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Topology Optimization of Disc Brake 

Shubh Shrey, Niteesh Pawar, and S. S. Pachpore 

Abstract Heