MRB, there exists a resistance between the MRF layer itself and the rotating 
disc part. When applying current to the coil, the magnetic field generated by the

Fig. 1 MRB construction. 1—Bolt; 2—Outer stopper cover; 3—Coil; 4—Inner stopper; 5—Rotary 
disc; 6—Magneto-Rheological Fluid; 7—Bearing assembly and oil seal 
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coil will act on the oil areas in different positions on the brake disc, changing the 
shear stress of the oil. Doing so will change the state of the MRF and create some of 
the MR oil’s frictional resistance when the oil layer’s structure hardens. From there, 
generate the motor’s shaft braking torque. An engine cover is arranged to hang on 
the pedestal through the bracket. The braking torque will act, tending to rotate the 
motor’s housing. Therefore, to determine this torque, a lever is arranged with one 
end attached to the motor housing, the other end resting on the spring of the rheostat 
torque sensor. 

3 Determination of MR Brake Characteristics on the Test 
Platform 

The MR brake test stand should meet the following objectives and requirements: 

• Determination of brake torque-current characteristics; Braking torque -revolution 
speed in different modes. 

• Ensure that there is no strong vibration or fluctuation during the measurement, 
affecting the measurement results; 

• Compact manufacturing, easy to transport and install; 

When applying current, the shear stress of the changing magnetic oil will create 
resistance to the rotor shaft of the electric motor, creating a torque that tends to rotate 
the motor housing, through the lever mechanism will exert a force on the electric 
motor. A brake force sensor will convert to a voltage signal, send this signal to the 
processor, and display the measured brake torque value on the screen. 

3.1 Structure of Brake Test Rig 

The test pedestal consists of 40 × 40 shaped aluminum frame bars supporting the 
entire load and 20 × 20 aluminum frames as the outer cover. We divide the test 
platform into two main parts: 

• The lower part of the test platform is located in the control system: control circuit, 
transformer, driver, and laptop, and the circuit are separated from the inverter by 
POM plastic. 

• The upper part of the test platform includes mechanical mechanisms: hybrid servo 
motor, gearbox, coupling, magnetic brake, and accompanying mounting plates 
(Fig. 2).

The 110J12190EC-1000 stepper motor provides a maximum torque of 20 Nm 
at 1000 rpm. Included with the 110J12190EC-1000 stepper motor is a 3HSS2208H 
driver. The 3HSS2208H stepper servo drive system integrates perfect motor control
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Fig. 2 Model of MR brake test rig. 1—Mechanical part; 2—Front door; 3—Control Circuit 
location; 4—Transformer location; 5—Laptop location; 6—Test rig frame part

and is suitable for three-phase stepper motors. Compared with traditional stepper 
drive, this hybrid servo motor driver can avoid the problem of the stepper motor 
losing a step and effectively limit the motor’s temperature rise, reducing the motor’s 
vibration and greatly enhancing the performance of high-speed motors. A lever is 
captured from the engine. It will cause a load on the sensor when the MRB is engaged. 
In addition, bearings and couplings are used in the mechanical system to provide a 
smooth movement from the engine to the MRB. 

3.2 Measurement Process 

The investigation of the braking torque characteristics of the MRB on the pedestal 
is carried out in two modes: 

– Mode 1: Investigate the relationship between braking torque and amperage 
(brake). In this study, fixed motor speed investigated the change of MRB brake 
torque generated when changing current. 

– Mode 2: Investigate the relationship between braking torque and engine speed. In 
this mode, fix the current value, and investigate the change of MRB brake torque 
generated when changing motor speed (Table 1).
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Table 1 Two test modes on the test rig 

Run test Engine speed (rpm) Current (A) Step Number of runs Output 

1 1000 1 100 mA 3 Excel + Chart 
2 0–2500 1 250 rpm 3 Excel + Chart 
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Fig. 3 Braking torques are measured when changing the current in 100 mA increments 

4 Results and Comments 

Figure 3 shows the result of amperage-dependent braking torque in three measure-
ments when keeping the engine speed at 1000 rpm. The amperage varies from 0 
to 900 mA, 100 mA steps. The results show that the braking torque increases with 
increasing current, and the braking torque characteristic is almost linear. When the 
current increases from 0 A to 900 mA, the measured braking torque value on the 
platform increases from 0 to the maximum value of 29.42 Nm respectively. 

Figure 4 shows the braking torque in three measurements depending on engine 
speed. In this study, the current was kept constant at 500 mA, and variable motor 
speed from 0 to 2000 rpm, step 250 rpm. The results show that when fixing the supply 
current to the MRB brake device and changing the number of engine revolutions, the 
value of the braking torque produced is almost unchanged. Reach a steady value of 
about 18 Nm at 250 rpm. The results confirm that the braking torque of the MRB is 
mainly influenced by the value of the amperage supplied to the coil.
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Fig. 4 Braking torques are measured when changing the motor speed 

5 Conclusion 

The research results of this paper are the basis for intensive application studies on 
brake systems using magnetic oil technology in the field of science and technology in 
general, as well as the automobile industry in particular. Braking torque characteris-
tics can be used as input for the research and development of automobile brake assist 
systems. In addition, the research results can also be used as a basis for the problems 
of optimizing the MRB structure to increase the braking torque or determine the safe 
working area of the MRB. 
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A Short Review of Renewable Energy 
Generation: Sustainable Development, 
Successful Lessons from Leading 
Countries 

V. L. Trinh, C. K. Chung, X. C. Nguyen, Q. T. Nguyen, and T. S. Nguyen 

Abstract Renewable energy (RE) is the most priority issue to keep global sustain-
able development with a non-pollution environment, non-gas emissions, and no 
global warming. Renewable energy is generated from renewable sources that 
immensely exist in nature such as wind, solar, ocean, bioenergy, and geothermal ener-
gies instead of fossil energy sources with many harmful problems for human health 
and environment. This paper reviews recently RE technologies and successful lessons 
from applying modern science and technology in developing renewable energy for 
a sustainable economy, society, and industrial development in leading countries of 
sustainable energy development. The results hope that renewable energy will be 
bloomed in research and practical application all over the world. 

Keywords Energy · Renewable energy · Sustainable energy · Sustainable 
development 

1 Introduction 

Most countries need a huge amount of energy for social and economic development 
demand. Traditional energy that comes from fossil energy resources by using tech-
nologies with toxic wasted pollutions of carbon dioxide or sulfur gases through
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burning or power plant techniques, has been still numerously used in over the 
world. The use of traditional energy is parallel with a long time negative conse-
quences of environmental pollution, gas emission, climate change, and human health 
effects. Renewable energy, which comes from renewable energy resources of solar 
energy and nature energies with non-toxic pollution and human health protection, 
is quick development based on sustainable energy sciences and technologies for 
converting renewable energy sources into useful energy recently. These methods 
include renewable energy conversion techniques of wind power, solar photovoltaic, 
biofuels, hydropower, and geothermal energy technique [1–7]. With outstanding 
advantages, the renewable energy is rapidly exploiting and applying for sustain-
able development in all fields of economy, society, health care, transportation, and 
industry. Many countries show strong movements in the development and applica-
tion of renewable energy in replacement of traditional energy by renewable energy 
such as China with the planning of the electricity of renewable energy of 139,450 
GWh in 2050 [8], developing policy and technology related to renewable energy with 
solar home systems in Sub-Saharan Africa [9], developing advanced technologies 
in renewable generations for island power grids [10], building a smart energy city 
with one hundred percent renewable energy for Denmark and Europe in 2050 [11], 
building the renewable energy policy with regional allocation in China to get carbon 
neutralization in 2060 [12], and providing a roadmap for sustainable development 
in South Korea with transition scenarios toward the renewable energy by 2050 [13]. 
This paper reviews recently renewable energy technologies and successful lessons 
from the strategy of applying modern science and technology in developing and 
exploiting renewable energy for sustainable energy development. The results hope 
that renewable energy will be strongly developed and exploited in countries all over 
the world. 

2 Renewable Energy Generation 

Renewable energy generation (REG) changes renewable energy sources into valuable 
energy like electricity. Table 1 shows the renewable energy production from the top 
5 countries in the years of 2019, 2020, and 2021. China goes the first position with 
REG of 742 × 103 gigawatt-hours (GWh) in 2019, 863.2 × 103 GWh in 2020, and 
1152.5 × 103 GWh in 2021, respectively. The United States stands the second place 
with REG of 483.7 × 103 GWh 547.7 × 103 GWh, and 624.5 × 103 GWh in the 
years of 2019, 2020, 2021, respectively. Germany comes the third place with REG 
of 220.6 × 103 GWh in 2019, 231.8 × 103 GWh in 2020, and 217.6 × 103 GWh in 
2021, respectively [14].
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Table 1 The renewable 
energy generation from the 
top 5 countries 
(Gigawatt-hours) 

Country Year 

2019 2020 2021 

China 742 × 103 863.2 × 103 1152.5 × 103 
US 483.7 × 103 547.7 × 103 624.5 × 103 
Germany 220.6 × 103 231.8 × 103 217.6 × 103 
India 141.1 × 103 152 × 103 171.9 × 103 
Brazil 117.6 × 103 126.5 × 103 144 × 103 

3 Sustainable Energy Development 

Sustainable development is one of the first criteria of social development. Most of 
the fields need the energy to develop. Some areas have also contributed to sustain-
able energy development such as information technology, environment technology, 
power grid. That, renewable energy technology has a vitally important role in sustain-
able energy development strategies in over the world. Some research groups have 
developed new models or indexes to enlarge services of sustainable energy devel-
opment such as using multi-dimensional indicators to measure sustainable energy 
development [15], using tools of internet of thing in sustainable energy systems [16], 
using hybrid harvesters to get sustainable energy [17], and applying blockchain to the 
sustainable energy systems [18]. To get sustainable development related to renewable 
energy, some dimensions need to use to estimate the satisfaction levels of society, 
economy, environment, energy, and technology. Some criteria also need to use to 
measure the application ability of renewable energy such as resource potential, energy 
efficiency, energy grid, energy variability, cost, carbon dioxide emission, energy 
conversion efficiency, employment, and environmental impact. Figure 1 shows the 
relationship between renewable energy, dimensions, and criteria in the sustainable 
development strategy.

4 Some Successful Lessons from Leading Countries 

Some countries show outstanding abilities in developing and applying renewable 
energy in living, economy, and society. For examples: developing a framework of the 
service-oriented operation system for a power system in China with new technologies 
of communication technology, internet of things, cloud computing, and smart grid 
[19], transiting to renewable energy in Azerbaijan [20], using biofuels to reduce urban 
air pollution and CO2 in Brazil [21], using optimization method of biogas production 
in Zimbabwe with anaerobic digestion [22], using the energy security and sustainable 
energy policy for sustainable development in Bangladesh [23], constructing a one 
hundred percent renewable electricity supply scenario with about 10.6 GW of solar 
power, 4.5 GW of wind power, and 25 GW of photovoltaic up to 2050 [24]. The
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Fig. 1 The relationship between renewable energy, dimensions, and criteria in the sustainable 
development strategy

United States projects that renewable energy generation will increase up to 44% 
in 2050 from 21% in 2021 [25]. Table 2 shows the top 5 countries with the total 
renewable energy generation in the world in 5 years from 2017 with the first place of 
China with 502 × 103 GWh in 2017 and up to 1152.5 × 103 GWh in 2021 [14]. The 
global renewable energy generation increases from 2182.3 × 103 GWh in 2017 to 
3657.2× 103 GWh in 2021. Figure 2 shows the share of renewable energy generation 
from the 5 leading countries in the world in 2021 with the biggest place of China 
with 31.5%, followed by the US 17.1%, Germany 5.9%, India 4.7%, and Brazil 3.9% 
[14].
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Fig. 2 The share of 
renewable energy generation 
from the 5 leading countries 
in the world in 2021 

5 Conclusion 

Renewable energy has a critically important role in the energy development strategy. 
Renewable energy brings long-term sustainable development with non-gas emis-
sions, a non-pollution environment, no global warming, and saving environment. 
This paper reviews recent renewable energy technologies and successful lessons 
of renewable energy development from leading countries. The results hope that 
renewable energy will be strongly developed and exploited in countries all over 
the world. 
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Research Automotive Line Performance 
Increasing by Using Modular Assembly 

Nguyen Thanh Quang 

Abstract There are three types of automotive assembly on the line: conventional 
assembly, automatic assembly and modular assembly. Modular assembly is the use of 
an integrated model of modules in the design and manufacture of cars and its parts on 
the basis of applicable standards. The article analyzes the key elements of the appli-
cation of the modular assembly for automotive manufacture in order to increasing 
the performance of the assembly line. The results show the high performance and 
performance of the automobile assembly. They also show two key factors: the level 
of modularization of the assemblies and the use of standards in assembly. 

Keywords Automotive line ·Modular · Performance 

1 Introduction 

Modularity is a strategy applied by many industries, in product development or in 
production configuration. Modular assembly reduces production costs as a result of 
reducing assembly time, labor and material savings. A product is considered to be a 
modular assembly when it is assembled from at least two structures (or components) 
or more. Determining the interaction between such structures does not need to be 
clearly identified in advance because it is difficult to determine since there is also 
a change in one of them according to new product design requirements [1]. To 
identify a module from the design, it is necessary to separate the product into parts or 
assemblies. Since the structure of the product (vehicle) is basically fixed (except for 
the different requirements of each design or company), the product characteristics can 
only change within the functional limits of the elements that constitute the module. 
Therefore, the replacement of modules needs to be identified in advance and requires
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the following modules to have the same function as the previous modules and ensure 
the interchangeability of the modules [2]. 

Based on the level of production, all elements are classified in module design and 
in module production according to the model of “module level classification matrix”. 
In manufacturing, four factors are given and chosen to apply: module manufacturing 
and integrated design; Conventional manufacturing and integrated design; Module 
production and module design; Conventional manufacturing and modular design. 

The modules have interaction that is difficult to identify, depending on the require-
ments of the product, for example, the characteristics of the exploitation and use, the 
technology level of the assembly facility, the cost of the product. Factors depending 
on the conditions of each unit’s product development strategy will be considered 
individually in specific projects. There are normally two methods of product devel-
opment: The first, it is under the responsibility of a manager who implements the 
system internally and keep technological know-how. The second, it depends on an 
organization and a chain of external suppliers and vulnerable to technological secrets. 
Derived from these methods, module standards are formed, those are standards of 
details, assemblies, and standards of relationships between modules. Some standards 
are implemented internally, others are sent to external suppliers to form and develop 
a chain of suppliers. 

2 Basis of the Modular Assembly 

Some basic assembly lines include: Rudimentary assembly line, flow assembly 
line (traditional assembly) and automatic assembly line (Conveyor belt installed 
on it). The assembly line’s performance is calculated the rudimentary OEE (Overall 
Equipment Effectiveness) indicators determined by formula (1) [3, 4]. 

OEE = (A) × (P) × (Q) (1) 

In the module assembly line made by the smallest number of professional workers. 
The prepared modules will be supplied to the line as planned. Once the assembly 
is complete, there will be one thing to do to adjust the order of the modules. The 
indicators in the module assembly line are calculated below. 

The performance of a module assembly line is calculated by formula (2) [5]. 

LE =
∑k 

i=1 TWi 

K × TC × 100% (2) 

In which: LE is the performance of the line, TWi is the total working time at the 
position i, K is the number of working positions on the line, TC is the operating time 
cycle of the line. Thus, when time is reduced, the cycle will have a greater value for 
the performance of the line, which means that the assembly line can produce more 
products.
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3 Analysis of Results 

On the basis of a body in white (BIW), there is a total of 463 details classified into 10 
different assemblies. Basically, the BIW mounted on the car has the same structure, 
including the front assembly, rear assembly, two side, floor assemblies and other 
auxiliary components including canvas assemblies and support frames [6, 7]. The 
figure of the BIW is shown in Fig. 1. 

Calculating the performance of the model BIW assembly line in case of modular 
assembly on automatic lines and traditional lines. The detailed assemblies of the 
BIW are given in Table 1.

The calculated parameters that are selected for the BIW assembly output are 70 
body per day (equivalent to 12 units per working hour), as shown in Table 2.

The performance calculation results of the line depend on the type of supplying 
spare parts, the number of container modules. The calculation results are shown in 
Table 3.

On rudimentary assembly lines, the performance is calculated by formula (1). 
Comparing the two module assembly lines on the graph as in Fig. 2, we get the result 
that when assembling the module, the use of the automatic line will bring a higher 
performance up to 35% than that on the traditional line.

The reason for this discrepancy is that on the traditional chain there are more 
processes, it takes more time (ts) due to the workers’ moving (vw) to bring modules 
and components to the assembly location. In the traditional assembly line, more 
stations will be required to accommodate modules, components and equipment,

Fig. 1 The parts of BIW car 
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Table 1 Dividing detailed assemblies 

No. Name of detailed assembly Number of components 
assembly 

Number of parts in the 
assembly 

1 Front panel 1 27 

2 Left front side panel 1 32 

3 Right front side panel 1 32 

4 Middle column, right and left 2 16 * 2  

5 Right rear side panel 1 39 

6 Left rear side panel 1 39 

7 Floor panel 1 22 

8 Rear side panel 1 28 

9 Rear corner column, right and 
left 

2 19 * 2  

10 Other parts 54 174 

Total 463

Table 2 Calculated parameters for the BIW shipping container assembly lines 

Symbols Parameter Value 

Rudimentary 
line 

Automatic 
line 

Traditional 
line 

I Number of working positions on the 
line (i = 1, 2, …, n) 

36 12 16 

M Number of modules (m = 1, 2, …, s) 289 11 21 

J Number of remaining components 
(components) (j = 1,2, …, k) 

174 2 10 

wij Assembly time of component j at 
position i (minutes) 

35 10 16 

Pij Operating arm time to assemble 
component j at position i (minutes) 

7 2 4 

uij Component using factor j (for module 
m) 

N/A 0.18 0.48 

Rij The ratio of the number of modules and 
the number of components 

N/A 11 21 

L The length of the line (meters) − 
(assumed) 

100 45 60 

vc The average speed of the line (m/min) N/A 30 N/A 

d Average distance from the point of 
taking details to the assembly location 
(meters) 

N/A 2 6 

vw Movement speed of workers (m/min) N/A N/A 50 

ts Time for each module N/A 0.2 2
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Table 3 Performance 
calculation results of the BIW 
module assembly line 

No. Module name Performance of the line (%) 

Automatic line Traditional line 

1 Front panel 32.31 21.1 

2 Left front side 
panel 

32.32 21.2 

3 Right front side 
panel 

32.36 21.1 

4 Middle column, 
right side 

32.38 21.2 

5 Middle column, 
left side 

32.4 21.2 

6 Right rear side 
panel 

32.45 21.23 

7 Left rear side 
panel 

32.45 21.23 

8 Floor panel 32.48 21.27 

9 Rear side panel 32.48 21.29 

10 Right ear corner 
column 

32.49 21.3 

11 Left rear corner 
column 

32.49 21.3 

12 Other separate 
details 

31.3 19.7

Fig. 2 Effciency 
comparison results of the 
two assembly line

which will affect the “smoothness” of the line. The third reason is because the BIW 
modules are supplied and received by two different ways. 

Assembly Effectivenes (HE%) of the lines used a comparison between the 
achieved result and the set goal (can be quantity, time targets or financial costs) 
we can see that the module assembly brings a higher effectiveness. 

In Fig. 3, the specific calculation result on the traditional assembly line increases 
by 20% and on the automatic assembly line, it increases by 30% in comparison with
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Fig. 3 Effciency 
comparison results of the 
assembly line 

conventional assembly, this is a minimum increase level because in the calculation 
process, some calculations are taken for all three assembly lines. The fact that the 
module assembly on automated lines can increase performance up to 100% when 
using standardized modules. 

4 Conclusion 

Automotive assembly lines need a high customization. Modular assembly is devel-
oped in lieu of conventional assembly lines due to the following characteristics: (1) 
Can be arranged as independent module assembly stations. Independent stations are 
only affected by assembled products, regardless of the fixed transport system or the 
general time of the line. (2) Use automated guided vehicles (AGV) in the module 
transport. Reduce shipping labor and increase assembly productivity. (3) Modular 
assembly lines can be moved by assembly stations. 

A published study on alternatives to assembly production lines in the automotive 
industry, proposed the following nine principles: (1) Identify the assembly order, (2) 
Smart assignment of assembly stations, (3) Identify the assembly time and assembly 
cycle, (4) Flexible responses to mutations from suppliers, (5) Flexible responses to 
mutations from product, (6) Adaptation to changes, (7) Integrated transportation of 
vehicles and components with AGV, (8) Flexible integration of quality control circles, 
(9) Adaptable to many assembly workers. Therefore, the above nine principles need 
to be flexibly applied in practice.
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Aerodynamic Characteristics 
of Multi-door Thrust Reverser Using Fan 
Flow in High Bypass-Ratio Turbofan 
Engine 

Anh-Tuan Nguyen, Van-Hiep Nguyen, Van-Hoang Nguyen, Tuong-Linh Nha, 
Van-Thuc Tran, The-Mich Nguyen, Cong-Thanh Nguyen, 
Cong-Truong Dinh, and Xuan-Truong Le 

Abstract Aircraft landing speed is usually high, and the effect of the braking system 
is important. Besides, the braking system will work more efficiently when combined 
with a thrust reverser. Nowadays, research, design, and building of thrust reverser on 
aircraft engines is a particularly challenging problem due to the inherent complexity. 
This study presented the aerodynamics characteristic, performance, efficiency, and 
stability of a Turbofan Engine with multi-door crocodile thrust reverser system by 
using 3D RANS equations with scalable wall function k-ε turbulence model. The 
design of multi-door crocodile thrust reverser system changes correspondingly to 
the variation of the opening angle of the outer doors, combined with the inlet Mach 
number. The results indicate a stable progress operation of the thrust reverser, safety, 
and the best performance. The results of reverse thrust efficiency reach maximal 
values at the opening angle of outer doors α = 50°. 

Keywords Turbofan engine · Thrust reverser · Multi-door crocodile · Navier 
Stokes equations · Aerodynamic characteristics 

1 Introduction 

Currently, many modern aircraft are equipped with thrust reversers to reduce the 
damage to the brake system and shorten the landing distance. A typical brake system 
is not safe for aircraft in conditions of wet and slippery runways. According to a
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numerical study by Qian et al. [1], the number of wind tunnels that can undertake this 
experiment is minimal nowadays. Furthermore, these tests are usually performed in 
the final stages of the design process. Therefore, it is crucial to develop tools to shorten 
this period by Aurélio et al. [2]. In recent years, computational fluid dynamics (CFD) 
has made significant progress in simulating complex field cases. Computational fluid 
dynamics has become a new and effective method of thrust reverser design. 

Gissen et al. [3] presented the flow control effectiveness down to 47% of the 
nominal bullnose length with four bullnose geometries. The established scaling laws 
indicate that the mass flow rate recovery is directly proportional to the actuation flow 
rate for a given flow configuration and condition, and it is strongly nonlinear with the 
flow pressure ratio for a given flow control rate. Bi et al. [4, 5] presented that aircraft 
fuselage surface noise of engine nacelle forward extension 11% is higher than that 
of forward extension 17%, and the noise value of moving downward is obviously 
smaller than that of moving upward, because of the combination of engine nacelle 
installation position and the reverser airflow. 

2 Numerical Analysis 

2.1 Description of Geometry 

Details of the multi-door crocodile thrust reverser model are demonstrated in Fig. 1. 
The fan of the engine in this study is a design based on NASA rotor 67 with 22 blades 
at angular velocity of 16,043 rpm (100% designed velocity). For the convenience of 
tracking, there are three parameters, i.e., α (°), β (°), and Ma (Mach number), which 
are the focused variables of this study. Where α (°) is the opening angles of outer 
doors, β (°) is the inner door angle, and Ma is the velocity at the inlet as Mach number 
(Tables 1 and 2).

2.2 Numerical Method 

The model multi-door thrust reverser is simulated with commercial software ANSYS 
19.1 [6] with the hexahedral grids type. The nacelle meshing was generated by 
ANSYS ICEM. With NASA Rotor 67 blades, the mesh model was created by the 
module Ansys TurboGrid. This O-type grids was used to mesh the computational 
domain around the blade surfaces. The other regions of the rotor are meshed with the 
H/J/C/L-type grids as shown in Fig. 2. CFX-Pre, CFX-Solver, and CFD-Post were 
employed to set up the simulation, solve the 3D RANS equations, and visualize the 
numerical results, respectively.

The performance parameters in this research were the fan nozzle pressure ratio 
(FNPR), and reverse thrust efficiency (ηrev), which were presented by the research
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Fig. 1 Multi-door crocodile thrust reverser system 

Table 1 Reference value of the multi-door crocodile thrust reverser 

Parameter α (°) β (°) FNPR Fan 

Ref. value 50 36 1 ÷ 2 No 

Table 2 The range for parametric studies 

Parameter α (°) β (°) Ma Fan 

Min. value 20 36 0.1 Yes 

Max. value 60 36 0.3 Yes 

Step 10 Constant 0.1 Yes

Fig. 2 Mesh of the computational domains
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group of Scott et al. [3]: 

FNPR = 
pt, f an  
p0 

; ηrev = 
Frev 
Ff an  

where pt,fan is total pressure fan flow, p0 is engine ambient pressure, Frev is gross 
reverse thrust (corrected balance axial force), Ffan is fan flow forward thrust. 

3 Results and Discussion 

3.1 Validation of Numerical Method 

To validate the applicability of CFD methodology in this study, the multi-door 
crocodile thrust reverser was simulated in the condition that FNPR varies from 1 
to 2 and the fan has not been installed. The predicted reverse thrust ratio ηrev is 
compared with the experimental data [3], as shown in Fig. 3. 

Under different FNPRs, the predicted ηrev is slightly higher than the experimental 
results, and the agreement is achieved in the distribution trends with the value relative 
error of relatively small. The approximate treatment of the calculation model and the 
leakage in the experiment may be the main reason to cause the error. Overall, the 
calculated results agree with the experimental data, especially for the case under 
large FNPR, so it shows that the predicted flow field is reasonable. Besides, the 
present calculation method can simulate the flow field in the multi-door crocodile 
thrust reverser in the following sections.

Fig. 3 Comparison of ηrev between calculation and experiment under different FNPR 
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Fig. 4 Streamlines in 3D-view through the thrust reverser at different Mach numbers 

3.2 Simulation Results 

Figure 4 shows the efflux streamline released from the thrust reverser exit section 
at different inlet Mach numbers. Because of the aircraft’s forward movement, the 
efflux eventually turns back by the effect of the relative wind. With the decrease of 
the Mach number, the stream influenced by the reverse flows expanded for-ward and 
outward. Specifically, with the Mach number at 0.1, the reverse flows are expanded 
outward and forward more than the more prominent Mach number cases (0.2 and 
0.3). When the relative wind speed is small enough, it doesn’t affect the reverse flows 
much, so it is easy to create reverse thrust.

Figure 5 illustrates relative Mach number contour through the effects of different 
opening angles outer doors. Apparently, with the increase of the opening angles outer 
door, especially with the opening angle of 50◦, the thrust reverser will achieve the 
best performance. This is because the reverse flows in this case extend outward and 
forward the most, which means this case is easy to create a reverse thrust. Besides, 
in addition to being less effective, small opening angle cases can also cause impacts 
on the wings as shown in Fig. 5, and it can cause loss of control of various control 
surfaces such as spoilers. 

Moreover, Fig. 6 shows the most important parameter of a thrust reverser: reverse 
thrust efficiency. From Fig. 6, the efficiency will be improved with large opening 
angles for outer doors than with small opening angles. In which, the case the opening 
angle of 50° has the best performance value, and the case of the opening angle of 
20° has the most negligible efficiency (including a negative efficiency value at Mach 
number 0.3. This happens because the opening angle case of 20° made the range 
reverser flow very small and directed it to the relative wind. When increasing relative 
wind speed, the reverser flow, in this case, will lose its reverse value completely). 
Besides, reverse thrust efficiency is better when the relative wind speed is negligible. 
This is entirely true compared to the operation of aircraft. The results obtained are 
completely reasonable with the above explanations.
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Fig. 5 Relative Mach number contour with different opening angles outer doors

Fig. 6 Effect of parametric studies on reverse thrust efficiency
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4 Conclusion 

In this study, multi-door crocodile thrust reverser studies have been simulated using 
the k-ε turbulence model to solve Reynolds-averaged Navier Stokes equations. Two 
study parameters of the thrust reverser, i.e., opening angles outer doors and Mach 
number, are changed to investigate their effects on the thrust reverser aerodynamic 
performances. The results of reverse thrust efficiency reach maximal values at the 
opening angle of outer doors α = 50°. Besides, with the small opening angle is 20°, 
reverse thrust efficiency is very low and reached a negative value (reverse thrust no 
more effect). Moreover, the small opening angle can cause problems with losing 
control of the control surface or wings. 

Acknowledgements This study is funded by Hanoi University of Science and Technology (HUST) 
under grant number T2022-PC-032. 
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Study on Selecting the Appropriate 
Process Parameters When CNC 
Cylindrical Grinding Heat-Treated Alloy 
Steel 

Ngoc Tuyen Bui and Trong Nghia Hoang 

Abstract The grinding method is often used for finishing parts made of materials 
with high mechanical strength and hardness. When manufacturing parts with high 
hardness such as heat-treated steel, grinding methods are often used to ensure dimen-
sional accuracy, surface roughness. This paper presents experimental research results 
on the process of cylindrical grinding tempered alloy steel on CNC cylindrical 
grinding machines. The effects of process parameters such as workpiece speed, 
feed rate and depth of cut on the surface roughness and dimensional precision of 
parts are studied. Experimental setup and investigation of the contribution of process 
parameters to the characteristics of the part have been carried out on the basis of 
the application of Taguchi technique and analysis of variance (ANOVA). Besides, 
the optimal sets of parameters to achieve the smallest roughness and the highest 
machining accuracy have also been determined in turn. The multi-object optimiza-
tion problem to achieve the minimum roughness and the highest machining accuracy 
at the same time has been solved on the basis of a combination of Taguchi technique 
and grey relation analysis (GRA). 
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1 Introduction 

Machine parts with high precision, surface quality and durability are the basis for 
the introduction of modern, high-quality machines and equipment (accuracy, relia-
bility, long life). Grinding has an important place in modern mechanical engineering 
because of its ability to outperform other cutting methods when it comes to machining 
materials with high mechanical strength and hardness. Because grinding is often 
chosen as the final finishing process, the surface quality of the grinding surface 
directly affects the durability and working quality of the machine part. Surface rough-
ness after machining greatly affects chemical corrosion and fatigue strength of the 
part. Because at the bottom of the undulations is the place where the stress is concen-
trated with a very large value, where microcracks appear, which is the cause of part 
failure [1]. 

The following are some publications related to the cylindrical grinding process 
as well as the optimization method based on the Taguchi approach combined with 
gray relation analysis. The study of the effects of EN24 steel cylindrical grinding 
process parameters based on the Taguchi method is introduced in [2]. The impact 
of grinding process parameters on surface roughness of ENS steel has also been 
published in [3]. From there, the optimization for improved surface roughness is 
done. The multi-objective optimization of the cylindrical grinding parameters to 
achieve three objectives simultaneously as contact temperature, material removal 
rate (MRR), and machining cost are presented in [4]. In the study [5], the authors 
presented a study on the influence of process parameters on roughness and machining 
accuracy when drilling heat-treated steel. The multi-objective optimization process 
based on Taguchi method combined with gray analysis is also presented here. 

This paper presents a study on round grinding of hardened X12M alloy steel 
on a CNC universal grinder. Taguchi technique and analysis of variance (ANOVA) 
combined with gray relation analysis (GRA) were used here. The contribution of each 
process parameter on the roughness and dimensional precision were defined. Besides, 
the optimal combination of parameters for both the roughness and dimensional 
accuracy objectives was obtained. 

2 Theoretical Basis 

2.1 Taguchi Technique and ANOVA [6] 

Taguchi technique combined with ANOVA is widely used in process optimization. 
One of the essential tools of the technique is the Signal to Noise (S/N) ratio. 

S/N (Sign-to-Noise) represents quality characteristics of the observed data and is 
determined by using equation 

S/N = −10 lg(MSD) (1)
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MSD is mean squared deviation and is determined on a case-by-case basis. 
If the required response value is smaller, it is better: 

MSD = 1 
n 

nΣ 

i=1 

y2 i (2) 

If the required response value is larger, it is better: 

MSD = 1 
n 

nΣ 

i=1 

1 

y2 i 
(3) 

where 

y1, y2 … yn are results of the experiments or output responses 
n is the number of iterations of an experimental run. 

By applying ANOVA, the contribution of an input variable to the output objective 
function is determined. 

2.2 Grey Relation Analysis Method [7, 8] 

Grey relation analysis method is often applied to solve multi-objective optimization 
problems. The GRA process consists of two steps: 

First step is normalizing the output responses. Data values of the output responses 
are normalized to values from 0 to 1. 
Second step is calculating Grey Relational Coefficient and Grey Relational Grade. 

Based on Gray Relation grade, which process is optimal for multiple objectives 
can be determined. 

3 Experiments, Results and Discussion 

3.1 Experimental Setup 

3.1.1 Experimental Conditions 

The test part is a push pin of the plastic mold with the design drawing as shown in 
Fig. 1. The parts are made of alloy steel X12M and tempered to a hardness of 58-62 
HRC. The experiment was conducted on Universal Grinder Supertec (Fig. 2). Main 
specifications of the grinder are presented in Table 1. Measurement equipments are
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Fig. 1 The test part 

device for measuring roughness HOMMEL TESTER T1000 and digimatic outside 
micrometer MITUTOYO with resolution of 0.001 mm. 

Fig. 2 CNC Universal 
Grinder SUPERTEC 

Table 1 Specification of 
SUPERTEC 32P-100CNC Grinding wheel (Dia. × Width × 

Bore) 
500 × 50–100 × 152.4 mm 

Max grinding diameter Φ360 mm 

Wheel spindle speed 1735 rpm 

Work head spindle speed 30–350 rpm 

Feed rate 1–10,000 mm/min 

X-axes ServoMotor 0.6 kW 

Z-axes ServoMotor 0.6 kW 

Wheel spindle motor 3.75 kW 

Work head spindle motor 1 kW  

Controller FANUC
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3.1.2 Experimental Design 

The experiment is carried out based on the orthogonal array L9. Three input variables 
are workpiece speed (n), feed rate (f), depth of cut (t). Each variable has three levels as 
shown in Table 2. The speed of the grinding wheel remains unchanged at 1735 rpm. 
The cylindrical part of the test part (Φ8 × 150) is ground in the condition of flushing 
cutting fluid with different sets of process parameters. According to orthogonal array 
L9, there are 9 runs of experiments with 9 input data sets is presented in Table 3. 
However, to ensure accuracy, 3 samples are machined for each test run. Thus, there 
are 27 test samples. The average value of the measurement results of roughness 
and diameter deviation of 3 samples will be recorded. The average value of the 
roughness measurements (Ra) and the average value of the diameter deviations (ΔD) 
are recorded in column 6 of the table, in turn. The ratios S/NRA for Ra and S/NΔD 

for ΔD are determined according to Eqs. (1) and (2) and are presented in this table, 
too. 

Table 2 Process parameters and their levels 

N0 

TT 
Parameters Low level Average level High level 

1 Work speed n , rpm 100 150 200 

2 Feed rate f, mm/min 30 40 50 

3 Depth of cut t, mm 0.005 0.025 0.045 

Table 3 Orthogonal array L9 of the experimental runs and results 

N0 n (rpm) f (mm/min) t (mm) Ra (µm) ΔD (µm) S/NRa S/NΔD 

1 100 30 0.005 0.216 5.5 13.3109 −14.8073 

2 100 40 0.025 0.329 6.3 9.6561 −15.9868 

3 100 50 0.045 0.631 14 3.9994 −22.9226 

4 150 30 0.025 0.340 6.7 9.3704 −16.5215 

5 150 40 0.045 0.630 9.3 4.0132 −19.3697 

6 150 50 0.005 0.151 4 16.4205 −12.0412 

7 200 30 0.045 0.590 9.3 4.5830 −19.3697 

8 200 40 0.005 0.134 3.5 17.4579 −10.8814 

9 200 50 0.025 0.246 6 12.1813 −15.5630
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3.2 Determining the Influence of Process Parameters 
on the Roughness 

The effects of workpiece speed (n), feed rate (f), depth of cut (t) on the surface 
roughness (Ra) are shown in Fig. 3. The average S/N values of these influence levels 
are presented in Table 4. When S/N is larger then Ra is smaller. By using ANOVA 
we have determined the influence of the process parameters on the surface roughness 
as shown in Table 5. 

Fig. 3 The effects of n, f, t on Ra 

Table 4 The average S/N 
values of influence levels of 
n, f, t to Ra 

S/N 

Level n f t 

1 8.989 9.088 17.702* 

2 9.935 10.376 10.403 

3 11.407* 10.867* 15.730 

The symbol ‘*’ shows that the S/N value of the parameter (n or 
f or t) at the corresponding level is the largest compared to the 
other two levels of that parameter. From that, it can be seen that 
the optimal parameter set is the parameter set at the levels with the 
largest S/N values
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Table 5 The contribution of 
factors to Ra N0 Parameter Percentage contributions, % 

1 Workpiece speed (n) 4.16 

2 Feed rate (f) 2.37 

3 Depth of cut (t) 93.3 

4 Error 0.17 

Depth of cut (t) has the greatest impact (93.3%). workpiece speed (n) and Feed rate 
(f) have little effect on the surface roughness. Their influence levels are 4.16% and 
2.37%, respectively. The effect of noise factors is not significant (0.17%). Analysis 
of the influence of factors by Taguchi method (Fig. 3) shows that the optimal set of 
process parameters for the smallest roughness is (n3f3t1). That means the optimal 
parameter set for the smallest roughness is the workpiece speed of 200 rev/min, the 
feed rate of 50 mm/min and the depth of cut of 0.005 mm. 

3.3 Determining the Influence of Process Parameters 
on the Dimension Accuracy 

The effects of workpiece speed (n), feed rate (f), depth of cut (t) on the diameter 
deviation (ΔD) are shown in Fig. 4. The average S/N values of these influence levels 
are presented in Table 6. When S/N is larger then ΔD is smaller. By using ANOVA 
we have determined the influence of process parameters on diameter deviation as 
shown in Table 7.

The rule of the effect of process parameters on diameter deviation is the same as for 
surface roughness. Depth of cut (t) has the greatest impact (84.95%). The influence 
levels of feed rate (f) and depth of cut (t) are 9.87% and 3.77%, respectively. The 
effect of noise factors is 1.41%. Analysis of the influence of factors by Taguchi 
method (Fig. 4) shows that the optimal set of process parameters for the smallest 
diameter deviation (ΔD) is (n3f2t1). That means the optimal parameter set for the 
smallest diameter deviation is the workpiece speed of 200 rev/min, the feed rate of 
40 mm/min and the depth of cut of 0.005 mm. 

3.4 Multi-object Optimization for the Lowest Roughness 
and the Highest Dimensional Precision 

Firstly, the data of two target functions Ra and ΔD is normalized. Normalized data are 
recorded in columns 1 and 2 of Table 8. The deviation sequences between reference 
sequences and comparable sequences are calculated. The results are shown in column 
3 and column 4. The gray coefficients for each experiment are determined and are
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Fig. 4 The effects of n, f, t on ΔD 

Table 6 The average S / N 
values of influence levels of 
n, f, t to ΔD 

S/N 

Level n f t 

1 −17.906 −16.899 −12.577* 

2 −15.977 −15.413* −16.024 

3 −15.271* −16.842 −20.554 

The symbol ‘*’ shows that the S/N value of the parameter (n or 
f or t) at the corresponding level is the largest compared to the 
other two levels of that parameter. From that, it can be seen that 
the optimal parameter set is the parameter set at the levels with the 
largest S/N values 

Table 7 The contribution of 
factors to ΔD N0 Parameter Percentage contributions, % 

1 Workpiece speed (n) 9.87 

2 Feed rate (f) 3.77 

3 Depth of cut (t) 84.95 

4 Error 1.41

shown in column 5, column 6. Finally, the grey relational grade for each run is 
calculated and is shown in the last column.

All individual performance characteristics can be expressed by a single criterion 
such as the grade. So, grade is considered as a common criterion for both surface
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Table 8 Results of grey relational analysis 

Runs Normalization Deviation sequence Grey relational 
coefficient 

Grade 

Roughness 
Ra 

Diameter 
error 
ΔD 

Roughness 
Ra 

Diameter 
error 
ΔD 

Roughness 
Ra 

Diameter 
error 
ΔD 

1 0.835 0.8095 0.165 0.1905 0.7519 0.7241 0.738 

2 0.6076 0.7333 0.3924 0.2667 0.5603 0.6521 0.6062 

3 0 0 1 1 0.3333 0.3333 0.3333 

4 0.5855 0.6952 0.4145 0.3048 0.5467 0.6213 0.584 

5 0.002 0.4476 0.998 0.5524 0.3338 0.4751 0.4045 

6 0.9658 0.9048 0.0342 0.0952 0.9360 0.84 0.888 

7 0.0825 0.6952 0.9175 0.3048 0.3527 0.6213 0.487 

8 1 1 0 0 1 1 1 

9 0.7746 0.7619 0.2254 0.2381 0.6893 0.6774 0.6834

roughness and dimensional accuracy. Therefore, it is possible to convert the multi-
objective optimization problem to the one-objective grade optimization problem. 
Solve this problem using Taguchi method with the choice “the larger, the better” we 
have S/N ratio for each run by using (1) and (3). Main effects of workpiece speed (n), 
feed rate (f), depth of cut (t) to the grade are shown in Fig. 5. From that, the optimal 
parameter set for the highest grade is defined as n3f1t1. So, with the workpiece speed 
of 200 rev/min, the feed rate of 30 mm/min and the depth of cut of 0.005 mm we 
will have the lowest roughness and the highest dimensional precision.

4 Conclusions 

A study about the CNC cylindrical grinding process of heat-treated alloy steel has 
been introduced in the paper. Taguchi method and gray relation analysis have been 
applied in this study. The effect of the three process parameters of workpiece speed, 
feed rate and depth of cut on surface roughness is similar to their effect on machining 
accuracy. The effect of depth of cut on roughness and machining accuracy is very 
large. Meanwhile, the influence of workpiece speed and feed rate on roughness as 
well as machining accuracy is very small. In which, the effect of workpiece speed 
is slightly larger than the effect of feed rate. Single-objective and multi-objective 
optimal parameter sets in the experimental domain are also found. These research 
results help the machine operator to select the machining parameters suitable for the 
desired goal.
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Fig. 5 The effects of n, f, t on the grade

References 

1. Stephenson DA, Agapiou JS (2006) Metal cutting theory and practice. CRC Taylor and Francis 
Group 

2. Shanmuganathan R, Sudhakar M, Kannan TTM, Vijayakumar P, Sukumar S (2021) Optimization 
of cylindrical grinding process parameters on EN24 steel. Int Res J Eng Technol (IRJET) 

3. Patel DK, Goyal D, Pabla BS (2018) Optimization of parameters in cylindrical and surface 
grinding for improved surface finish, vol 5. The Royal Society 

4. Roy R, Ghosh SK, Kaisar TI, Ahmed T, Hossain S, Aslam M, Kaseem M, Rahman MM (2022) 
Multi-response optimization of surface grinding process parameters of AISI 4140 alloy steel 
using response surface methodology and desirability function under dry and wet conditions. 
Coatings 

5. Bui NT, Phan TH (2022) A study on selecting cutting regime to attain suitable roughness and 
dimensional precision in both when drilling tempered steel 20XHM. In: The AUN/SEED-Net 
joint regional conference in transportation. Proceeding of RCTEMME2021, pp 286–300 

6. Taguchi G (1990) A primer on the Taguchi method—Joyce Cary, TS156.R69 
7. Julong D (1989) Introduction to grey system theory. J Grey Syst 
8. Lin JL, Tarng YS (1998) Optimization of the multi-response process by the Taguchi method 

with grey relational analysis. J Grey Syst 4:355–370



Analysis of Vehicle Structural 
Performance During Side Impact Using 
Computer Model 
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Abstract This paper examines the structure of a vehicle when it collides with a 
Moving Deformable Barrier (MDB) using a computer simulation model. The model 
was created to simulate actual test conditions created with Hyper Mesh and LS-
DYNA software. The crash simulation results were then compared to the rating 
guidelines of the Insurance Institute for Highway Safety (IIHS) to evaluate the 
overall vehicle structure and measure intrusion. This study utilized a full vehicle 
finite element model to construct a crash analysis model in accordance with the IIHS 
side impact test regulations and conducted a crash analysis. The results were then 
compared to the actual vehicle crash test results to validate the analysis model, and a 
side body member that had a significant impact on the side impact performance was 
identified using the verified analysis model. The crash analysis using finite element 
models revealed that the most severe damage to the vehicle frontal structure occurred 
when the vehicle model collided with the Moving Deformable Barrier on the left side 
of the vehicle model. This study concluded that the B pillar and proof need to be 
improved to achieve a higher rating from the IIHS. 
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1 Introduction 

In car accidents, the passengers are always at risk of injury, with the crash forces 
being applied outside of the vehicle’s longitudinal structure [1]. Furthermore, these 
forces are attacked to the front suspension with wheels, the firewall, and the base 
of the A-pillar, which are not typically designed to absorb and disperse crash forces 
[2–6]. 

Researchers are working towards improving the frontal crashworthiness of vehicle 
structures. Halloway et al. have introduced classifiers to determine the number of 
longitudinal members required for the structure [7]. Jakobsson et al. have docu-
mented the significance and advancements in car design over the past two decades, 
specifically when it comes to partial overlap in severe frontal collisions [8]. Chittepu 
has explored the advantages of robustness analysis in virtual product development, 
using a crash load case from the insurance industry as an example [9]. Despite these 
efforts, most studies only consider a single barrier scenario. The challenge is finding 
a balance between reducing weight and fulfilling the demands of various load cases. 

No studies have been published yet on the recent research topic. The IIHS has 
improved its small-overlap research program with updated barrier designs, which 
are used in crash experiments [9–13]. The aim of this study was to assess the overall 
structural safety ratings of vehicles during a side impact crash, based on the IIHS 
test. The research focused on analyzing truck accidents involving heavy trucks and 
sedans, particularly in terms of under-ride crashworthiness [15], which can result in 
significant vehicle damage and put occupants of smaller vehicles at risk [10]. The 
study used a computer model of a sedan and applied it to a real IIHS crash test [14], 
simulating the side impact scenario with LS-DYNA software [7]. 

The introduction sets the stage for the paper. Section 2 covers standard crash tests. 
Section 3 showcases the finite element model used for simulation. Section 4 details 
the model experiments for side impact scenario evaluation. Results are analyzed 
for full vehicle structural safety. The paper concludes with potential future research 
avenues. 

2 Side Impact Modeling 

2.1 Moving Deformable Barrier Model Designs 

This study involved the design of a moving deformable barrier, as shown in Fig. 1, 
based on the specifications outlined in [14]. The barrier setup is illustrated in Fig. 2. 
The CATIA software was utilized to construct the barrier, and Hyper Mesh was then 
used to develop its finite element model. Figure 3 presents the evaluations used in 
the side impact simulation crash test.
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Fig. 1 Moving deformable barrier elements and dimensions in 2D drawing 

Fig. 2 Moving deformable barrier setting for side impact
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Fig. 3 The IIHS structural performance criteria, measured at the B-pillar at top, front and side 
views 

2.2 Side Impact Test Model 

The side impact crash test model was based on the real-life IIHS crash test. It involved 
a stationary vehicle hit on the driver side by a crash cart with an IIHS deformable 
barrier. The 1500 kg barrier impacted the vehicle at 50 km/h and a 90-degree angle. 
The longitudinal impact point of the barrier depends on the vehicle’s wheelbase. The 
impact reference distance (IRD) is the distance from the front axle to the center of 
the barrier at first contact (Fig. 2). 

3 Side Impact Test Simulation 

3.1 Full Vehicle Model with Side Impact Simulation 

In a side impact collision, the affected area covers half of the vehicle’s side compared 
to its full length, causing significant damage to the car’s body. Figures 4, 5, 6, 7 and 
8 illustrate the setup of the vehicle model in a side impact test simulation, the results 
of a real crash test conducted by the IIHS (Insurance Institute for Highway Safety), 
and a comparison of these results with the simulation. The results indicate that the 
majority of the load was absorbed by the side structures of the vehicle, including 
the floor, roof, rocker arm, and B pillar, leading to significant intrusion into both the 
upper and lower parts of the occupant compartment. The comparison of the IIHS test 
and simulation results is shown in Table 1, which reveals an error of 2% in the side 
impact intrusion of the vehicle structure. Figure 8 shows the positions of the A, B, 
and C pillars.
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Fig. 4 Top view of the  side  
crash test simulation model 

Fig. 5 IIHS side crash test 

Fig. 6 The side impact  test  
result by IIHS 

Fig. 7 The side impact  test  
result by simulation
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Fig. 8 Pre-crash of vehicle body frame structure in side impact 

Table 1 Comparison of 
physical test and simulation Test Simulation Error (%) 

Intrusion (mm) −25 −24.5 2 

Mass (kg) 1203 1218 1.2 

Rating Poor Poor 

3.2 Vehicle Structure Side Impact Analysis 

In the side crash, the energy absorption area is the passenger and driver side areas 
with the highest intrusions into the occupant compartment: the barrier primarily 
loads the B pillar and doors, mostly missing contact with the A and C pillar. The 
positions of A, B, C pillars and rocker arm are shown in Fig. 8. This concentrates 
energy absorption on the B pillar and lower rocker arm structures and for most Sedan, 
the moving deformable barrier impacts above the vehicle rocker arm, requiring all 
energy to be absorbed by the B pillar and door structures. 

The area D1 of the vehicle structure include lower B pillar and rocker arm as 
shown in Figs. 9 and 10, and the area D2 contain the upper B pillar and the roof, A 
pillar and C pillar as show in Fig. 8. The left side body of the vehicle include the 
frame outside and the structure inside the frame as shown in Fig. 9.

D1 region: In this stage, the moving deformation barrier attached to the B pillar 
and rocker arm. It causes the B pillar bent and the energy absorb was missing. The 
rocker arm was serious damaged with the broken at the middle point. The B pillar 
and the rocker arm are divided into 9 parts as shown in Figs. 11 and 12 to analysis 
the vehicle structure.

D2 area: the energy absorbing is totally missing due to the MDB size. In this case 
only the roof was attached by the B pillar bent. The energy absorbing of B pillar 
and the roof as shown in Fig. 13. Base on the results in the Table 1 the rating from 
IIHS is POOR so that the B pillar is needed to improve for side impact. So that the 
sensitive part analysis was used to optimal design the vehicle structure. In Fig. 14, 
the components are the parts causing the deformation for side impact test simulation.
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Fig. 9 Right view outside of body structure pre-crash on the left hand side 

Fig. 10 Left view inside of 
body structure pre-crash on 
the left hand side

Fig. 11 B pillar and rocker 
arm parts analysis on the 
outside 

Fig. 12 B pillar and rocker 
arm parts analysis on the 
inside
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Fig. 13 B pillar vertical 
profiles 

Fig. 14 Sensitive parts 
analysis
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4 Conclusion 

In this research, a finite element model was utilized to simulate the impact of a side 
collision on a vehicle. The simulation outcomes indicated substantial intrusion into 
the passenger compartment, resulting in a bent B-pillar, damage to the A-pillar and 
C-pillar of the vehicle structure, and widespread damage to the side of the vehicle. 
Currently, most vehicles are designed to absorb impact through the front end, but this 
simulation showed that the side collision caused the B-pillar to buckle, preventing 
proper energy absorption and causing serious harm to passengers, especially the 
driver. To rectify this issue, future research will focus on enhancing the design of 
the B-pillar and the body frame structure to optimize their cross-sectional design for 
better performance during side impact tests. 

Acknowledgements The authors express their gratitude to Van Lang University in Vietnam for 
their invaluable contribution in financing this study. 

References 

1. Luu NPT, Anh LH (2021) A study on optimal design of longitudinal shape for improving 
small-overlap performance. In: Abdel Wahab M (eds) Proceedings of the 8th international 
conference on fracture, Fatigue and Wear 

2. Bois PD, Chou CC, Fileta BB, Khalil TB, King AL, Mahmood HF, Mertz HJ, Wismans J 
(2004) Vehicle crashworthiness and occupant protection. Michigan, pp 11–176 

3. Brumbelow ML, Zuby DS (2012) Impact and injury patterns in frontal crashes of vehicles with 
good ratings for frontal crash protection. IIHS paper No 09-0257. USA 

4. Halloway DE, Pintar F, Saunders J, Anelli AB (2012) Classifiers to augment the CDC system 
to distinguish the role of structure in a frontal impact taxonomy. SAE paper, NO 2012-01-0575 

5. Jakobsson L, Mcinally G, Axelson A, Lindman M, Kling A, Broberg T, Fermer M, Wagstrom 
L (2013) Severe frontal collisions with partial overlap-two decades of car safety development. 
SAE paper, NO 2013-01-0759 

6. Chittepu K (2011) Significance of robustness evaluation in crash analysis. SAE paper, NO 
2011-26-0017 

7. Hallquist JO (2007) LS-DYNA keyword user manual, Livermore software technology 
corporation 

8. Murri R, Caviezel S, Gerster B (2013) Relevance of the IIHS small-overlap crash test in Europe. 
Internal study DTC Dynamic Test Center AG, Report number pSi-13-0130 

9. Luu NPT (2019) Analysis of bus structural performance during full frontal impact. In: IEEE 
proceeding on system science and engineering, pp 635–638. https://doi.org/10.1109/ICSSE. 
2019.8823416 

10. Luu NPT (2018) Vehicle frontal impact to Pole Barrier simulation using computer finite element 
model. In: IEEE proceeding on green technology and sustainable development, 2018, pp 273– 
277. https://doi.org/10.1109/GTSD.2018.8595702 

11. Luu NPT (2017) An optimisation approach to choose thickness of three members to improve 
IIHS small-overlap structural rating. Int J Crashworthiness 22(5):518–526. https://doi.org/10. 
1080/13588265.2017.1281203 

12. Nguyen PTL, Lee JY, Yim HJ, Lee SB, Heo SJ (2015) Analysis of vehicle structural 
performanceduring small-overlap frontal impact. Int J Autom Technol 16(5):799–805

https://doi.org/10.1109/ICSSE.2019.8823416
https://doi.org/10.1109/ICSSE.2019.8823416
https://doi.org/10.1109/GTSD.2018.8595702
https://doi.org/10.1080/13588265.2017.1281203
https://doi.org/10.1080/13588265.2017.1281203


446 V. H. Phan and L. P. T. Nguyen

13. Nguyen PTL, Lee JY, Yim HJ, Lee SB, Kim HK, Heo SJ (2015) A study on optimal design of 
vehicles structure for improving small overlap rating. Int J Autom Technol 16(6):959–965 

14. Insurance Institute for Highway Safety, Side Impact Crashworthiness Evaluation Test Protocol, 
Version VII, 2014 

15. Anh TT, Luu NPT (2021) A study on car-to-truck rear underride with and without protection 
device. In: Long BT, Kim YH, Ishizaki K, Toan ND, Parinov IA, Vu NP (eds) Proceedings 
of the 2nd annual international conference on material, machines and methods for sustainable 
development (MMMS2020)



Investigation on TiAgN Thin Film 
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Abstract Titanium nitride (TiN) thin film has been used widely in surgical instru-
ments, and dental and medical implants providing an inert surface barrier that protects 
the products from corrosion and improves the wear resistance. By adding silver (Ag) 
to TiN, titanium silver nitride (TiAgN) is predicted to be able to perform the antibac-
terial effect. In this work, a co-sputtering technique was employed for TiAgN fabrica-
tion. Pure titanium and silver targets were sputtered by DC (direct current) and pDC 
(pulse direct current) powers, respectively. The pulse frequency of pDC power was 
varied to examine the coating’s constituent, microstructure, and formation velocity. 
The chemical composition of the coating was investigated by the Energy Dispersive 
Spectroscopy (EDS), whereas the morphology and thickness of the coating were 
observed by Field Emission Scanning Electron Microscope (FESEM). The experi-
mental results showed that TiAgN coating was well formed on Si wafers. The pulse 
frequency strongly affected composition and morphology, and the Ti/Ag ratio of the 
coating as well. At 70 kHz, the TiAgN coating has the highest dense structure and 
fastest formation velocity. After that, TiAgN was coated onto prosthetic eyeballs 
made of PEEK (Poly-ether-ether-ketone)—a popular material used in biomedical. 
Preliminary examination indicated that there is no dispersion of TiAgN coating to 
tissue that is directly in contact with the implant coated ball. 
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1 Introduction 

Titanium alloys are widely used due to their low-density high hardness, wear resis-
tance, and oxidation resistance, hard coatings have been used in a wide range of 
applications such as aerospace, automotive, dies, mold, cutting tools, and decoration 
purposes as well. In all kinds of Ti-base hard coatings, titanium nitride (TiN) hard 
coating is commonly used in industry [1–3]. Titanium nitride coating is also utilized 
to provide improved performance on surgical instruments and dental and medical 
implants providing an inert surface barrier that protects the products from corro-
sion and improves the wear resistance maintaining the integrity of the cutting edge 
longer. TiN, however, does not contain antibacterial properties. Silver (Ag) has been 
demonstrated to possess an effective antibacterial effect and has been widely used 
in medicine. Moreover, Ag can be manufactured into silver nanoparticles through 
nanotechnology to have improved physical, chemical, and biological properties. The 
introduction of Ag into TiN created a new antibacterial biomaterial [4–6]. 

With regard to PVD (Physical Vapor Deposition) method, poly-metallic thin 
films which are constructed from nanoparticles can be fabricated by two methods 
including using poly-metallic targets and co-technique. The former use targets that 
are composed of desired metals with desired percentages. While the latter use pure 
metal targets and metal will be deposited at the same time onto a substrate. With a 
poly-metallic target, the constituent of fabricated thin coating is dependent on the 
constituent of a poly-metallic target. As a result, the method is not suitable for research 
but for industrial purposes. By controlling some factors such as power source, inlet 
gas, and constituent of thin coatings, that are fabricated by co-technique, are able to 
be controlled. Kang et al. [4, 5] used a titanium-silver alloy target with wt% silver 
content varying from three to twelve to form TiAgN by arc ion plating. Biocompati-
bility and antibacterial testing indicated that the existence of silver not only does not 
create cytotoxic effects but also increases the effectiveness of antibacterial. Mean-
while, Moseke et al. [6] used electric arc and RF (Radio Frequency) magnetron 
sputtering sources to vapor pure Ti and Ag, respectively. Hardness testing results 
showed an increase in hardness since introducing silver at suitable weight content. 
At a concentration of 1.4% the coating reached the highest hardness and the value 
decreased correspondingly to the increase in silver content. Nonetheless, this depo-
sition technique created many droplets on the coating surface coming from the use 
of an arc source. 

In this research, we proposed a novel fabrication method that can control the 
percentage of silver in a TiAgN coating. Two separated DC (Direct Current) sources 
will be employed to sputter two pure targets. The fabrication of TiAgN coat-
ings was preliminarily investigated to find out suitable fabricating parameters. The 
TiAgN coating, then, was applied on prosthetic eyes which were made by PEEK 
(Polyetheretherketone) for biomedical investigations.
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2 Experimental Details 

Before coating onto the sphere surface, TiAgN firstly is deposited on flat samples 
(Silicon wafers). Secondly, we investigate the properties of the TiAgN coating and 
determine the fabrication parameters. Finally, TiAgN will be coated onto spheres 
which will be utilized as an artificial eyeball. The co-sputtering technique will be 
employed to form the coating with the constitution of each element Ti, Ag, and 
N controllable. In the sputtering technique, there are five parameters that strongly 
affect thin film formation capability and its quality including power supply, pulse 
frequency, substrate temperature, substrate—target distance, working pressure, and 
gas flow rate. 

2.1 Equipment and Materials 

UNIVEX400 vacuum system (Leybold, Germany) is used for the coating’s fabrica-
tion. Ti target (99.95%, Angstronscience, USA) and Ag target (99.99%, Angstron-
science, USA) of Ø54 × 10 mm in dimension were used; Ar 99.999% and N2 
99.999% (Cryotech, Vietnam) were used as processing and precursor gasses, respec-
tively. Airflow was controlled by Mass Flow Control MKS MF1. Two sputtering 
sources with two kinds of power supply were utilized. The first one is DC power 
supply GS20, ADL with fast and automatic arc handling having output power, 
voltage, and current maximum 2000 W, 800 V, and 3.5 A, respectively. The second 
one is pulse DC power supply having a maximum value of output power 2000 W, 
output voltage 800 V, output current 12.5 A, and pulse frequency can be changed in 
the range of 2–100 kHz. 

Before coating, all samples were cleaned with acetone (99.8%, Merck, Germany), 
and DI water (Merck, Germany). Cleaning processes were performed in an ultrasonic 
bath (S30H, W× D× H= 301× 189× 218 mm, Elma, Germany). Sample materials 
that were used in this research include silicon wafers and PEEK (Polyetheretherke-
tone). The former was cut into pieces of around 8 × 8 mm, while the latter was 
examined with two different kinds of surfaces including flat (sample pieces in a 
dimension of 20 × 8 × 5 mm in length, width, and depth, respectively) and sphere 
(with a diameter of 12 mm) as shown in Fig. 1.

2.2 Fabrication TiAgN Onto Si Wafers and Prosthetic Eye 
Balls 

Silver target was assembled on sputtering source supplied by DC power, while tita-
nium target was put on pulse DC power source. Before fabricating, target surfaces
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(a) Si wafers (b) Sphere PEEK 

Fig. 1 Samples used in the research. a Si wafer. b sphere PEEK

Table 1 Fabrication 
parameters Fabrication parameters Value 

Base pressure 1.5 × 10–6 mbar 

Working pressure 3.7 × 10–3 mbar 

Substrate temperature Room temperature 

Substrate—target distance 100 mm 

Fabrication time 60 min 

Argon flow rate 20 sccm 

Nitrogen flow rate 1.1 sccm 

DC power (Ag target) 5 W  

Pulse DC power (Ti target) 180 W 

Pulse DC frequency 10, 30, 50, 70, 100 kHz 

were clean by plasma to remove the surface oxide layer. Table 1 shows the fabri-
cating parameters for TiAgN thin film fabrication. Regarding prosthetic eye balls, 
after 60 min, PEEK balls were taken out and turned over to coating onto the back 
sides. The coating process was performed as same as for the upper sides. In this 
work, after finishing the coating process, PEEK balls stayed in the vacuum chamber 
for two hours before venting and taking out. This will help reduce the thermal stress 
of the TiAgN coatings. 

3 Results and Discussion 

Figure 2 shows the variation of elements percentage of TiAgN thin film depending 
on the variation of fabricating frequency. In the range of pDC frequency from 10 to 
30 kHz, the percentage of the elements is almost unchanged. The values witnessed 
a significant variation when pDC frequency increases from 30 to 100 kHz. The 
TiAgN fabricated at 100 kHz has a constituent roughly similar to that at 10 kHz. 
Because silver might effect on mechanical properties of the thin coating, we desire
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Fig. 2 The variation of 
element percentage in 
TiAgN thin film 

to obtain the weight percentage of silver in the coating below 20%. Addition-
ally, the microstructure of the coatings fabricated at different frequencies was also 
investigated. 

SEM images of coatings’ cross-section (see Fig. 3) indicated that all fabricated 
coatings have a columnar structure. However, the dense level and deposition rate are 
different. It can be seen that thin coatings fabricated at 10 kHz and 50 kHz have a low 
dense structure, while these at 70 kHz and 100 kHz were formed with a higher dense 
structure. Regarding deposition rate (see Fig. 3), this value increases corresponding to 
the increase of pDC frequency from 10 to 70 kHz (reaching a peak of approximately 
21.6 nm/s) and then going down significantly to 14.7 nm/s at 100 kHz. Based on 
information of elements constituent, coating’s microstructure and deposition rate, a 
pulse frequency of 70 kHz is chosen.

The coated balls were implanted in dog and rabbit eyeballs. After implanting, 
animals were monitored for 4 and 8 weeks. Prosthetic intraocular, then, were taken out 
and investigated on tissue at surrounding implanted TiAgN coated ball. Preliminary 
estimation indicated that there is no dispersion of TiAgN coating to tissue that directly 
contact to implant coated ball. Additionally, the coated prosthetic surface has no 
discolored phenomenon and no pitted marks. There is no change in the surface’s 
morphology in the comparison with originally coated balls (as shown in Fig. 4).
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10 kHz 30 kHz 50 kHz 

70 kHz 100 Hz 

Fig. 3 SEM images of TiAgN coatings onto Si wafers at different pDC frequencies

Fig. 4 Microscopic retinal after implanting prosthetic PEEK eye coated by TiAgN 

4 Conclusion 

This paper proposed the novel method to fabricate TiAgN film. Co-sputtering tech-
nique, in which each pure target was sputtered dependently, was employed for the 
film formation resulting in controllability of the coating component (Ti, Ag, and 
N). Pulse frequency was varied to examine the coating formation process and the 
variation of silver in the coating. At 70 kHz, the process achieves the highest depo-
sition rate with high dense coating. Additionally, at this frequency, the content of 
silver is nearly the lowest which might result in nearly the highest hardness TiAgN 
coating. The coated balls were implanted in dog and rabbit’s eyeballs. Preliminary 
estimations showed the biocompatibility of the coating. These pave the way for the 
applications of TiAgN in medical implants.
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In future works, we intend to investigate not only the mechanical properties of the 
TiAgN coating such as wear resistant capability, and hardness but also the antimi-
crobial properties. The formation process will be carefully investigated for the best 
constituent of each element that is suitable for medical applications. 
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Standard Machine at Vietnam Metrology 
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Abstract This paper presents the estimation of the uncertainty of the torque standard 
machine manufactured and integrated at the Vietnam Metrology Institute. The uncer-
tainty is composed of the uncertainty of component quantities such as arm length, 
weight, frictional moment, shaft tilt, and load oscillation… From that, an estimate 
of the uncertainty of the primary torque standard was made. The machine with dead 
weight is designed in the torque range of 2 kNm, horizontal shaft, integrated with 
rotary air bearing to minimize the coefficient of friction. The standard arm of the 
machine is made from Invar material, has a low coefficient of thermal expansion, 
has an adjustment to compensate for manufacturing errors, and ensures the standard 
length. This research is one of the national projects aimed at creating the primary 
torque standard machine in Vietnam of 2 kNm with measurement uncertainty 5 × 
10–4. 
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1 Introduction 

Torque standard machines are used to generate standard torque values and ensure 
accuracy in torque measurement equipment. Each country has its own primary torque 
standard machine, and differences in measurement uncertainty between countries are 
a concern. Many countries, particularly those with developed industries, have shown 
interest in manufacturing torque standard machines with standard torque values in 
different ranges and varying levels of uncertainty. These machines are built on the 
principle of generating standard torque using a dead weight suspended on the arm, 
with the torque value transmitted through a torque sensor. The standard torque values 
are compared through key comparisons. 

Several countries, including Spain, Korea, Mexico, and Turkey, have developed 
their own torque standard machines with varying levels of uncertainty. The Spanish 
machine uses an air bearing and has a relative uncertainty of 2 × 10–5 for torque 
values ranging from 1 Nm to 1 kNm [1]. The Korean machine uses an air bearing and 
has an extended uncertainty of 5 × 10–5 for standard torque values of 100 Nm [2]. 
The Mexican machine uses a radial-loaded air bearing and has a frictional moment 
value of 20–25 µNm [3], while the Turkish machine has symmetrical arms made of 
Invar alloy and an uncertainty of less than 1 µm [4]. 

There are also studies on the influence of humans performing operations to obtain 
data, such as the torque standard machine at the National Metrology Institute of 
Brazil, which is manually operated and has torque reference values up to 3 kNm 
[5]. The study presented a comparison of results achieved by operators with varying 
levels of experience but did not provide information on the economic benefits of 
using a low-cost manual-torque reference machine. 

In Vietnam, the Metrology Institute has developed a high-precision torque stan-
dard machine up to 2 kNm with a measurement uncertainty of 5 × 10–4. This machine 
integrates components such as rotary air bearings, deadweight, balance measurement 
sensors, and domestically designed levers using Invar materials. The machine will 
be experimentally evaluated to assess its uncertainty and find solutions to improve 
its accuracy. 

Overall, the measurement uncertainty of torque standard machines varies between 
countries due to differences in machine construction, material used for the arm, 
measuring ambient temperature, and ability to balance the lever arm in the direction 
of acceleration due to gravity. 

2 Principle of Torque Standard Machine 

The principle of a torque standard machine can be designed as shown in Fig. 1.
The distance probe (7) determines the balance position of the lever. Hanging a 

load of mass m with the gravity force and the length of the lever will produce a torque 
T, which will cause the lever to rotate. To regain the equilibrium position, the stepper
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Fig. 1 Principle of torque standard machine. 1—lever arm; 2—air bearing; 3—elastic coupling; 
4—display panel; 5—torque sensor; 6—step motor; 7—distance probe; 8—load hook; 9—dead 
weight

motor will generate a torque against the torque T, causing the lever to return to its 
original state. With standard quantities according to SI system, the generated torque 
value is the standard torque, now the torque sensor (5) will take this standard torque 
signal and transmit it to the secondary standard, or work standards. 

Torque standard machine from all over the world use deadweight and lever lengths. 
Static loads are created by the deadweight, which is the base unit of the Interna-
tional System of Measurements (SI). Currently, some countries have equipment and 
methods to determine the gravitational acceleration at specific locations, for example, 
VMI has cooperated with the Korea National Institute of Metrology and Science 
(KRISS) to determine the acceleration due to gravity in Hanoi is g = 9.78668787 m/ 
s2 [6]. 

Determining the working length of the lever arm is difficult because the center of 
rotation is the imaginary center. Moreover, in order to increase the magnitude of the
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Fig. 2 Design of deadweight torque standard machine. 1—lever arm; 2—deadweight; 3—position 
return cluster; 4—torque transfer 

torque value, the lever arm must have a large length. To determining the exact large 
length of the lever arm is not easy to do. The lever dimension is also changed due 
to the impact of the ambient temperature, due to the deformation of the arm when 
subjected to force during the generation of torque. 

The direct load torque standard machine at VMI is selected and designed according 
to the model of deadweight torque standard machine with horizontal axis, loading 
on both sides of the lever arm, has the overall design as shown in Fig. 2. 

The standard torque value T is calculated according to the following formula [2]: 

T = m × glog × L × (1 − 
ρa 

ρw 
) − T f (1) 

In there: 
m: is the standard mass; gloc: acceleration due to gravity at the location of the 

machine; L: lever arm length; ρa: density of air; ρw: Density of the mass material; 
Tf : frictional moment of the air bearing.
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3 The Component Uncertainties Affect the Uncertainty 
of the Torque Standard Machine 

Based on the mathematical model of the deadweight torque standard machine, the 
combined uncertainty of the machine is influenced by the following components: 

– Overall uncertainty of the mass (uw); Uncertainty of acceleration due to gravity 
(ug); Total uncertainty of lever arm (uL); Uncertainty of air density (uρa); Uncer-
tainty of the mass density (uρw); Uncertainty due to mass fluctuations (uws); Uncer-
tainty due to air bearing friction (uTf ). Thus, we have the formula to determine the 
measurement uncertainty of the deadweight torque standard machine as follows: 

uc = 

/
u2 w + u2 g + u2 L + (u2 ρa + u2 ρw) ×

(
ρa 

ρw − ρa

)2 

+ u2 T f + u2 ws (2) 

where uc is the total uncertainty of the machine. 

3.1 Estimation of the Combined Uncertainty of the Mass 

The combined uncertainty of the mass depends on the following factors: Maximum 
allowable tolerance of the mass; Extended uncertainty of the mass measurement; The 
stability of the mass during use. We have the formula for determining the expanded 
uncertainty of the mass as follows: 

Uw  = δm + Umm  + Ums  = 5 × δm/3 (3)  

In there: 
Uw: expanded uncertainty of the mass; δm: Maximum tolerance of the mass; 

Umm: Extended uncertainty of mass measurement (Umm ≤ δm/3); Ums: Stability 
of the load during use (Ums = δm/3). 

The combined uncertainty of the mass is determined as follows: 

um = 
Uw 

m 
= 

5 × δm 
3 × m 

(4) 

where: m is the nominal mass.
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3.2 Estimate the Uncertainty of the Acceleration Due 
to Gravity 

Gloc is the gravitational acceleration at the place where the standard machine is 
located, Δgloc is the largest error due to time difference, altitude, measurement, etc. 
Then the uncertainty of the gravitational acceleration is calculated as follows: 

ug = 
1 √
3 

× 
Δgloc 

gloc  
(5) 

3.3 Estimate the Uncertainty of Lever Arm 

The uncertainty of the lever arm is determined by the following formula: 

uL =
√||√(

1 √
3 

× α × ΔT

)2 
+

(
ULm + mpeL 

2.L

)
+

(
1 √
3 

× 
L −

√
L2 − y2 
L

)
+

(
1 √
3 

× (1 − cos(δ))
)2 

(6) 

Here are: 
α: Coefficient of thermal expansion of the arm material (/°C); ΔT: Temperature 

difference (°C); L: lever arm length; ULm: Extended uncertainty due to measurement 
of arm length; mpeL: Deviation from nominal dimension; δ: deflection angle of the 
level arm from the horizontal; y: bending of the lever arm under load. 

3.4 Uncertainty Due to Bearing Friction 

Let ΔTf be the frictional moment of the rotating bearing, Tmin is the minimum torque 
produced by the torque standard machine [7]. The uncertainty due to bearing friction 
is calculated by the formula: 

uT f  = 
1 √
3 

× 
ΔT f  

Tmin 
(7) 

3.5 Uncertainty Due to Mass Oscillation 

During operation, it is impossible to avoid external influences that cause the mas to 
be unstable and oscillate around a position. The mass is affecting the accuracy of the
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standard machine. By many methods, we can measure the amplitude of vibration of 
the mass, so it is possible to determine the vibration angle of the mass according to 
the formula: 

θ = arctan
(
d 

l

)
(8) 

In there: 
θ : maximum oscillation angle of the mass (°); d: maximum vibration amplitude 

of the mass (mm); l: distance from mass hanging position and oscillating measuring 
plane (mm). 

The uncertainty of the influence due to vibration of the mass is determined by the 
formula: 

uws = 
1 − cos(θ ) 
2 × 

√
3 

(9) 

3.6 Uncertainty of the Density of the Mass 

Let Δρw be the maximum error in the measurement of the density of the mass, the 
uncertainty of the density of the mass is determined by the formula: 

u = 
1 √
3 

× 
Δρw 

ρw 
(10) 

3.7 Uncertainty of Air Density 

The density of air is approximated by the formula: 

ρa = 
0.34848 − 0.009 × hr × exp(0.061 × t) 

273.15 + t 
(11) 

where: 
pa: is the atmospheric pressure (hPa); hr: humidity of the environment (%RH); t: 

ambient temperature (°C). 
In fact, the environmental conditions are always changing, we only keep the 

environment control in one domain. Let pmin be the minimum atmospheric pressure, 
pmax is the maximum atmospheric pressure, ΔT is the temperature difference, hrmin 

is the smallest ambient humidity, hrmax is the maximum ambient humidity. 
The uncertainty of air density is calculated by the formula:
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uρa = 
1 √
3 

× 
Δpa 

ρa 
= 

1 √
3 

× 
ρa max − ρa min 

ρa max + ρa min 
(12) 

With controlled environment at temperature T = (23 ± 5)°C humidity H = (60 
± 20) %RH, pressure around (99 ÷ 110) kPa, lever arm is used INVAR steel has a 
length of 1 m, the mass is made of stainless steel SUS304 and the mass oscillates up 
to 1 mm at a position 1000 mm from the hanging position, the acceleration due to 
gravity with a combined uncertainty of 1.10–6 thus: 

u2 c =
(
5 × δm 
3 × m

)2 

+ 
1 

4 
× (ULm + mpeL )

2 

+
(

1 √
3 

× (1 − cos(δ))
)2 

+ 9.504582 × 10−11 (13) 

Figure 4 shows the variation of the extension uncertainty of lever arm when the 
arm deflection angle from the horizontal with 3 level of accuracy of the mass E2, 
F1, F2. We can see that with the accuracy level of the mass E2 and F1, the extended 
uncertainty of the lever arm needs to be achieved is higher than the accuracy level 
of the F2 and is almost the same. So, we can choose the accuracy class of the mass 
as E2 or F1 for the design of the deadweight torque standard machine. However, 
in Vietnam, it will be more difficult and expensive to manufacture the mass with 
precision level E2 than F1 level, both of which have similar effects with uncertainty 
of the standard machine. Therefore, choosing the correct F1 level for the design of 
the deadweight torque standard machine is the most optimal solution. 

Based on the graph of the angle of deviation < 0.1° has little effect on the measure-
ment uncertainty of the reference machine with a deviation angle > 0.1°, and the 
extended uncertainty of the lever arm needs to be achieved to ensure the uncer-
tainty. The measurement guarantee of the machine decreases gradually, the larger

Fig. 4 The variation of the extension uncertainty of lever arm when the arm deflection angle from 
the horizontal with 3 level of accuracy of the mass E2, F1, F2 
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the deflection angle, the lower the uncertainty in the extension of the lever arm. Due 
to measurement, it is necessary to ensure that the deflection angle of the lever arm 
relative to the horizontal is < 0.1°. 

4 Conclusion 

In this study, to ensure the uncertainty of the deadweight torque standard machine is 
U = 5 × 10–4, the machine should be designed with the following parameters and 
conditions: Ambient Temperature 23 ± 5 °C; Ambient Humidity 60 ± 20 %RH; 
Minimum barometric pressure 990 hPa; Maximum barometric pressure 1100 hPa; 
Maximum rotary frictional torque 20 µNm; The coefficient of thermal expansion 
of the arm material 1.2 × 10–6/°C; Lever arm length on each side 1 m; Maximum 
deformation at the tip of the lever arm under maximum load 3 mm; The maximum 
deflection angle of the lever arm from the horizontal 0.1°; Vibration of the mass 
at 1000 mm position from the mass hanging point 1 mm; Accuracy level of mass 
F1; Extended uncertainty due to arm length measurement and tolerance to nominal 
dimension 96.6 µm. 
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Using of Composite Materials 
for the Rear Axle Housing 

Nguyen Thanh Quang, Nguyen Quang Thai, Pham Viet Thanh, 
and Le Dinh Manh 

Abstract The rear axle housing of the truck receives the load directly from the 
weight of the cargo and the vehicle’s mass and causes an indirect load of torque, 
bending leading to deformation, cracking, and possibly breakage. Truck’s rear axle 
housing are usually made from main materials such as cast steel, welded steel or 
cast iron. In the general case, stress and strain analysis when is subjected to bending 
will predict the failure modes for design and manufacturing. Finite element method 
(FEM) and simulation in Ansys Workbench 2022R1 software were used in this study. 
Some composite materials are selected to replace the original material to casting and 
welding technology replace and reduce the overall mass of trucks. The results of 
stress and strain analysis on 3 types of materials (steel, cast iron, composite) shown 
that the maximum value of equivalent stress (von-misses), maximum principal stress, 
and the maximum shear stress. The crack analysis results shown that the maximum 
value of J-Integral. When replacing composite material compared with the original 
material, the mass of the rear axle housing was reduced by 54%, and reliability and 
durability were also improved. 

Keywords Steel carbon · Cast iron · Composite · Stress and strain · Mass reduce 

1 Introduction 

Truck’s rear axle is one of the main components bearing weight of cargo and of 
itself, torques, bending moments and dynamic loads during movement on bumpy 
roads. The rear axle housing of axle (hereinafter called the rear axle housing) is used
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to support the vehicle’s body and to protect components inside such as differential 
assembly, half shafts, at the same time, to transmit forces and moments from vehicle’s 
wheels to body. The rear axle housing’s common damage is warp due to breaking 
or cracking. Truck’s rear axle housing is usually made of steel or cast iron. It is an 
independent component with big dimensions and mass. Its manufacturing technology 
continuously combines main casting fabrication and mechanical manufacturing in 
working machines. The current trend is to reduce mass and manufacturing cost of 
car’s components. 

There are different design solutions to reduce mass. The main solution is to reduce 
the rear axle housing’s thickness, but it raises the cost of main casting fabrication and 
manufacturing. Another solution is lightweight material instead of traditional steel 
or cast iron. Composite is a popular lightweight material. 

The advantage of lightweight material is low cost and less weight [1, 2]. 
Composite, plastic and polyme are good alternatives for reducing vehicle’s weight 
thanks to high durability, easy to improve aesthetics [3]. An experiment shows that 
if the vehicle’s weight reduces by 10%, then duel consumption decreases by 5–7%, 
and greenhouse gas (GHG) emissions decreases [4]. In 1970 the average share of 
composite was 6% of vehicle’s weight. The share increased to 16% in 2010. It is 
forcasted to 18% in 2020, [5]. The use of composite should meet following environ-
mental and safety requirements: Light weight to reduce fuel consumption, increase 
environmental friendliness; Increasing vehicle’s safety by absorbing energy from 
impacts outside; Reducing manufacturing and running cost to increase economic 
efficiency; Posibility of reusing, recycling, prolonging working time of components. 
Therefore, in designing the rear axle housing, it is necessary to calculate suitable tech-
nical criteria, such as stress and deformation due to bending or torsion. Since the rear 
axle housing has complex structure, the common tools can hardly help to calculate. 
Modern calculating methods can give accurate results and save time. Finite Element 
Analysis (FE) is a popular method today to calculate 2 states of strength: fatigue 
strength and breaking strength by static load multiplied by dynamic load coefficient. 
There are typical works of FE analyzing stress values and equivalent deformation 
which help determine static strength parameters of rear axle housing [6]. The local 
stress—deformation analyzing method is a good tool to forecast parts’ fatigue life. 
In a study of fatigue strength, the rear axle housing, made of high resistance alloy, 
is cyclically bent at 4 points. The simulation uses Smith—Watson—Topper and 
Fatemi—Socie parameters to investigate fatigue cycle and starting point of fatigue 
cracks [8]. 

2 Simulating Rear Axle Housing of Trucks 

This study uses Ansys Workbench 2022R1 to analyze the rear axle housing’s strength 
under bending by static load.
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Fig. 1 A truck rear axle housing 

2.1 Modeling the Rear Axle Housing 

The rear axle housing has complex box shape with average thickness of 10 mm. A 
3-D model has been designed according to actual dimensions of a rear axle housing. 
The dimensions are given in Fig. 1. 

2.2 The Rear Axle Housing’s Material 

The rear axle housing materials are cast steel or cast iron. Some alternatives are 
composites. The main material parameters are: strength criteria σ, elasticity modulus 
E and specific mass ρ. The main specifications and strength limits of materials 
according to SI unit system are given in Table 1, [3, 9]. 

Table 1 Material properties 

Properties Carbon steel, cast Cast iron (BS grade Si 
10) 

Composite PA6/glass 
fiber 

Density (kg/m3) 7825 7000 1800 

Young modulus (Gpa) 203.4 123.9 21.95 

Tensile U, Strength 
(Mpa) 

447.9 164.3 396.9 

Tensile Y, strength 
(Mpa) 

234.3 164.3 396.9 

E/ρ (GPa—m3/kg), 
shear stiffness 

0.02652 – 0.034 

E1/2/ρ (Pa1/2—m3/ 
kg)—buckling stiffness 

58.3 – 116.6 

E1/3/ρ (Pa1/3–m3/ 
kg)—bending stiffness 

0.7582 – 1.759
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Fig. 2 Rear axle housing’s meshing model 

2.3 3-D Meshing 

The finite meshing model uses quadratic 4-node elements. Finer meshing needed 
in bending corners, where would be more stress. The element’s size is 6 mm. Free 
meshing method assures meshing flexibility in bending areas or complex shapes. The 
degrees of freedom are determined by the nodes. There are 3 degrees of freedom per 
node, i.e. there could be movement to x, y, z direction. Use quality checking function 
to optimize the mesh. There are 139,122 elements and 245,084 nodes. The meshing 
model is shown in Fig. 2. 

2.4 Load Conditions and Boundary 

The load impacts to rear axle housing at 4 points A, B, C, D. Load from cargo and 
vehicle’s body impacts to 2 points C and D and at dampers. Reaction forces impact 
to wheels and axle at 2 point A and B, Fig. 3. 

Forces acting to the rear axle housing at any area are determined by formula (1) 

Pcr = 
π 2 E I  

L2 
(1)

Fig. 3 Drawing of forces placed to rear axle housing 
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Fig. 4 Model of load placing and boundary conditions 

Here: Pcr is the force acting to vertical direction (kG). E is elastic modulus (Young’s 
modulus—GPa). I is the 2nd moment of inertia at area of force placing (m4). L is 
the length of the rear axle housing—distance of force placing (m). 

The rear axle housing’s mass according to load Pcr is calculated by formula (2) 

M = 
2L2 

√
Pcr √

π 
= 

1 √
E/ρ 

(2) 

M is the rear axle housing’s mass (kg). ρ is the specific mass (density) of the rear 
axle housing’s material (kg/m3). 

Parameter E/ρ is a strength criteria shown in Table 1. In designing, criterias should 
be checked in following order: (1) E/ρ; (2) (R0.2)1/2/ρ; (3) (E)1/3/ρ; (4)  R0.2/ρ; (5)  
E1/2/ρ; (6) R0.21/3/ ρ. 

Parameter R0.2 is the minimum yield strength [10]. 
Considering the symmetrical full load of 7200 kg evenly distributed on positions 

C and D. Positions A and B are boundary surfaces of the model. Force placing and 
boundary are shown in Fig. 4. 

3 Simulating and Analyzing Results 

3.1 In Case of Static Load 

Under static load, the 2 reducing positions, connected with hubs, are subjected to the 
greatest stress. Here, the dangerous cross section has maximum stress of 21.81 Mpa. 
Figure 5 illustrates simulating the rear axle housing’s stress in case of symmetrical 
static load. Figure 5a–c illustrate maximum stress in dangerous cross sections.

Results of simulating stress on the rear axle housing according to different 
materials are shown in Table 2.
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Fig. 5 Distribution of maximum stress in dangerous cross sections

Table 2 Results of simulating maximum stress on the rear axle housing 

No. Parameters Carbon steel Cast iron Composite PA6 Difference (%) 

1 Max. stress (MPa) 21.81 22.319 25.602 (+) ~ 15 

2 Mass (kg) 144.16 133.54 66.813 (−) ~ 54  

3.2 In Case of Load Changes 

During running, load acting to the rear axle housing can change according to bumpy 
level of road surface. We consider sinusoidal road surface. Acting force frequency 
of 130 Hz is divided into 10 survey intervals. Dephasing between left and right load 
causes rear axle housing’s bending and torsion. Load magnitudes and phase angle 
are shown in Fig. 6. 

The simulation gives equivalent stress values in the rear axle housing using cast 
steel and composite materials. Stress values according to different frequencies of 
acting loads are shown in Table 3 and Fig. 7. In cast steel rear axle housing, the

Fig. 6 Load acting to the rear axle housing 
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maximum stress is 169 Mpa. In composite rear axle housing, the maximum stress is 
292.34 Mpa. As the results, the composite rear axle housing has greater maximum 
stress than that in cast steel rear axle housing. 

Figure 9 shows the distribution of rear axle housing’s stress in case of load changes. 
Table 4 compares maximum stress in case of load changes and that of static load. 

During running in bumpy road with asymmetrical load, the maximum stress is many 
times bigger. 

Table 3 Stress in the rear axle housing according to acting load frequencies 

f (Hz) 26 39 52 65 78 

Steel carbon 1.10E+01 2.12E+01 3.77E+01 6.28E+01 9.95E+01 

Cast iron 1.3857 3.4605 4.2666 6.0981 11.318 

Composite 0.53902 1.3696 1.7292 2.8286 6.4627 

Fig. 7 Rear axle housing’s stress 

Table 4 Comparing maximum stress in 2 cases 

Carbon cast steel Cast iron Composite PA6/Glass fiber 

1 Static load 21.81 22.319 25.602 

2 Changing load 169 14.96 292 

Difference 129% 67% 87
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Fig. 8 Model of rear axle housing’s fatigue analysis 

Fig. 9 Distribution of fatigue cycles in the rear axle housing 

4 Analyzing Fatigue Cycle 

Fatigue analysis uses fatigue tool in the software. Marginal and load conditions are 
used in case of load changes. Goodman theory, which analyzes equivalent stress, is 
used to determine cycle life. Figure 8 shows image of simulating fatigue analysis. 

The number of fatigue cycles in maximum stress areas is different in rear axle 
housings using the 2 materials. In steel rear axle housing, there are 7692 cycles. In 
cast iron rear axle housing, there are 7898 cycles. In composite rear axle housing, 
there are 16,595 cycles. Green area shows infinite number of cycles. 

5 Conclusion 

The research analyzes the use of composite material, instead of cast steel and cast 
iron, for rear axle housing. In the results, the mass can reduce by 54% (144.16/ 
133.54/66.813 kg). The rear axle housing’s maximum stress increases by 15% (21.81/ 
22.319/25.602 MPa). Using composite, the rear axle housing’s hardness reduces but 
the number of fatigue cycles increases: 7692 cycles in cast steel rear axle housing, 
7898 cycles in cast iron rear axle housing, 16,595 cycles in composite rear axle 
housing. Therefore, composite material creates double strength, compared with cast 
steel and cast iron.
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Finite element method (FEM) and simulating in Ansys Workbench 2022R1 help 
to analyze equivalent stress (von-Mises) and determine the rear axle housing’s flex-
ural rigidity. Using composite, it is necessary to improve both axle’s side, where is 
concentrated stress, to increase the rear axle housing’s reliability and durability. 

Material with core of Epoxy E-Glass, which is used popularly thanks to its simple 
technology, is suitable for experiments and low cost manufacturing. 
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FEM Simulation and Experimental 
Study on Improving the Forming Ability 
in Stamping SS400 Sheet Material 
with a Variable Blank Profile 

The-Thanh Luyen, Duc-Toan Nguyen, Van-Nam Nguyen, and Thi-Hoa Pham 

Abstract A study on the stamping process of a chair surface with complex profiles 
made from SS400 material sheets, this part is welded to the mounting bracket used 
for transporting mining workers in the mines. During the stamping process, the seat 
surface often appears tearing at the front position of the seat. This position has non-
uniform deformation, a large degree of deformation is easy to tear, and the surface 
after deformation will be uneven, affecting the quality and aesthetics of the product. 
Defects occur when stamping the seat surface due to many reasons such as the 
calculation of the initial profile of the workpiece, selection of geometrical parameters, 
and inappropriate technology. Therefore, this study has conducted a simulation of 
the stamping process with different types of billet profiles, after being simulated 
stamping, the deformation and thickness will be determined at many locations. From 
there, select the appropriate billet profile so that the part after stamping does not 
appear to be torn, ensuring the size requirements and no need to add rim cutting 
operations. The suitable workpiece profile will be simulated and verified with the 
corresponding experiment. 

Keywords Chair surface · Complex profiles · Finite element method (FEM) ·
Blank profile · Stamping process · SS400 steel sheet
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1 Introduction 

In the stamping process, tearing often occurs on the part, the tearing position is 
mainly the position subject to the most deformation. In previous studies [1, 2], the 
influence of parameters such as the blank holder force, the nose radius of the punch, 
the shoulder radius of the die, the clearance between the punch and the die to the 
forming height, and the thinness of the cylindrical cup. Some researchers on the opti-
mization of the shape of the blank to the forming process of the product such as Wang 
et al. [3] researched to determine the optimal level of the design of the workpiece for 
deep stamping, a new method for generating optimally designed workpieces using 
finite element analysis is proposed, this method is divided into several steps. During 
optimization, the shape error is calculated by comparing the deformation contour of 
the blank and the desired target contour. Based on the material flow characteristics, 
the blank geometry is modified several times until the shape error is within a prede-
termined tolerance. Starman et al. [4] present a numerical method for simultaneous 
optimization of blank geometry and forming tool geometry during three-dimensional 
sheet metal forming, applied to automotive products with complex shapes. Nguyen 
et al. [5] optimized the geometry and process parameters for deep stamping of cylin-
drical cups, using FEM simulations combined with Taguchi’s orthogonal arrays, then 
study using the Hill48 stress function, it is possible to simulate the appearance of the 
excess ear during deep stamping of cylindrical cups by improving the original shape 
of the workpiece. 

This study simulated the stamping process of the seat surface with different types 
of blank profiles, the part after being simulated for stamping will be determined for 
deformation and thickness at many locations. From there, select the appropriate billet 
profile so that the part after stamping does not appear to be torn, ensuring the size 
requirements and no need to add rim-cutting operations. 

2 Geometric Model and Stamping Detail Material 

2.1 Geometric Model of Stamping Detail 

Sheet billets are calculated and shaped by deformation formulas and accurately rede-
fined from numerical simulation software, then verified by forming experiments on 
presses. Details, as shown in Fig. 1a, have a flat bottom structure and an equal wall 
height of 17 mm with no rims, so determining the correct billet profile will reduce 
the work of cutting the edge of the product after stamping.

On the contour of the part, there are convex and concave arcs of different sizes, 
so the deformation in these areas is also different. The metal in this section is both in 
compression and in tension and the strain stress also varies over the arc length and at 
the center of the arc will be the most deformed part. The curvature radii R16, R2, R1.5 
are the points with the most complex deformation due to their small size and opposite
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Fig. 1 Geometric parameters. a Stamping details; b Initial billet profile

direction of deformation, so this is also the place with the most deformation and the 
easiest to tear. From the dimensions of the part being analyzed, the initial blank for 
stamping is determined by the method of equalizing the area with the dimensions as 
shown in Fig. 1b. 

2.2 Stamping Material for Seat Details 

The material used in this study is an SS400 steel plate [6]. The stress–strain curve 
for the SS400 steel plate was obtained using Voce’s model [7] as Eq.  (1). The SS400 
sheet material properties are also described in Table 1. 

σ = σY + A(1 − exp(−Bε pl eq ) (1) 

where A and B are plastic coefficients; σ , σY and ε pl eq are equivalent stress, equivalent 
strain and tensile strength of the material, respectively. 

The forming limit curve of SS400 is constructed by graphical method [1, 8]. 
The method is calculated for special deformation modes such as planar strain (PS) 
(β = 0), uniaxial tensile strain (UT) (β = −1/2) and uniform tensile strain in both 
directions (BT) (β = 1) as shown in Fig. 2.

Table 1 Material properties of SS400 steel [6] 

Young’s modulus 
(GPa) 

Possion’s 
ratio 

Density (r, 
kg m−3) 

Yield stress (σY , 
MPa) 

A (MPa) B 

213 0.3 7850 348 188.86 28.3293 
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Fig. 2 FLC of SS400 plate 
material 

3 Simulation and Experimental Model of Stamping Process 

3.1 Experimental Model 

The stamping process is described based on the constitution of the die set as shown 
in Fig. 3. The die part is installed with the fixed lower table, the punch part (3) is 
installed with the punch base plate (1) through the strut (2), and the punch base is 
mounted with the upper table moving up and down creating a stamping motion. The 
die (5) is installed with the die plate (7) through the spacers (6), and the die plate 
is fixed to the lower table of the hydraulic press. The blank is positioned on the die 
and the blank holder (4), which is pushed by the springs (8). This part has the effect 
of pressing the blank to the underside of the punch to keep the bottom surface of 
the blank flat and not displaced horizontally during deformation. At the end of the 
down stroke, the punching press moves up with the upper table back to the original 
position. The force of the springs will lift the support plate and the part out of the 
die and end the stamping process.

The stamping process is machined on a hydraulic press with a maximum capacity 
of 150 tons. Lubricants used in stamping are commercially available oils. In this 
study, the friction between the punch, the blank, and the blank holder during the 
stamping process was referred to [2]. The experimental set of molds with the main 
parts are shown in Fig. 4, the model of deformation state and the structure of the 
stamping die set are shown in Fig. 3. The blank holder force of the stamping process 
is calculated to be 12.8 tons. Parameters such as the nose radius of punch is 3.5 mm, 
the shoulder radius of die is 5 mm, the clearance between the punch and the die is 
2.5 mm, the stamping speed is 10 mm/s, the coefficient of friction between the punch
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Fig. 3 Structure of the chair surface stamping die set

Fig. 4 Main parts of the experimental set 

and the blank is μp = 0.25; coefficient of friction between blank holder and blank 
is μh = 0.15; The coefficient of friction between the die and the blank is μd = 0.15 
[1]. 

3.2 Finite Element Model 

In this study, the stamping process to forming the part is simulated using ABAQUS 
software [1]. In which the die is fixed, the punch, blank and blank holder are moved 
vertically to achieve the depth dimension of the detail. The absolute hard model is 
used for punch, blank holder, and die. The blank is modeled as flat and mesh surface 
deformation and is subdivided according to the integrated reduced S4R element type.
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Fig. 5 The tearing phenomenon of the part when simulating and experimenting 

3.3 Change the Contour of the Blank 

In the stamping process, tearing often occurs on the part, the tearing position is mainly 
at the position subject to the most deformation, which is usually the edges as shown 
in Fig. 5. The main reason for the tearing process is because this deformation is too 
large to exceed the tensile limit of the material, it also causes tearing. Therefore, the 
research focuses on the change of the blank profile, especially the head position of 
the blank with the changed profile as shown in Fig. 6. For Fig. 6a, the blank profile 
is constructed by moving 17 mm parallel to the stamping part, followed by Fig. 6b, 
creating a radius of curvature of 18 mm in the middle and 17 mm from the detail 
and bevelled on the sides 18.5 mm, and finally, the third type of profile as shown 
in Fig. 6c is a combination of different semi-curvatures. These blanks were in turn 
used in numerical simulation to determine strain and thickness was measured at 12 
locations as shown in Fig. 7, in which position from 1 to 5 is on the top of the part, 
and position from 6 to 12 is on the middle position of the wall of the stamping part.

4 Results and Discussion 

In order to determine the deformation of the part after the stamping simulation, the 
study conducts the deformation test at special locations on the part as shown in 
Fig. 7. When the profile of the blank changes in three cases as shown in Fig. 8, all  
positions P1-P5 are shown on the right side of the graph and show small deformation 
in both directions, while positions P8-P12 are shown on the left side of the graph 
and has tensile and compressive deformation. Especially, positions P6, P7 have large 
deformation in the main direction and compression in the secondary direction.

As detailed in Fig. 8a, after simulating stamping for two major deformation posi-
tions, P6 and P7, position P6 occurs a lot of thinning with a thickness of 1.465 mm, 
followed by position P7 for thinnest variable with the thickness achieved is 1.138 mm. 
The detailed profile according to this first option gives a large deviation in shape from
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Fig. 6 Changing the blank profile. a Blank profile 1; b blank profile 2; c blank profile 3 

Fig. 7 Deformation and 
thickness measurement 
positions on the detail
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Fig. 8 Strain and thickness at the positions of the detail. a Blank profile 1; b blank profile 2; c blank 
profile 3; d thickness

the original detailed model, the position of the concave arc has not reached the height, 
and the position of the convex arc exceeds the required height. Next is the result as 
shown in Fig.  8b is that for the blank with the profile changed according to the 2nd 
variant, the position P6 occurs thinning phenomenon with the achieved thickness is 
1.685 mm and the position P7 has a thickness of 1.469 mm. The blank profile in this 
second case has the concave arc position achieved, but the convex arc position has 
a larger size than the original part’s model. Finally, the result as shown in Fig. 8c 
is that for the workpiece with variable profile according to option 3, the position P6 
has a slight thinning phenomenon with a thickness of 1.784 mm and the position 
P7 with a thickness of 1.662 mm. This degree of thinning is not large compared to 
the thickness of the original blank. The detail profile in this third case has concave 
and convex arc positions, both reaching the size of the part height after stamping. 
The suitable blank profile is simulated and tested for good agreement as shown in 
Fig. 9, the detail after stamping is not wrinkled, tearing and reaches the size of the 
wall height without having to go through the rim cutting operation.
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Fig. 9 Simulation and experimentation with reasonable blank profile 

5 Conclusions 

Simulation study and experiment on the process of stamping chair surface details 
with the geometrical parameters of the mold set being fixed. The blank profile is 
changed, with the blank determined by the area balance method, and the part after 
stamping appears tearing. When the blank profile changes according to the first 
option, the detail after simulation gives a large deviation from the original detailed 
model and the thickness at the thinnest position is 1.138 mm. Next, for the blank with 
the profile changed according to the second option, the profile after the simulation 
is close to the original detailed model and the thickness at the thinnest position is 
1.469 mm. Finally, for the blank with the profile changed according to option 3, the 
position with the thinnest thickness is 1.662 mm, this degree of thinning is not large 
compared to the thickness of the original blank. The detailed profile in this third case 
has concave and convex arc positions, both reaching the size of the part height after 
stamping. The appropriate blank profile is simulated and experimentally verified for 
good agreement, the part after stamping is not wrinkled, tearing, and the size of the 
wall height is achieved without having to go through the rim cutting operation. 
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Researching the Effect of High-Velocity 
Oxygen Fuel Spraying Parameters 
on Porosity of WC-12Co Coating 
on Inner Cylinder 

Thanh-Phu Nguyen, Van-Chien Dinh, Van-Thoai Le, Khac-Khanh Bui, 
and Thanh-Hoa Doan 

Abstract This study optimizes and determines effect of HVOF (High-velocity 
oxygen fuel) spraying parameters to porosity of the WC-12Co coatings sprayed 
on inner cylindrical surface of S40C steel pipe. The studied spraying parameters 
include: Spray distance (L); Powder feed rate (P); Surface velocity of substrate (V). 
Experimental parameters using Taguchi L9 orthogonal design. The results deter-
mined optimal spraying parameters L3 = 0.3 m; P2 = 26 g.min−1; V2 = 0.15 m.s−1) 
for the minimum coating porosity with 1.19%. Effect of spraying parameters on 
porosity is L (46%) > V (34.1%) > P (14.2%). An experimental function for the 
relationships of porosity with spraying parameters was built to evaluate of influence 
of research spraying parameters on porosity. 

Keywords High-velocity oxygen fuel ·WC-12Co · Porosity 

1 Introduction 

Steel pipes are widely used in industry to transport raw materials and fuel for produc-
tion. However, wearing and corrosion are difficult for protection, replacement and 
also increase production costs. Special materials are one solution to produce steel 
pipes, however, the it can affect mechanical properties or the cost is very expensive. 
Therefore, thermal spray coatings with a variety of materials are very suitable for 
different work surface requirements, providing necessary and effective solutions.
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Tungsten carbide material is quite perfect solution, with very high temperature and 
wear resistance. This is proven by the fact that WC is an important component of hard 
alloys for metal cutting tools. HVOF method reduces decomposition and composition 
changing of carbide materials by spraying particles with high speed, medium temper-
ature compared to other spraying heating sources in which flame temperature impact 
is in a short time [1–4]. Coating properties are influenced by spraying parameters. 
The coating properties is improved through improving hardness, adhesion strength 
and coating porosity reducing [3–6]. The precise influencing parameters are spray 
distance, powder feed rate, combustible gas-flow ratio, spray gun displacement speed, 
spray pitch and other parameters. In most published studies, the coating is sprayed 
on the surface of the plate or the outer cylindrical surface. For inner cylindrical 
surfaces, coating formation is more difficult that is not only with HVOF spraying 
but also with other spray methods. Therefore, this study investigates the influence of 
HVOF thermal spraying parameters on the porosity of the WC-12Co coating on the 
inner cylindrical surface of steel pipes from S40C [7]. Taguchi experimental design 
with L9 orthogonal array is used to arrange experimental parameters [8]. ANOVA 
analysis determines the influence of spraying parameters. Experimental relationship 
of spraying parameters on coating porosity is determined by a mathematical function 
based on experimental results. Hence, the trend of influence of spraying parameters 
on porosity of coatings was determined. 

2 Experimental Procedure 

2.1 Materials and Experimental Parameters 

WC-12Co spraying powder supplied by Eutectic Corp. (USA) with particle shape 
and size in the range of 15–45 (µm) (Fig. 1) was used in this study. The coating 
is deposited by HVOF spraying on the inner cylindrical surface of DN 400 steel 
pipe from material S40C (JIS G-4051) (OD = 406.4 mm, ID = 390.54 mm). The 
substrate is roughened with Ra = 10 µm. The thickness of coating after the spraying 
process was 400–550 (µm). The range of values of spraying parameters in this study 
is presented in Table 1. The experimental parameters are arranged according to the 
L9 orthogonal array of the Taguchi method as shown in Table 2. The values of other 
spraying parameters are constants as shown in Table 3. The principle of spraying 
process on the inner cylinder surface is as shown in Fig. 2.
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Fig. 1 SEM micrographs and EDX scanning results of the WC-12Co powder 

Table 1 Spray parameter for three levels of Taguchi method 

Parameter Symbol Range of values Level 

1 2 3 

Spray distance (m) L 0.2–0.3 0.2 0.25 0.3 

Powder feed rate (g.min−1) P 20–32 20 26 32 

Surface velocity of substrate (m.s−1) V 0.1–0.2 0.1 0.15 0.2 

Table 2 Experiment plan 
according to the L9 
orthogonal array 

Expt. no. L (m) P (g.min−1) V (m.s−1) 

1 0.20 20 0.10 

2 0.20 26 0.15 

3 0.20 32 0.20 

4 0.25 20 0.15 

5 0.25 26 0.20 

6 0.25 32 0.10 

7 0.30 20 0.20 

8 0.30 26 0.10 

9 0.30 32 0.15



488 T.-P. Nguyen et al.

Table 3 Other spraying parameters used in this study 

Parameter Oxygen 
pressure 
(MPa) 

Propane 
pressure 
(MPa) 

Propan 
flow 
(l.min−1) 

Air 
pressure 
(MPa) 

Air flow 
(l.min−1) 

Nitrogen 
pressure 
(MPa) 

Nitrogen 
flow 
(l.min−1) 

Value 0.98 0.686 40 0.686 550 0.4 20 

Fig. 2 Principle of spraying 
process on the inner cylinder 
surface by HVOF 

3 Results and Discussion 

3.1 Experimental Results 

The coatings’ porosity is determined by metallographic techniques according to 
ASTM B 276 [9]. Porosity is determined as a percentage of the total area of the 
pores (dark color) to the total area of the micrograph. The calculated average porosity 
percentage results on 4 micrographs with 400x magnification at four different loca-
tions will be used. Axiovert 25 CA optical microscope from Carl Zeiss (Germany) 
is used for this study. The calculation is done on KS 300 3.0 software. The porosity 
results of the samples are presented in Table 4.

The results from Table 4 show that: the porosity of the coating changes in the 
range of 1.48–3.06%, the 7th sample with spraying parameters L3P1V3 (L = 0.3 m, 
P = 20 g.min−1, V  = 0.2 m.s−1) has the lowest porosity with 1.48%. The change of 
spraying parameters affects the coating porosity which proves that their selection for 
this study is appropriate. The optimization method according to Taguchi, ANOVA 
analysis and mathematical function will be performed to determine optimal spraying 
parameters, influence and trend of the spraying parameters on the coating following 
porosity.
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Table 4 Experiment results for porosity of coating and corresponding S/N values 

Expt. no. L P V Porosity (%) S/N = −10log( 1 n
∑

yi 2) 

1 0.20 20 0.10 3.06 −9.714 

2 0.20 26 0.15 1.92 −6.319 

3 0.20 32 0.20 2.62 −8.366 

4 0.25 20 0.15 1.78 −5.008 

5 0.25 26 0.20 1.61 −4.137 

6 0.25 32 0.10 2.62 −8.366 

7 0.30 20 0.20 1.48 −3.405 

8 0.30 26 0.10 1.90 −5.977 

9 0.30 32 0.15 1.63 −3.750

3.2 Optimizing Spraying Parameters for Porosity of Coatings 

According to the Taguchi method, smaller quality characteristic gives better S/N 
ratio (smaller is better) that is used to optimize the coating porosity. The S/N results 
have been determined to correspond to the experimental results. from there, the 
average impact of each parameter are also determined (Table 4). The aforemen-
tioned values are shown on the scale chart in Fig. 3. The results of determining the 
optimal spray parameter L3P2V2 which have the highest average S/N values. At the 
same, the predicted optimal value with 1.19% is smaller than measured values from 
experimental results which have demonstrated highly efficient optimal results. 

The optimal results with parameters for the smallest porosity with L3 = 0.3 m; 
P2 = 26 g.min−1; V2 = 0.15 m.s−1 were used to conduct experiments to verify 
the reliability of the results predicted by the Taguchi method. Hence, porosity is 
determined to be 1.23%, which is similar to the value predicted by Taguchi method 
(1.19%) and demonstrated the reliability of this study. Thus, the predicted results are 
in good agreement with measured data.
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Fig. 3 Optimal level of L, P, V parameters to porosity based on S/N 
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3.3 Effect of Spraying Parameters on Porosity of Coatings 

The influences of spraying parameters on porosity was determined by ANOVA anal-
ysis of variance (Table 5), showing that: the spraying distance has a great influence on 
the porosity with 46.0%; surface velocity of substrate is 39.1%; powder feed rate 
is 14.2%; the effect of error is 0.7%, proving that the studied parameters are main 
parameters. The reliability based on the P-value index is all less than 0.05, showing 
the reliability of statistical results. 

The relationship between spraying parameters and porosity was determined by 
Eq. (1). 

Por = 17.8437 − 28.3 .L − 0.545648.P − 58.8333.V + 39.3333.L2 
+ 0.010787.P2 + 175.333.V 2 (1) 

The value of R = 0.99; Radj = 0.98 shows that, the goodness of fit test results for 
regression function (1). 

From function (1), 3D graph describes influence of spraying parameters on coating 
porosity built on matlab R2015a software. Figure 4b, c shows that, when L increases 
from 0.1 to 0.3 (m), the porosity tends to decrease because of small distance and 
spraying particles do not have an optimal state when impacting (particle temperature, 
particle molten state, kinetic energy). The large overlay of the spray particles then 
also causes the increase in porosity. Therefore, the spray distance (L) needs to ensure 
that particles are heated to the optimum temperature and that they have enough time 
to accelerate to maximum speed due to the pressure of the gas flame. Figure 4a, c 
shows: when powder feed rate (P) increases from 20 to 26 g.min−1, porosity tends 
to decrease and increase when P increases from 26 to 32 g.min−1. The reason is that 
P has the right value at which the powder flow rate matches the heat of the spray 
flame and the spray particles will have right particle temperature for impact to form 
the best coating and reduce porosity. The best value of the P range studied in this 
case is 26 g.min−1. When V changes: if the value of V is large, spraying particles 
creates larger oblique-angled when impact. The impact state then is not good for 
coating deposition, the adhesion strength and porosity then tend to decrease (coating 
deposition is best when the spray particles fly in a direction perpendicular to the 
surface of the part). If V is small, the spray density of one location increases, the

Table 5 Analysis of variance results 

Source DF Adj SS Adj MS F-value P-value Effect (%) 

L 2 1.13736 0.568678 65.28 0.015 46.0 

P 2 0.35202 0.176011 20.21 0.047 14.2 

V 2 0.96709 0.483544 55.51 0.018 39.1 

Error 2 0.01742 0.008711 0.7 

Total 8 2.47389 100.0 
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Fig. 4 Response graphs for coating hardness. a Effect of V and P; b effect of L and V; c effect of 
L and  P  

spraying layer thickness increases, the larger to heap up spray particles will increase 
the porosity. The optimal process is determined with V = 0.15 m.s−1 for minimum 
coating porosity (Fig. 4a, c). 

The simultaneous impaction of two spraying parameters creates the range of 
values of the layer porosity simulated by the 3D surface on the graph of Fig. 4 based 
on the function (2). The above graphs allow to evaluate the influence trend of the 
parameters spray and select the appropriate porosity value. 

4 Conclusion 

This study optimize and determines influence of HVOF spraying parameters on the 
porosity of the WC-12CO coating on the inner cylinder surface of S40C steel pipes. 
Following conclusions can be obtained from this study: 

1. Taguchi optimization method determines the optimal parameter with few exper-
iments but high reliability. Optimal results were determined: Spray distance = 
0.3 m, Powder feed rate = 26 g.min−1, Surface velocity of substrate = 0.15 m.s−1 

for the minimum coating porosity of 1.19%. Experimental validation with a 
porosity of 1.23% confirms the reliability of the method. 

2. The influence of spraying parameters determined based on ANOVA analysis of 
variance showed that: Spraying distance had the greatest influence with 46.0% 
> Surface velocity of substrate with 39.1% > Powder feed rate with 14.2%. The 
determined results allow the spraying parameters to be adjusted to achieve the 
coating with suitable porosity. 

3. The relationship function of spraying parameters to porosity determines the influ-
ence trend of spraying parameters. Porosity plots can be used to determine the 
range of porosity values of WC-12Co coatings by HVOF spray for the specific 
applications required without complicated calculations.
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Research on Effects of Welding 
Amperage, Velocity and Voltage 
on Tensile Strength of Joint Welding 
Metal on Narrow Gap Welding SAW 

Khac-Khanh Bui, Van-Thoai Le, Thanh-Phu Nguyen, and Van-Nhat Nguyen 

Abstract This paper presents the optimization results of automatically welding 
technological parameters of joint welding for narrow gap welding SAW, including: 
Welding amperage (Ih), velocity (Vh) and voltage (Uh) to ensure the maximum 
weld tensile strength. After determining model, the welding is carried out according 
to Taguchi experimental design with L9 array together with analysis of ANOVA 
variance to optimize technological parameters and evaluate their effect on tensile 
strengths of welding metal. The results give an optimal technological parameter that 
improve the tensile strength and their influence. Reliability of the optimal results has 
been confirmed through control experiments. 

Keywords Narrow gap welding · Tensile strength · Optimization · Experiments ·
Weld metal 

1 Introduction 

Automatic welding technology connected with narrow gap welding plays a very 
important role in welding large-dimensional parts from carbon steel and low metal. 
It is very necessary to study and define main technologies parameter (Ih, Vh, Uh) to  
ensure tensile for weld metal of narrow gap. Welding productivity can be improved 
by increasing the fill metal yield through increasing the number of electrodes during 
welding or by using the addition of filler metal powder during welding [1, 2]. In 
addition, the application of narrow gap bonding is an effective solution in increasing 
productivity and quality of the weld; Narrow gap connection is applied in many 
different welding methods such as: TIG, MIG, MAG, SAW… [3]. Narrow gap
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welding technology SAW has many outstanding advantages compared to conven-
tional SAW technology [2, 4, 5]. Therefore, it is necessary to study Effect of tech-
nological parameters on mechanical properties of the weld. Through experimental 
results according to Taguchi L9 method, the optimization process is performed in 
combination with ANOVA analysis of variance to determine the optimal set of 
welding parameters and their Effect on tensile strength. From there, we can determine 
the Effect trend of parameters on studied value domain. 

2 Experimental Procedure 

2.1 Testing Material and Equipment 

*Base material: SS400 carbon steel plate (JIS G3101–2004 Japan) [6] used to weld  
the experimental joints of this study with thickness S= 20 mm, chemical composition 
and mechanical properties determined as in Table 1. 

Welding material: AWS.17.EL12 welding wire have diameter d = 3.2 mm that is 
used for joint welding in the study. Chemical composition and mechanical properties 
are suitable for SS400 steel determined in Table 2. HJ431-GB/T5293-1999 welding 
solder has the same chemical composition as Table 3. 

Welding equipment: Automatic welding machine “DC Dragon 1000SAW” that 
welding power can reach 1000 (A).

Table 1 Chemical composition and mechanical properties of SS400 steel (%) 

Chemical composition (%) Mechanical properties 

C Si Mn Ni Cr Tensile 
strength (N/ 
mm2) 

Yield strength 
(N/mm2) 

Elongation in 
100–150 mm (%)0.1946 0.868 0.8107 0.030 0.0276 

V Cu W S P 496 343 50 

0.0025 0.0374 0.0035 0.0043 0.028 

Table 2 Chemical composition and mechanical properties of welding wire EL12 (%) 

Chemical composition (%) Mechanical properties 

C Si Mn Tensile 
strength (N/ 
mm2) 

Yield 
strength (N/ 
mm2) 

Elongation in 
100–150 mm (%) 

Akv (J)
-400c (KJ/ 
cm2) 

0.04–0.14 ≤ 0.1 0.25–0.60 

Cu P S ≥ 450 ≥ 360 1 ≥ 29 2 ≥ 80 
≤ 0.35 ≤ 0.03 ≤ 0.03
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Table 3 Chemical composition of welding solder HJ431 

SiO2 Ai2O3 + MnO CaO + MgO CaF2 FeO S P 

40–44 35–42 7–14 3–7 ≤1.8 ≤0.06 ≤0.08

Fig. 1 Welding joint next to 
narrow gap 

Fig. 2 Welding joint for 
testing sample 

2.2 Welding Joint 

In the welding joint of narrow gap, the chamfer angle of selected in the range of 
1°–3° [7, 8], the width of weld groove depends on thickness of welding material 
and tip. SS400 steel plate has dimensions of 20 × 140 × 300 mm and is chamfered 
on one side with a chamfer angle of 2°. To evaluate penetration of the weld, a 20 
× 140 × 300 mm steel plate from SS400 [2, 9] is used to make the bottom lining. 
Weld clearance b = 12 mm at the bottom of the connection (Fig. 1). The connection 
is mounted on the bottom plate, the weld size parameters are calculated according 
to the theory (weld width e = 22 mm, weld height g = 2.0 mm) and cleaned and 
guaranteed not have rust before welding (Fig. 2). 

2.3 Conduct Experimental Welding 

Technological parameters selected during the survey include: Ih (450, 500, 550) (A); 
Vh (16, 18, 20) (cm.min-1); Uh (30, 32, 34) (V) [4, 7]. The number of welding layers 
is calculated to perform in the experiment with n = 3 (layers).
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Table 4 Welding parameters of samples 

Test Denominator Ih (A) Vh (cm/ph) Uh (V) Welding layers no. 

1 1 450 16 30 3 

2 2 450 18 32 3 

3 3 450 20 34 3 

4 4 500 16 32 3 

5 5 500 18 34 3 

6 6 500 20 30 3 

7 7 550 16 34 3 

8 8 550 18 30 3 

9 9 550 20 32 3 

(a) Welding source (b) Welding process (c) Joint after welding 

Fig. 3 Sample welding test 

The experimental process is conducted based on the value levels of welding param-
eters (Ih, Vh, Uh). These parameters consist of 3 levels and are arranged according 
to Taguchi’s L9 orthogonal array as shown in Table 4 [8]. 

The welding process is carried out on the equipment (Fig. 3a) and took place as 
shown in Fig. 3b. After being welded, the welding sample is cleaned to cool in the 
air as shown in Fig. 3c. 

3 Results and Discussion 

3.1 Weld Metal Tensile Test 

The joint after welding is processed for tensile test pieces with dimensions as shown 
in Fig. 4 [9]. After being machined and cut (Fig. 5), the samples are tested for tensile 
strength on a Super L device. 120/TO.
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Fig. 4 Drawing of tensile 
test 

Fig. 5 Tensile test of 
welding joint metal 

After conducting to check the respective samples, sum up the pulling results and 
the S/N ratio. S/N values with larger quality characteristics are better calculated and 
presented in Table 5. 

Table 5 Tensile strength measurement results and corresponding S/N ratio 

STT Ih (A) Vh (cm.min−1) Uh (V) σb (Mpa) S/N 

1 450 16 30 526 54.4197 

2 450 18 32 518 54.2866 

3 450 20 34 535 54.5671 

4 500 16 32 558 54.9327 

5 500 18 34 542 54.6800 

6 500 20 30 534 54.5508 

7 550 16 34 555 54.8859 

8 550 18 30 525 54.4032 

9 550 20 32 545 54.7279
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Table 6 Analysis of effect of 
Ih, Vh, Uh parameters on 
strength of welding joint 

Level Welding parameters 

A B C 

1 54.38 54.73 54.49 

2 54.77 54.51 54.61 

3 54.65 54.56 54.7 

Effected no. 1 2 3 

Fig. 6 Optimal scale chart 
of parameters on tensile 
strength of welding joint 

3.2 Optimizing Information Mode Welding on Welding 
Tensile Strength 

The average Effect of welding parameters on tensile strength is based on the S/N 
ratios of experimental results. Results of determination and classification of the effect 
of parameters on tensible strength are presented in Table 6 and illustrated in detail 
on the chart in Fig. 6. 

Based on classification chart of the factors, we find that: With the requirement 
of higher quality characteristics, the better, the appropriate level of the elements to 
have the maximum tensile strength is Ih2 = 500 (A), Vh1 = 16 (cm.min−1), Uh3 = 
34 (V). The optimum tensile value predicted by the Taguchi method is 559.9 Mpa. 

3.3 Determine the Effect Ratio of Technological Parameters 
on the Tensile Strength of the Weld 

To determine the Effect of each welding parameter, ANOVA analysis is used to 
evaluate. The results of ANOA analysis presented in (Table 7) show that studied 
welding parameters are main parameters because of their large effect of 27–38.9% 
while the Effect of the error is small with 1.4%. Welding current (Ih) has the greatest
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Table 7 ANOVA analysis results of samples in tensible strength testing 

Parameters Degree of 
freedom 

Sum of squares Average squared Value P Affection level 
(%) 

Ih 2 580.22 290.11 0.034 38.9 

Vh 2 486.89 243.44 0.04 32.7 

Uh 2 402.89 201.44 0.048 27.0 

Error 2 20.22 10.11 – 1.4 

Total 8 1490.22 – – 100 

effect with 38.9%; followed by welding speed (Vh) (32.7%) and welding voltage 
(Uh) with 27%. The P-index of the parameters with high confidence (95.2% 96.6%) 
proves reliability of analysis results and affected parameters are studied with values 
reaching the highest accuracy and reliability. 

4 Experimental Verification 

Experimentally verify the welding parameters with the level of Ih2 = 500 (A), Vh1 

= 16 (cm.min−1), Uh3 = 34 (V) and conduct a tensile test for 557.5 Mpa. The above 
results are completely consistent with the tensile strength value predicted by the 
Taguchi method (result error is 0.43%), In addition to the tensile test, the control 
sample is also tested for impact toughness and durability. resulting hardness: impact 
toughness results in 114.6 (J/cm2); hardness gives the result 151.5 (HV), which 
proves the reliability of the calculation result. 

5 Conclusion 

This study optimize and define Effect of welding parameters on the tesible strength 
of base metal S/N in automatic welding with narrow gap. Following conclusions can 
be obtained from this study: 

• From optimal results, values of technological parameters to ensure the maximum 
weld tensile strength are defined as follows: Current strength Ih2 = 500 (A); 
Welding speed Vh1 = 16 (cm.min−1); Welding voltage Uh3 = 34 (V). 

• Defining the Effect of technological parameters on tensile strength of welding 
joint as follows: The effect of current (Ih) is:  (Ih) 38.9%; Welding speed (Vh) 
32.7%; (Vh) 32.7%; Welding voltage (Uh) is 27%; error 1.4%. 

• Results of tensile strength verification test are consistent with results predicted by 
the Taguchi method (error of 0.43%). It proves that the optimal result is accurate 
with a high reliability.
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Study the Design Automation 
of Two-Plate Plastic Injection Molds 

Truong Duc Phuc and Pham Vu Hung 

Abstract In this paper, the authors present the design automation of three-
dimensional (3-D) models of moldbase for two-plate plastic injection molds. Design 
automation of moldbase is an important stage in the mold design process, because 
it helps to reduce errors and time spent on tedious, repetitive modeling tasks. VBA 
programming language was used to build an automation tool for quickly designing 
of a moldbase with various input geometrical parameters. The input geometrical 
parameters of the moldbase can be customized by the user or defined according to 
the moldbase supplier’s catalogues. The VBA design automation tool was imple-
mented in Catia software and Microsoft Excel in order to rapidly create moldbase 
for two-plate injection mold design. The results show that the various moldbase can 
be rapidly created using the tool developed in this study. This demonstrates that the 
tool can be further developed for design automation of subsequent stages in the mold 
design process as well as enormous potential application in designing products in 
plenty of other areas. 

Keywords Design automation · Parametric design · Injection molding · VBA 

1 Introduction 

The development of computer aided design (CAD) from 2-D design to 3-D design and 
Virtual Reality (VR) has led to the appearance of various rapid, effective, and high-
productivity design tools, which inevitably require programming technique and other
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automatic design tools. Recently, automatic designing tool for a wide variety of gears 
has been created [1–5]. These tools are based on parameterization design principle, in 
which the tools can be incorporated with engineers’ knowledge, experience in order 
to quickly generate the design products and components. The parametric design and 
design automation is play an important role in the engineering design process. This 
is because it does not only help to reduce errors and time spent on tedious, repetitive 
designing and modeling tasks, but it can also be scaled to streamline downstream 
development processes. 

Injection molds play a key role in manufacturing components by molding and 
non-cutting shaping technology, as well as has a wide application in many indus-
tries in both military and civil sectors such as automotive, telecommunication, smart 
devices, electric equipment [6–10]. Injection mold design process is normally time 
consuming process. This is because every product has its own shape and structure 
which requires a specific mold design to form that product. Since, the product is 
normally different from other products. Therefore, the molds to form every product 
are different from each other. This requires people to design each mold for each 
product correspondingly. However, the mold design process is normally conducted 
manually by engineers. Particularly, mold design process nowadays is often imple-
mented manually in 3D CAD design software like Catia, NX, Creo, etc. [11, 12]. 
The process starts with parting surface definition, then a moldbase will be called out 
(from available libraries in the softwares) and inserted with the part already separated 
by the parting surface to make boolean operations for core and cavity creation. After 
that, engineers will create other systems of the mold manually like ejector system, 
runner system, cooling system, sliders, etc. The disadvantages using the integrated 
moldbase provided from the 3D CAD design software is due to the fact that the 
designer difficult to customize the dimension or input parameters of the moldbase 
components. Instead, the designers have to select the predefined moldbase provided 
by the software. This sometimes cause the moldbase is not suitable or to big for 
the mold to form a product. In addition, the predefined moldbase library provided 
by the 3D CAD design software is normally limited in types, size, or standard, 
etc. Therefore, creating a design automation tool which enables us to automatically 
and rapidly create customizable moldbase according to any standard is highlightly 
demand. In order to address this problem, this research focuses on method to create 
design automation of moldbase incorporated with cooling system, runner systems, 
and other mold components to make the mold design process more effective and 
productive. In this paper, the authors present method to create design automation of 
moldbase for two-plate injection molds.
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2 Design Automation Process 

2.1 Methodology 

Figure 1 shows the general process of designing a plastic injection mold proposed 
in this study. The process consists of the following main steps: (1) study product 
requirement; (2) Product design; (3) Determine number of cavities; (4) Define mold 
type; (5) Design mold layout; (6) Create moldbase and split core and cavity; (7) 
Design runner system; (8) Design cooling system; (9) Design ejection system; (10) 
Calculate mold strength; (11) Molding CAE simulation; (12) Design air venting 
system; (13) Design guiding and positioning system; (14) Mold material selection; 
(15) Technical drawing creation. The highlighted stages in the process are supposed 
to be utilized design automation in this study.

The design automation of the moldbase studied in this paper is utilized for two-
plate injection mold. Figure 2 shows the flow chart to design a mold using the 
moldbase which is created by using the design automation tool developed in this 
paper.

In order to create design automation tool of moldbase by the method proposed in 
this paper. First of all, all necessary input parameters are defined in an Excel file. This 
file can consist of user defined parameters for a moldbase or consist the predefined 
parameters of moldbases standard of some moldbase suppliers in the market such 
as FUTABA, DME, Hasco, etc. The design automation tool is developed to create 
any moldbase for two-plate injection mold with arbitrary valid input parameters. 
However, for demonstration, in this paper, FUTABA moldbase type was chosen to 
be created using the developed tool in this paper (Fig. 3).

There is a total of 6 types of two-plate-type moldbase provided by FUTABA 
supplier with the standardized parameters are described in the Table 1. These input 
parameters are assigned value according to the moldbase part number as described 
in the Excel file as in the Fig. 4.

2.2 VBA Programming 

To make it more convenient for designers to choose parameters available in the 
catalog, which is displayed in Excel, a VBA program will be written in the same 
software, functioning as a button for opening Catia and creating components and 
products automatically. VBA (Visual Basic for Applications) is a programming 
language hosted in applications such as CATIA, Microsoft Word, Excel, etc. VBA 
provides a complete programming environment with an editor, debugger, and help 
object reviewer. Declaring the object library used is allowed. In CATIA, VBA has 
the full Visual Basic syntax and IDE, which is like VBA in Excel. It is event-driven, 
GUI-oriented, and has full IDE yet cannot run a program without the host application 
running. Its advantages are using the GUI, building forms, and the debugging ability
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Fig. 1 General process of injection mold designing process

of the macro editor, while the disadvantage of it is that VBA programs cannot be 
compiled into executables or DLLs and they do not run in their own memory space. 
The extension is .catvba. [13]. 

Figure 5a shows the flow chart to create VBA for the design automation tool to 
generate a MoldBase automatically. First of all, a parametric mold of moldbase is 
created in Catia. Then an excel form is created to assign the value for the parameters 
in the parametric model of the moldbase. Then a VBA program is created to create 
the moldbase with the parameters matched with parameters in the Excel form. This 
process is repeated until the creating moldbase meets the requirements.
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Fig. 2 Flow chart to design a mold using moldbase

Fig. 3 Structure of a moldbase for two-plate injection mold

To be able to work with Catia from Excel without unexpected problems, the 
environment setting for the VBA program is shown as in the Fig. 5b. 

Each reference is a type library (.tlb) found in CATIA “bin” directory, which 
are necessary for exposing functions to Windows by acting as maps pointing to the 
function inside of the dll files that make CATIA V5 work. 

Firstly, a piece of code is written to call Catia environment from Excel no matter 
whether Catia is open already or not.
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Table 1 List of input 
parameters Denotes Description 

Mold W The width of moldbase 

Mold L The length of moldbase 

TCP_h The height of top clamping plate 

BCP_h The height of bottom clamping plate 

C_w The width of spacer block 

EF_w The width of ejector plates 

EJA_h The height of ejector retainer plate 

EJB_h The height of ejector base plate 

AP_h The height of cavity plate 

BP_h The height of core plate 

CP_h The height of spacer block 

T_w The width of top clamping plate 

U_h The height of supporting plate 

S_h The height of stripper plate 

Fig. 4 Some input parameters for FUTABA moldbase catalogue

To cover all the available parameters in the catalog, a UserForm is designed along 
with the corresponding codes as shown in Fig. 6.

After choosing the proper type of mold base as well as other parameters in the 
UserForm, the click “CREATE MOLDBASE” button to assign all the values to the 
parameter of the 3-D model needing to be called as shown in the Fig. 7. It will  
be opened if it is not called in the Catia environment yet and it will be updated 
its parameter if it is called already. As a result, the 3D model of moldbase will be 
automatically created rapidly.
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Fig. 5 a Flow chart to create moldbase automatically, b setting environment in CATIA for VBA 
program running

3 Results and Discussions 

Application of design automation tool developed in this study, any type of mold-
base for two plate injection mold can be created rapidly. As demonstration 4 set of 
FUTABA moldbases with various geometrical parameters are tested to create using 
the tool developed in this paper. Set 1 is SA-type Moldbase; Set 2 is SB-and-SE-type 
Moldbase; Set 3 is SC-type Moldbase; and Set 4 is SD-and-SF-type Moldbase. The 
four set of moldbase with the input parameters and information are as in the Table 2.

The result of the moldbases created by the design automation tool developed in 
this paper are shown as in Fig. 8.

The design automation is effective to automatically create moldbase for two-plate 
injection mold rapidly. This tool helps the mold designer save a lot of time during 
the mold design process. In addition, it also enhanve the accuracy of the designing 
process. The design automation tool for subsequence systems in the injection mold 
are under research process and will be represented in near future.
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Fig. 6 User form and code to define input parameters for the moldbase
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Fig. 7 Input parameters for creating of the moldbase

Table 2 Input parameters for the various moldbase types (unit is mm) 

Input parameters Mold_W Mold_L AP_h BP_h CP_h TW U_h 

Set 1 200 230 40 50 60 280 40 

Set 2 500 500 60 80 70 600 80 

Set 3 400 450 90 90 90 550 50 

Set 4 330 350 100 108 80 400 60

(a) Moldbase Set 1, (SA-type, Mold_w=200, Mold_l=200, AP_h=40, BP_h=50, 
CP_h=60, TW=280, U_h=40) 

Fig. 8 Moldbases created automatically by developed VBA program
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(b) Moldbase of set 2 (c) Moldbase of set 3 (d) Moldbase of set 4 

Fig. 8 (continued)

4 Conclusion 

In this paper, the authors have successfully developed a design automation tool to 
automatically creation of 3D models of moldbase for two-plate plastic injection 
molds by using VBA programming in Catia software and Microsoft Excel software. 
This tool enables the designers to create any type of moldbases for two-plate injection 
mold in which input geometrical parameters of the moldbase can be customized by 
the user or defined according to the moldbase supplier’s catalogues. The results 
show that various moldbase types can be quickly generated using the tool developed 
in this study. This demonstrates that the tool can be further developed for design 
automation of subsequent stages in the mold design process as well as other product 
design process. 
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Study Effects of Cutting Parameters 
on Surface Quality in High Speed Milling 
of CuZn40Pb1 Brass Alloy 

Truong Duc Phuc, Pham Hong Phuc, Nguyen Thanh Trung, 
Hoang Tien Dung, and Hoang Trung Kien 

Abstract In this paper, the authors developed a 4 axis high precision milling machine 
and using the machine to study the effect of cutting parameters on the surface rough-
ness during high speed milling of CuZn40Pb1 brass alloy material. During machining 
process, the cutting forces and spindle vibration were measured to investigate the 
cutting forces and vibration for all the cutting conditions. Moreover, an equation of 
surface roughness as a function of spindle speed, feed rate, and depth of cut was 
established based on linear regression with least squares method. It is found that the 
regression equation of surface roughness shows good accuracy and agrees well with 
the experimental results. Moreover, the validation experiments were also conducted 
to evaluated the accuracy of the regression mathematical function of surface rough-
ness. It is found that the maximum errors of the surface between validation exper-
iments and the regression function is less than 15% which is relative small and 
acceptable.
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Keywords High speed milling · Surface roughness · Regression equation ·
Cutting force · Spindle vibration 

1 Introduction 

Brass alloys are widely used for valves, pipes, connectors and fittings in water and/or 
hydraulics systems because of their outstanding corrosion resistance [1, 2]. Machin-
ability of brass alloys will be improved if they are added with several different 
elements during the material processing. Lead is one of the most well known alloying 
element for improving machinability of brass alloys. Normally, lead is added to tradi-
tional brasses alloys at levels of 2–5% mass in order to enhance their machinability 
[3–6]. However, adding of lead element to these brass alloys causes severe hazard 
not only to the environment and but also to the human health [7, 8]. Therefore, it 
is desirable to reduce the percentage of lead element in brass alloys. Unfortunately, 
lower content of lead element causes brass alloys more difficult to machine. 

On the other hand, machining is one of the most popular processes using for 
manufacturing parts made of brass alloys. More and more competition of the manu-
facturers in providing higher quality products produced by sustainable ways. High 
speed machining is important for manufacturing of mechanicals parts since it can 
product high quality parts effectively. Therefore, studying the machinability of brass 
alloys in high speed machining is highly desired in order to produce high quality 
parts made of these materials at effective cost and time. 

There have been many reports on studying the machinability of various metal 
materials [9–14]. Sai et al. [9] studied on the residual stresses, microstructure, surface 
roughness and hardness of carbon steels and stainless steels during milling operations. 
It was reported that the machining surface quality is improved when cutting at high 
speed and low feed rate. Selvaraj et al. [10] studied the effects of cutting speed, feed 
rate on surface roughness of ASTM A 995 stainless steels in dry turning operation 
using carbide cutting tools. It is also reported that better surface roughness was 
achieved at high cutting speed and lower feed rate. Wang et al. [11] investigated the 
effects of cutting parameters and cutting tool geometry on surface roughness during 
end milling process of Al 2014-T6 material. They established the mathematical 
function of surface roughness with the input parameters for both dry and wet cutting 
conditions. Palanikumar [12] studied machinability of glass fiber reinforced plastics 
composites in turning operation. They established equation of surface roughness as a 
function of cutting speed, feed rate, and depth of cut. Premnath et al. [13] investigated 
the influences of cutting parameters in face milling operation of hybrid aluminum 
composites. They found that cutting speed was the major factor which affects the 
surface roughness. Ramesh et al. [14] investigated the effects of cutting conditions on 
surface roughness in turning operation of titanium alloys. It was presented that feed 
rate affects the most on the surface roughness. However, reports on machinability of 
brass alloys such as CuZn40Pb1 is limited. Therefore, in this research, the authors 
study the machinablity of this material during high speed milling operation. The
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effects of cutting parameters such as spindle speed, feed rate, and depth of cut on the 
surface roughness of machining surface will be presented. 

2 Experiment Method 

In this research, the authors developed a high precision and high speed milling 
machine in order to conduct machining experiment of various materials. Figure 1 
shows the design and the real machine developed in this study. The machine has 
three translation axes X, Y, Z, and one rotation axis A. the stroke of the X, Y, and 
Z axes is 200 mm, 150 mm, and 110 mm, respectively. The rotation angle of the A 
axis is ±360°. The spindle speed can be up to 20,000 RPM. The control system of 
the milling machine is built based on Mach3 CNC controller of Artsoft USA. 

In this paper, the authors study the effect of cutting parameters on the surface 
roughness during high speed machining of CuZu40Pb1 brass alloy material. The 
chemical condition of the workpiece material was analyzed by using the Ametek 
spectrum materials analysis machine as shown in the Fig. 2, and the chemical compo-
sitions of the CuZu40Pb1 brass alloy material consists of approximately 55.33% 
copper, 40.69% zinc, 1.43% lead, 0.65% iron, tin 0.48%, nickel 0.22%, aluminum 
0.92%, and some other elements with relative small percentages.

The cutting tool used in the milling experiments was solid carbide end mill tool 
with the diameter of 1 mm as shown in the Fig. 3, and the surface hardness of the 
cutting tool is HRC55.

The cutting parameters such as the spindle speed, feed rate, and depth of cut were 
choosen to study its effect on the surface roughness. Each cutting parameters have 
two levels of value which are shown in Table 1.

An L8 orthogonal array design of experiment was utilized in order to investigate 
the effects of spindle speed, feed rate, and depth of cut on the surface roughness. The 
experiment conditions are arrange as in Table 2.

Fig. 1 The design and manufactured of 4 axis CNC milling machine 
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Fig. 2 Analysis of chemical 
composition of the 
workpiece material

Fig. 3 Carbide end mill tool 
using in the machining 
experiments

Table 1 Cutting parameters 
using for experiments Cutting parameters Level 1 Level 2 

Spindle speed (S) (rpm) 11,000 13,000 

Feed rate ( f ) (mm/min) 100 200 

Depth of cut (t) (mm) 0.1 0.3

Table 2 Design of 
experiment for machining Run Spindle speed (S) 

(rpm) 
Feed rate (f) 
(mm/min) 

Depth of cut (t) 
(mm) 

1 13,000 100 0.1 

2 11,000 200 0.3 

3 13,000 200 0.3 

4 11,000 200 0.1 

5 11,000 100 0.3 

6 13,000 200 0.1 

7 13,000 100 0.3 

8 11,000 100 0.1
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Fig. 4 Milling machine and machining experiment setups 

The cutting forces during milling were measured by using Kistler 9139AA 
dynamometer, and the spindle vibration was measure by using a Bruel and Kjaer 
triaxial accelerometer type 4524-B-001. The surface roughness of the machining 
surface was measured by using Mitutoyo SJ-301 portable surface roughness tester. 
Figure 4 show the setup of milling machine and measurement system for cutting 
experiments. 

3 Results and Discussions 

3.1 Machining Results 

For each run of experiement of cutting, the cutting forces and the vibration of the 
spindle are measured. Figure 5 shows the result of cutting forces and vibration of the 
spindle in the form of accelerate in x, y, and z direction when cutting with parameters
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as spindle speed S = 11,000 rpm, feed rate f = 100 mm/min, and depth of cut t = 
0.1 mm. It is found that the cutting forces are relative small. The maximum cutting 
forces in x and y direction are about 10 N, while the maximum cutting force in z 
direction is about 5–6 N. It is also found that the vibration of the spindle is relative 
small. The maximum accelerates of the spindle vibration are about 3 m/s2 in x and 
y direction, while the maximum accelerate of the spindle vibration in z direction is 
about 1.3 m/s2. From the measurement analysis software (Bruel and Kjaer—PULSE 
Labshop version 17.0.0), it is determined that the frequency of the vibration of the 
spindle is about 500 Hz. Therefore, the displacement of vibration of the spindle can 
be calculated based on the vibration theory [15, 16]. The calculation results show 
that the maximum displacement of the spindle vibration are about 0.3 µm in  x and 
y direction, while the maximum displacement of the spindle vibration in z direction 
is about 0.13 µm. Similarly, for other run of experiments, the cutting forces and the 
vibration of the spindle can be measured with the same procedures.

For each run of experiment of cutting, the surface roughness of machining surface 
is measured by using a portable surface roughness tester (Mitutoyo SJ-301). Figure 6 
shows the surface roughness measurement device and the measurement result of 
surface roughness of the machining surface when cutting with parameters as spindle 
speed S = 11,000 rpm, feed rate f = 100 mm/min, and depth of cut t = 0.1 mm. In this 
paper, the average surface roughness Ra is selected as output analysis parameter. It is 
found that the surface roughness of the machining surface is Ra = 0.3 µm. Similarly, 
for other run of experiments, the surface roughness of the machining surface were 
measured and recorded by the same procedures. The surface roughness measured 
for each run of experiments are summarized in Table 3.

3.2 Regression of Surface Roughness Function with Input 
Cutting Parameters 

Response surface methodology (RSM) is a combination of statistical and mathemat-
ical methods that are useful to establish a mathematical function to express the rela-
tionship between the input process parameters and the output response [17]. From 
experimental results, it is important to establish the relationship between surface 
roughness of machining surface and the cutting parameters. Since, knowing of this 
relationship helps to predict the output surface roughness of a machining surface 
with a specific cutting conditions. This is very helpful in selection of suitable cutting 
parameters. The regression function of surface roughness can be expressed as in 
Eq. 1. 

Ra = C.Sm . f n .tq (1) 

where, 
Ra: is surface roughness of machining surface (µm).
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Fig. 5 Cutting forces and vibration of spindle during cutting (S = 11,000 rpm, f = 100 mm/min, 
t = 0.1 mm)
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Fig. 5 (continued)

Fig. 6 Measurement of 
surface roughness of 
machining surface after 
cutting (S = 11,000 rpm, f = 
100 mm/min, t = 0.1 mm)

S: is spindle speed (rpm). 
f : is feed rate (mm/min.) 
t: is depth of cut (mm). 
C: is a constant. 
m, n, q: are the are exponents. 
In order to determine constants and exponents, the Eq. (1) was linearized by 

performing a logarithmic transformation as follows:



Study Effects of Cutting Parameters on Surface Quality in High Speed … 521

Table 3 Experimental surface roughness of machining surface 

Run Spindle speed (rpm) Feed rate (mm/min) Depth of cut (mm) Surface roughness 
(µm) 

S f t Ra 

1 13,000 100 0.1 0.29 

2 11,000 200 0.3 0.53 

3 13,000 200 0.3 0.56 

4 11,000 200 0.1 0.54 

5 11,000 100 0.3 0.58 

6 13,000 200 0.1 0.44 

7 13,000 100 0.3 0.33 

8 11,000 100 0.1 0.3

lnRa = lnC + mlnS + nln f + qlnt (2) 

The constants and exponents C, m, n, and q are determined by the method of least 
squares. From Eq. (2), by using least squares method, the first order linear equation 
is expressed as follows: 

Y = b0 + b1.X1 + b2.X2 + b3.X3 (3)  

By using least squares method, the natural logarithm of variables and constants 
in Eq. (3) and Table 3 are calculated as in Table 4 as follows: 

By using matrix expression form, the Eq. (3) can be rewritten in the matrix form 
as follows: 

X × b = Y (4) 

where,

Table 4 Natural logarithm value calculated for variables in Eq. (3) 

Run X1 (S) X2 (f) X3 (t) Y (Ra)  

1 9.472704636 4.605170186 −2.302585093 −1.237874356 

2 9.305650552 5.298317367 −1.203972804 −0.634878272 

3 9.472704636 5.298317367 −1.203972804 −0.579818495 

4 9.305650552 5.298317367 −2.302585093 −0.616186139 

5 9.305650552 4.605170186 −1.203972804 -0.544727175 

6 9.472704636 5.298317367 −2.302585093 −0.820980552 

7 9.472704636 4.605170186 −1.203972804 −1.108662625 

8 9.305650552 4.605170186 −2.302585093 −1.203972804 
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X = 

⎛ 

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ 

1 9.472704636 4.605170186 
1 9.305650552 5.298317367 
1 
1 
1 
1 
1 
1 

9.472704636 
9.305650552 
9.305650552 
9.472704636 
9.472704636 
9.305650552 

5.298317367 
5.298317367 
4.605170186 
5.298317367 
4.605170186 
4.605170186 

−2.302585093 
1.203972804 

−1.203972804 
−2.302585093 
−1.203972804 
−2.302585093 
−1.203972804 
−2.302585093 

⎞ 

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ 

Y = 

⎛ 

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ 

−1, 237874356 
−0, 634878272 
−0, 579818495 
−0, 616186139 
−0, 544727175 
−0, 820980552 
−1, 108662625 
−1, 203972804 

⎞ 

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ 

and b = 

⎛ 

⎜⎜⎝ 

b0 
b1 
b2 
b3 

⎞ 

⎟⎟⎠. 

Solving Eq. (4) is as follows:  

XT × X × b = XT × Y (5) 

Or 

F × b = XT × Y (6) 

where, 

F = XT × X (7) 

XT is the transform matrix of X. 
If matrix F is inversable, the Eq. (6) can be rewritten as follows: 

b = F−1 × XT × Y (8) 

where,
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XT = 

⎛ 

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ 

1 
9.472705 
4.60517 

−2.30259 

1 
9.472705 
5.298317 
−1.20397 

1 
9.305651 
4.60517 

−1.20397 

1 
9.305651 
5.298317 
−1.20397 

1 
9.305651 
5.298317 
−2.30259 

1 
9.472705 
5.298317 
−2.30259 

1 
9.472704636 
4.605170186 

−1.203972804 

1 
9.305650552 
4.605170186 

−2.302585093 

⎞ 

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ 

F = XT × X = 

⎛ 

⎜⎜⎝ 

8 
75.11342 
39.61395 
−14.0262 

75.11342 
705.3091 
371.9424 
−131.695 

39.61395 
371.9424 
197.119 

−69.4543 

−14.0262 
−131.695 
−69.4543 
27.00579 

⎞ 

⎟⎟⎠ 

Since the determinant of matrix F is det(F) /= 0, Therefore, F is inversable, and 
the inverse of matrix F is calculated as follows: 

F−1 = 

⎛ 

⎜⎜⎝ 

1606.384 −168.222 −5.1532 0.726327 
−168.222 17.91661 1.25E − 12 −1.3E − 13 
−5.1532 2.14E − 12 1.040684 2.28E − 15 
0.726327 −2.4E − 13 7.46E − 16 0.414268 

⎞ 

⎟⎟⎠ 

By substitution the above values into Eq. (8), we achieve: 

b = F−1 × XT × Y = 

⎛ 

⎜⎜⎝ 

7.48634198 
−1.118756895 
0.520586948 
0.230046417 

⎞ 

⎟⎟⎠ 

Therefore, the Eq. (2) can be written as follows: 

ln Ra = 7.486364198 − 1.118756895 ln S 
+ 0.520586948 ln f + 0.230046417 ln t (9) 

Finally, we achieve the surface roughness function is as follows: 

Ra = 1782.906185 × S−1.118756895 × f 0.520586948 × t0.230046417 (10) 

Recalculating the value surface roughness by using the regression Eq. (10) and 
compare with the experimental data, the results are shown in Table 5.

The accuracy comparision of the surface roughness calculated from the regression 
(10) and the experimental data is calculated by the following equation:
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Table 5 Experimental surface roughness and the surface roughness calculated from regression 
equation 

Run Spindle 
speed 
(rpm) 

Feed 
rate 
(mm/ 
min) 

Depth of 
cut(mm) 

Surface roughness Ra (µm) 

Experimental 
results 

Calculated 
from 
Eq. (10) 

S f t Y (Ra) Y 
Δ 

(Y 
Δ 

− Y ) 
2 

(Y − Y ) 2 

1 13,000 100 0.1 0.29 0.288 0.025 0.024 

2 11,000 200 0.3 0.53 0.643 0.038 0.007 

3 13,000 200 0.3 0.56 0.532 0.008 0.013 

4 11,000 200 0.1 0.54 0.498 0.003 0.009 

5 11,000 100 0.3 0.58 0.447 1.3E-6 0.018 

6 13,000 200 0.1 0.44 0.414 0.001 3.9E-5 

7 13,000 100 0.3 0.33 0.371 0.006 0.014 

8 11,000 100 0.1 0.3 0.348 0.009 0.021 

Y = 0.446 
Sum 0.0899 0.105

R2 = 

8Σ 
i=1

(
Y 
Δ 

− Y
)2 

8Σ 
i=1

(
Y − Y

)2 = 
0.0899 

0.105 
= 0.856 (11) 

It is found that R2 = 0.856 which is approximately reach to 1. Therefore, the 
regression model is accurated. 

3.3 Validating of the Regression Equation of Surface 
Roughness 

Since the regression equation of surface roughness is established as Eq. (10). For 
different cutting conditions, it is possible to predict the output surface roughness 
of the machining surface. In this section, the validating experiments are conducted 
to compare the experimental surface roughness with the calculated one from the 
regression equation. The cutting conditions for the validating experiments are shown 
in the Table 6.

It is found from Table 6 that the calculated surface roughness from the regression 
equation agrees well with the experimental results. The maximum error between the 
calculated surface roughness and the experimental results is less than 15% which is 
acceptable for the regression mathematical model.
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Table 6 Design of experiments for validating machining experiments 

Run Spindle 
speed (rpm) 

Feed rate 
(mm/min) 

Depth of cut 
(mm) 

Surface roughness Ra (µm) Errors(%) 

Experimental 
results 

Calculated from 
Eq. (10) 

S f t Y (Ra) Ŷ 

1 12,000 100 0.2 0.33 0.369739 10.75 

2 12,000 150 0.3 0.44 0.501273 12.22 

3 12,000 200 0.1 0.39 0.452227 13.76

4 Conclusion 

In this paper, the authors developed a 4 axis milling machine and study the effects 
of cutting parameters on the surface roughness during high speed machining of 
CuZn40Pb1 brass alloy material. The cutting forces and vibration of the spindle 
during machining process were measured by using a dynamometer and a triaxial 
accelerometer to understand the cutting forces and vibration for all the cutting condi-
tions. It is found that the both cutting forces and the displacement of spindle vibration 
are relative small. In addition, based on the experimental data, a regression mathemat-
ical model of surface roughness as a function of spindle speed, feed rate, and depth 
of cut was established. It is found that the regression equation of surface roughness 
provides good accuracy and agrees well with the experimental results. Moreover, the 
validation experiments were also conducted to evaluated the accuracy of the regres-
sion mathematical function of surface roughness. It is found that the maximum error 
of the surface between validation experiments and the regression function is less than 
15% which is relative small and acceptable. 
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A Study on Integrated Flexible 
Manufacturing Systems 

Vuong Gia Hai, Le Thi Lan, Do Thi Thu Thuy, Dinh Van Hien, 
and Hoang Van Quy 

Abstract Nowadays, automatic workpiece feeding lines and CNC machining inte-
grating many operations to process machine parts are used more and more widely. 
These systems operate with high stability, accuracy and flexibility when changing 
different product types. In this study, an integrated CNC machining and automatic 
workpiece feeder system were designed and fabricated. This is a modern system, that 
increases machining productivity and ensures operator safety. The design system 
includes a conveyor that transports the workpiece to the machining location and 
transports the part after the processing is complete to the container, a robotic arm 
that picks the workpiece from the conveyor to the CNC machining machine and picks 
the part after processing on the conveyor. The results of the research can be applied 
in production or training in programming, operating automatic workpiece feeding 
systems and integrated CNC machining. 

Keywords Manufacturing · Automatic workpiece feeding system · 3-Axis CNC 
milling machines ·Mach3 · PLC 

1 Introduction 

In the current strong development trend of science and technology, the use of auto-
matic lines and systems to manufacture products is no longer a new thing for countries 
around the world. For countries with developed industries, these machining systems 
are invested, designed, fully equipped and extremely modern, with very precise 
mechanical structures, the robots in the line are very flexible. And especially, the 
work of controlling the line is very simple, easy, convenient for users and can easily 
change the program to control the operation of the line to manufacture machine
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parts, products other according to the actual requirements of the market. The oper-
ation process of the system is a closed continuous cycle, from the work of feeding 
the billet to the process of packing the product into the warehouse or bringing it to 
the market, which is automated. 

With our Vietnam, it is a country with a developing industry, trying to learn, 
access and inherit the world’s high technologies in CNC machine design and manu-
facture [1–4]. Currently, in our country, most of the new research focuses on CNC 
processing machines [5–8] to replace traditional machining machines. Due to low 
economic conditions, facilities and human qualifications, the technology of high-
tech automatic production lines and CIM-integrated processing lines has not been 
mastered. Therefore, it is urgent to research and manufacture an automatic billet 
feeding system and integrated CNC machining. In this study, we will introduce the 
automatic workpiece feeding lines system about conveyor, robot with 2 degrees of 
freedom, sensor and CNC milling machine. 

2 Design of Integrated CNC Machining and Automatic 
Workpiece Feeding System 

2.1 System Diagram 

In the Fig. 1 shows a schematic diagram of the integrated automatic workpiece 
feeding system and integrated CNC machining.

The workpiece is transported on the conveyor when it encounters an object detec-
tion sensor, the robot arm will pick up the workpiece from the conveyor and put it on 
the table on the CNC milling machine. When the workpiece is placed on the machine 
table, the workpiece clamping system automatically clamps and then machining takes 
place. After the processing is complete, the robot will take the product from the CNC 
milling machine and place it on the conveyor, the conveyor will receive the order to 
transport the product to the container and put the next workpiece into processing. 

2.2 Design of Automatic Workpiece Feeding System 

In the Fig. 2 shows the structure of the automatic workpiece feeding system. When 
the system starts working, the conveyor motor works to bring the workpiece to move 
on the conveyor surface, when the workpiece moves to a position with a preset sensor, 
the sensor receives the signal and sends it back to the PLC and the PLC will stop the 
motor. Next, the workpiece picker robot arm starts to pick up the workpiece and put it 
into the processing machine. When the processing is complete, the system will give 
a signal to the PLC to control the robot arm to pick up the parts from the processing 
machine and put it on the conveyor. When the position is reached, the part detection
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Fig. 1 Block diagram of the integrated CNC machining and automatic bar feeding system

sensor will give a signal to the PLC and the PLC will give the opposite signal to the 
conveyor for the conveyor to operate, bringing the part to fall to the place where the 
production is stored. And then the sensor continues to detect the workpiece and send 
a signal to the PLC to perform the next part machining processing. 

The technical parameters of the workpiece feeding system are presented in Table 
1.

Fig. 2 Automatic workpiece feeding system for CNC machine 
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Table 1 Specifications of workpiece feeding system 

Conveyor specifications Robot specifications 

Conveyor length (mm) 800 Y-axis stroke (mm) 150 

Conveyor width (mm) 70 Z-axis stroke(mm) 55 

Conveyor speed max (m/ph) 1632 Lift load (kg) 10 

Load capacity (kg) 5 

Motor with reducer GB37 
3530 24 V 

Motor power 6W, spin 
speed 60 rpm 

2.3 CNC Milling Machine Design 

The structure design of a 3-axis CNC milling machine is shown in Fig. 3. The  
structure of the machine consists of a spindle assembly that creates cutting motion, 
and three assemblies of a tool axis in the X, Y and Z directions. Specifications of the 
milling machine CNC machine is presented in Table 2. 

Fig. 3 A3-axis CNC milling machine design
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Table 2 Specifications of 3 
axis CNC milling machine Table size (length × width) (mm) 250 × 150 

Spindle motor power (w) 400 

Spindle speed (rpm) 18,000 

Stroke of each axis X/Y/Z (mm) 310/230/110 

X/Y/Z motor STEP57 

Control system Mach3 

Machining accuracy (mm) 0.01–0.06 

Fig. 4 Fabrication of automatic workpiece feeding system and integrated CNC machining 

3 Fabrication of Automatic Workpiece Feeding System 
and Integrated CNC Machining 

After designing and completing the structure of the automatic billet feeding system in 
Sects. 2.2 and 2.3, the research team carried out fabrication according to the designed 
drawings. The system that has been fabricated and assembled is shown in Fig. 4. The  
main materials for the construction of the system are aluminum and plastic. 

4 Investigate the Reliability of the System Designed 
and Manufactured 

After the system is fully fabricated, the research team conducts testing activities to 
investigate the accuracy of the fabrication system compared to the design. First of 
all, check the working process of the automatic workpiece feeding system, working 
with two types of cylindrical and rectangular workpiece made from hard plastic 
Fig. 4. The results show that the bar feeding system works well, in accordance with 
the design requirements. Next, check the operation of the 3-axis CNC machine, then 
check the operation of the system including the automatic workpiece feeding process,
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automatic machining, and after processing the product is put on the conveyor and 
transported to the container. The results of the experimental process that proved the 
reliability of the designed and fabricated system are presented in Table 3. 

Table 3 Statistical table sample of designs and experiments 

Specimen Design Experiment 

Number 1 

12 
12

 

Number 2 

17 

Number 3 

10 

Number 4 

20

(continued)
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Table 3 (continued)

Specimen Design Experiment

Number 5 

10 

5 

5 Conclusion 

In this study, a integrated CNC machining and automation workpiece feeding system 
has been designed and engineered with a well-arranged and assembled system of 
components. The system is quite flexible, easy to disassemble, transport and connect 
to the computer, easy to operate, very suitable for practice, practice integrated 
machining system. This system can work with parts made by aluminum, wood or 
mica plastic, PA. Through product inspection, we see that the system is designed and 
manufactured to fully meet the requirements set forth. The results of the research can 
be developed with many other modern machines and control systems such as bottle 
capping systems, packaging systems, product sorting systems, etc. 
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Accuracy Evaluation of Slump 
and Slump-Flow Test for 3D Concrete 
Printing with the Kinect v1 

Van-Bien Bui, Thi-Loan Pham, Duc An Pham, and Thi Thu Thuy Do 

Abstract The primary challenge for successful 3D concrete printing is the compli-
cated characteristics the materials should own, especially printability. The result and 
the slump-flow tests probably determine this parameter. Unfortunately, the tradi-
tional slump and slump-flow test methods are basically based on length and time 
measured by a ruler and a stopwatch then the result may reflect error caused by 
human. We introduce in this research an efficient method for slump and slump-flow 
test data receiving with Kinect v1. Our approach is based on the non-contact measure-
ment and data processing. After capturing the dynamically changing 3D surface of 
concrete using a 3D device during the test, the results are processed into a point cloud. 
The slump flow diameter and height at any location simultaneously can be indicated 
from this point cloud. Finally, the experimental results show that the efficiency of 
the proposed method is significantly improved. 

Keywords 3D concrete printing · Slump and slump-flow test · 3D scanning ·
Kinect v1 · Point cloud 

1 Introduction 

In recent years, there has been a fast-developing interest in 3D printing technology, 
especially in the construction industry in general and civil construction in particular 
[1, 2]. 3D concrete printing is defined as the continuous extrusion of cementitious 
materials to build objects in layer-by-layer appearance. This technique can potentially 
help to remove the use of the formwork, then the material’s rheological properties
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are principally crucial for the material to be pumped and able to hold its shape after 
printing [3]. 

Pumpability and buildability are the two essential material parameters in 3D 
concrete printing concerning plastic viscosity and the material’s yield stress. Pumpa-
bility is the ease of conveying material from storage to the nozzle. However, concrete 
pumping is a complex process. In addition to the time-dependent properties of the 
material, changes in concrete properties for pumping conditions such as stratification 
and water separation can make the pumpability of the material difficult to predict 
[4]. Meanwhile, separating water from the aggregate can also clog the pump pipe. 
This reality is generally caused by inadequate particle size distribution or enormous 
water-to-binder ratio. Therefore, in an accordingly designed mixture, there should 
be enough excess paste to fill the spaces between the aggregates. This paste content 
forms a coating that envelops the totals, which acts as a “lubricant” between the the 
aggregates when shear stress is forced onto the mixture [5]. This lubricating layer 
reduces friction between the aggregates and enhances the workability of the printed 
material. 

Buildability has been newly defined and utilized for 3D concrete printing applica-
tions [6], which is associated with the material’s yield stress, the fabric, the structural 
formation of the material, and the shape stability of the cross-section of the layers. The 
static yield stress of the material causes the initial rigidity of the material. This rigidity, 
which concerns the material’s ability to maintain its original shape after extrusion 
from the nozzle, is necessitated before the structural build-up of the mixture occurs. 
In [7], the authors showed that the structural build-up of the mixture is connected 
with the rate of flocculation and hydration of the binder. If the forming of the next 
layer is faster than the structural build-up rate of the mixture, the structure will be 
damaged [6]. Therefore, the balance between the structural build-up of the mixture 
and the printing process parameters is critical to achieving high buildability. The 
supplement of admixtures such as accelerators can increase the mixture’s structural 
build-up rate [8]. 

There is currently no standard test method to measure or quantify pumpability and 
buildability for 3D concrete printing. During the research on 3D concrete printing 
at Hai Phong University, to evaluate the pumpability and buildability of concrete 
mortar, a slump flow-test method was implemented and illustrated in Fig. 1. It is  
the simplest and most widely used. However, this method always has a significant 
measurement error and depends on the operator.

With the development of technology and equipment, instead of conventional 
testing devices, a rheometer has been introduced to determine the working param-
eters of concrete [9]. For instance, it has been used to evaluate the workability of 
concrete, thereby monitoring the workability of high-rise buildings [10]. Recently, 
based on computational fluid dynamics analysis, the concrete flow has been dramati-
cally investigated with a rheometer [11]. However, understanding concrete rheology 
in the construction field through which to determine pumpability and buildability is 
still very poor. Furthermore, with the price of a rheometer ranging from $20,000 to 
$180,000, its use in 3D concrete printing is limited by its costliness. Therefore, an
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Fig. 1 The slump-flow test at Hai Phong University

effective and low-cost measurement method in the field of 3D concrete printing and 
the construction field, in general, is a necessary solution. 

This paper introduces a new approach to evaluating the slump and slump-flow 
test results using a depth sensor. Microsoft Kinect v1, a low-cost depth sensor used 
to determine the surface of the concrete pattern during slump and slump-flow test, 
is set up as shown in Fig. 2. According to the original design, Kinect v1, which uses 
structured light technology to collect depth data, was developed for human motion 
recognition in role-playing games. However, with good resolution and scanning 
speed, the application of Kinect v1 is being expanded to areas such as simultaneous 
localization and mapping [12], 3D modeling of mechanical parts [13], and construc-
tion quality monitoring [14]. In addition, visualizing spatial technology data using 
depth sensors is useful in numerical analysis and simulation of concrete flow during 
3D printing.
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Fig. 2 Utilization of the depth sensor during the slump and slump-flow test 

2 Methodology 

2.1 Acquisition Data Using Kinect v1 and Skanect 

Kinect v1 includes two cameras, an infrared (IR) camera, and an RGB camera. In this 
device, there is a laser source that emits infrared light. This laser source emits a beam 
of infrared light, which is then projected onto the object. The object illuminated by 
infrared light will be captured by the infrared camera and compared with the reference 
sample to obtain the depth value. Specifications of the device are shown in Table 1. 

Skanect, developed by ManCTL, was used to collect the data. This software allows 
the user to combine the Kinect v1 device into a 3D scanner that can operate up to 
30 fps. With a set of predefined scenarios, Skanect makes it easy to 3D scan objects 
suitable for most use cases. With this software, users can export standard 3D files

Table 1 The specifications 
of Kinect v1 [15] Parameters Value 

RGB camera resolution (pixels) 640 × 480 
Infrared camera resolution (pixels) 320 × 240 
Framerate (Hz) Up to 30 

RGB camera field of view (degrees) 60 × 50 
Infrared camera field of view (degrees) 57 × 43 
Range of operation (m) From 0.4 to 4 
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Fig. 3 Acquisition data framework 

such as .obj, .ply, and .stl, and automatically correct 3D models of objects, simplify 
complex geometrical components and perform precise editing. 

A data collection process through Kinect v1 and Skanect is shown in Fig. 3. First, 
in the Prepare step, the operator needs to set up parameters such as scanning object, 
working area, and aspect ratio to determine the reasonable working process in the 
following steps. After clicking the “Start” button, the Record step will automatically 
run to start the scanning process. Before writing data, the operator can change the 
delay time and the working time. After setting the time options, click the “Record” 
button on the top left of the screen to perform the data collection. After obtaining 
enough 3D data on Skanect, the operator will create the complete point cloud of the 
scanned object using the “Fusion” function in the Reconstruct step. Next, the outliers 
are removed in the Process step, and the complete 3D model will be completed using 
the “Mesh” function. Finally, in the Share step, the finished 3D model will be saved 
and retrieved as a file for other applications. 

2.2 Data Processing by Geomagic Design X 

After data collection, the next step is to process the data to determine the resulting 
values of the slump and slump-flow test. Because the Skanect does not directly 
measure, Geomagic Design X is used as an additional solution for processing material 
slump and slump-flow test data. 

The output data of the data collection process can be retrieved in many types. 
However, the point cloud is the most accurate data collection type, as this type is 
representative of the actual points to be determined. Use the Mesh Buildup Wizard 
tool to import data into Geomagic Design X, as shown in Fig. 4. This tool has four 
stages of implementation: Data Preparation, Noise Reduction, Data Editing, and Data 
Merging. In some cases, not all stages are carried out. In this paper, data preparation 
and data editing are performed.

After importing data into Geomagic Design X, some tools will be used to define 
parameter values of the slump and slump-flow test. First, the Measure tool will 
determine the dimension and angle. Then, to evaluate the shape and change of the 
concrete surface during slump testing, the point cloud of the CAD model obtained 
from 3D scanning with Kinect v1 will be processed by the Alignment tool before 
determining the measurement parameters in this experiment.
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Fig. 4 Geomagic Design X interface

3 Results and Discussion 

3.1 Experimental Setup 

The experiment aims to test the method of evaluating the results of the slump and 
slump-flow test used in 3D concrete printing. The experiment results will be assessed 
through two factors: the specimen’s shape and the value of the parameters determined 
after the experiment. 

The experimental process to determine the slump and slump-flow test results 
using Kinect v1, Skanect, and Geomagic Design X software installed on a computer 
with configuration as follows: Intel(R) Xeon(R) CPU E3-1505 M v5 @ 2.80 GHz 
2.81 GHz; RAM 32 GB; Quadro M1000M. The Kinect v1 is mounted on a tripod, 
which makes it easy to move around the specimen. 

The experiment was conducted with 03 samples mixed using PC40 cement by 
Chinfon, fly ash by Hai Phong thermal power plant, sand with a nominal maximum 
aggregate size of 2.5 mm, water, and superplasticizer Sika Visconcrete 3000 M. The 
mixture proportion is shown in Table 2. 

Table 2 The mixture ratio 

Cement (g) Fly ash (g) Sand (g) Water (g) SP (g) 

Mix01 500 500 800 300 4 

Mix02 500 500 800 250 6 

Mix03 568 568 800 250 8
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3.2 Result Validation 

After obtaining all 15 point clouds of 03 mixtures, each mixture with 03 times for 
slump-flow test and 02 times for slump test, the point clouds are retrieved as PLY 
files from Skanect. First, the slump-flow test data is processed using the Measure 
tool in Geomagic Design X. The slump-flow results are represented by the diameter 
and are illustrated in Fig. 5. The results of the 03 times slump-flow test are shown in 
Table 3. 

For the slump test, the results are expressed through three parameters, the slump 
height, hs, the height of the biggest cross-section, hb, and the diameter of the cross-
section�b. Before determining the slump results, the point cloud is transformed using 
the Alignment tool. Then, like the slump-flow test, the dimensions are measured with 
the Measure tool in Geomagic Design X. The results are presented in Table 4.

Thus, compared with the conventional method of determining slump and slump-
flow test results in the construction field, the measurement method using Kinect v1 
gives more accurate and detailed results. This is because the parameters in each test

Fig. 5 The second slump-flow result of Mix02 

Table 3 The slump-flow 
result Runs 1 (mm) 2 (mm) 3 (mm) 

Mix01 174 152 148 

Mix02 206 186 164 

Mix03 212 172 166 
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Table 4 The slump result 

Runs 1 2 

hs (mm) hb (mm) �b (mm) hs (mm) hb (mm) �b (mm) 

Mix01 6 14 85 5 12 81 

Mix02 15 13 91 17 15 93 

Mix03 5 18 85 3 14 85

are accurately determined through direct measurement of the CAD model created 
by the 3D scanning process. Furthermore, the slump test results determined by the 
conventional method did not determine the height of the biggest cross-section and 
the diameter of the cross-section. 

4 Conclusion 

Compared with the traditional method, this study has shown the advantages of eval-
uating the slump and slump-flow test results by the Kinect v1 device. With the low 
cost of the Kinect v1 device and Skanect, it is an alternative to expensive 3D scan-
ners for applications that are suitable with mm accuracy. As outlined above, the 3D 
model obtained during scanning can be further analyzed and measured using other 
applications. The 3D model of the specimen in the slump and slump-flow test by 
Kinect v1 and related analysis data can be used to optimize the mixtures used in the 
3D concrete printing. In the future study, the 3D model scanned with Kinect v1 will 
be compared with 3D data scanned with more expensive and precise equipment to 
assess the accuracy of this method. 
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Comparative Analysis of Simulated 
and Experimental Results for SUS-304 
Sheet Material in Incremental Sheet 
Metal Forming Process 

Nguyen Duc Toan and Hoang Trung Kien 

Abstract In this study, the Incremental Sheet Metal Forming (ISMF) simulation 
was conducted using Abaqus 6.13 software for SUS 304 sheet material at elevated 
temperature. The Taguchi experimental method was applied to investigate the impact 
of three technological parameters, namely part temperature (T) ranging from 100 to 
400 °C, the step in the z direction of the tool (z) ranging from 0.2 to 0.5 mm, and tool 
diameter (D) ranging from 6 to 12 mm, on the forming angle. A regression equation 
was developed to predict the forming angle based on these input parameters. The 
results showed that temperature (T) had a significant effect on the forming angle, 
whereas the influence of tool diameter (D) was the least significant. The simulation 
predicted the largest forming angle to be 76.08°. 

Keywords ISMF · SUS 304 · Taguchi experimental method · FEM · The forming 
angle 

1 Introduction 

The Incremental Sheet Metal Forming (ISMF) technology is a significant advance-
ment in moldless forming. It consists of a sheet metal, clamping part, lower support 
part, and forming tool [1]. The workpiece is secured in a fixed support frame and the 
forming tool moves according to a pre-determined geometry, which is controlled by 
a central CNC machine. This method of machining does not require a mold and the
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Table 1 Chemical compositions of SUS-304 

Elements C N Mn Cr P S Mo Ni 

wt% 0.05 0.05 1.8 18.3 <0.03 <0.001 0.3 <8.1 

material deforms under the force applied by the tool. The toolpaths are programmed 
into the computer and executed in layers. 

ISMF is suitable for single or small-batch production [2]. The parameters of the 
machining technology can be selected and imported from CAD software to CAM 
software [3]. The influence of technological parameters on the final shape of the 
part can be studied through simulations or experiments [4]. Research has shown that 
the diameter of the tool and the down step have a significant impact on the forming 
mode of the part at room temperature, while elevated temperature plays a key role 
in shaping the part at high temperatures [5]. 

This technology is usually applied to materials with low hardness and high plas-
ticity at room temperature, but heating support or alternative processing technologies 
may be necessary for materials with high hardness. In this study, the combined effects 
of elevated temperature and technological/geometrical parameters are analyzed 
through simulations and experiments, leading to the proposed application of heating 
in ISMF and its potential for wider use in experiments and production. 

2 Material Properties 

The study  was performed  on a 1mmthick  SUS-304  stainless steel  sheet. The chemical 
composition of the material is presented in Table 1. The temperature mechanical 
behavior of the SUS-304 is displayed in Fig. 1 and Table 2.

3 Experiment and Simulation Procedure 

The experimental setup is shown in Fig. 2a, where the sheet is clamped with six 
degrees of freedom at the four edges and the bottom is a support plate with a shape 
that matches the part being formed. To simplify the simulation, the mathematical 
model eliminates the support plate, which has minimal effect on the simulation 
results, and retains the six degrees of freedom for the sheet. The forming tool is a 
rigid body that moves in the x, y, and z directions, as shown in Fig. 2b. Figure 2c 
depicts the profile of the part, which has a 200 × 200 × 1 mm square plate size. 
The initial forming angle is set at 29.5°, reducing the computational time for the 
experiments and simulations. The forming curve is in the form of a concave curve 
with a radius of curvature R80, leading to a continuously changing forming angle 
based on the tool’s down step (z). The forming angle reaches its maximum value
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Fig. 1 Stress–strain curve of 
SUS-304 materials at 
elevated temperature [6] 

Table 2 Properties of 
SUS-304 materials at 
different temperatures 

Materials SUS 304 

Thermal conductivity coefficient 
(W/m.K) 

16.2 (0–100 °C) and 21.5 
(<500 °C) 

Thermal expansion coefficient 
(mm/mm.K) 

12.1 × 10–5 

Specific heat (mmJ/ton.oC) 500 

Density (ρ kg/mm3) 7.8e-6 

Elastic modulus (E, kN/mm2) 200 

Poisson ratio (µ) 0.29

at the maximum fracture height of the part, which reduces the number of samples 
needed for testing.

The focus of the study is to examine the effect of three parameters on the forming 
ability of SUS-304 metal sheet using ISMF method. These parameters are tempera-
ture (T), the step in the z-direction (Z), and tool dimension (D). The feed rate (Vxy) is 
fixed at 1500 (mm/min) to reduce the time and simulation cases while still obtaining 
enough experimental data for comparison. The study utilizes Taguchi method, which 
uses a L4 orthogonal matrix with 4 cases, to perform simulations with three factors, 
each with two levels. This method reduces the number of cases compared to the 
normal approach but still provides complete and accurate results. Experiments were 
conducted with variable parameters as presented in Table 3.
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Fig. 2 Experimental (a), 
simulation (b) setup and 
profile of the part (c)

(a) (b) 

(c) 

Table 3 L4 orthogonal 
matrix by the Taguchi method No. T (°C) Z (mm) D (mm) 

1 0.695 0.688 1.02 

2 0.665 0.649 2.34 

3 0.612 0.599 2.19 

4 0.573 0.579 1.04 

4 Results and Discussion 

In the simulation process, the precision of the model is enhanced with a finer mesh 
size. The mesh can be divided based on the location to be evaluated or the simulation 
needs. However, a finer mesh size increases the computation duration. To prevent 
errors during the simulation and save time, it is suggested to start with a coarser mesh 
size and verify for any mistakes. Then, if no mistakes are present, the mesh can be 
refined. 

The simulation was performed using Abaqus 6.13 software and experiments were 
conducted on a CNC machine using the parameters listed in Table 3. The simulation 
was run until the mesh deviated or failed, and the fracture height of the corresponding
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(a) (b) 

(d)(c) 

Fig. 3 Deformed shapes in FEM simulation and corresponding experiment a No. 1 b No. 2 c No. 
3 and  d No. 4 

Table 4 Comparison between experiment and simulation 

No. Fracture height (mm) Forming angle (o) Forming angle error (%) 

Sim Exp Sim Exp 

1 31.15 31.50 60.95 61.23 0.46 

2 36.50 40.70 65.24 68.52 4.79 

3 41.65 43.35 69.24 70.54 1.84 

4 44.1 44.80 71.11 71.64 0.47

experimental product was measured. The simulation was used to calculate the defor-
mation angle using the Z value and this was compared to the actual value measured 
on the CNC machining. The results of the simulation and experiments are shown 
in Fig. 3 and Table 4. It can be seen that the workpiece has a convex appearance 
due to the forming tool being pushed up, which can be observed during the simu-
lation. The mesh is initially deformed evenly, and torsion occurs when the detail 
reaches the maximum deformation limit. The forming tool’s small diameter makes it 
easier to penetrate the metal sheet. The simulation’s curved profile is smaller than the 
value measured in CAD, which confirms the simulation’s ability to predict the part’s 
spring-back phenomenon. The tool diameter and down-step are the main parameters 
affecting the spring-back phenomenon. 
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Fig. 4 The effects of input parameters on the forming angle 

The capacity of sheet metal deformation is represented by the forming angle, with 
a larger forming angle indicating better results. The study analyzed the impact of 
three parameters, temperature (T), tool down-step (Z), and tool diameter (D), on the 
forming angle by using the S/N value in the Taguchi method. The S/N value was 
calculated by the formula: S/N = −10.log10((1/N) 

Σ 
(1/y^2)). Figure 4 shows the 

average influence of each parameter on the maximum forming angle. The steeper the 
line for each factor T, Z, and D, the greater its impact on the maximum forming angle. 
Figure 5 reveals that temperature (T) has the highest effect, followed by the tool down-
step (Z), and then tool diameter (D). The regression equation for the parameters’ 
effect was obtained through Minitab software as Eq. (1). ANOVA analysis was used 
to determine the optimal set of parameters for maximum forming angle: Z = 0.5 mm, 
D = 12 mm, and T = 400 °C. The calculation resulted in a forming angle of 76.08° 
and a fracture height of 50.75 mm.

Maximum forming angle = 66.64 + 3.54T + 1.54Z − 0.61D (1)



Comparative Analysis of Simulated and Experimental Results … 551

Fig. 5 ANOVA analysis of the influence of the parameters

5 Conclusion 

In this study, a comparison was made between simulation and experimental results for 
fracture height and forming angle. The maximum error observed for forming angle 
was 4.79%, with the minimum error being 0.46%. The tool down-step (Z) was found 
to significantly impact surface roughness, with temperature (T) having the largest 
effect on fracture height and forming angle, followed by Z and then tool diameter (D). 
To minimize fracture height and forming angle, it was determined that a reduction 
of Z and an increase in T in combination with a larger D is necessary. However, this 
reduction in Z would result in decreased forming productivity. Conversely, changes 
in D and T are beneficial as they do not require a machine with high capacity or low 
electrical energy consumption. Overall, the close match between experiment and 
simulation results with regards to geometry suggests that simulation results can be 
used to accurately predict fracture height and maximum forming angle in industrial 
applications. 
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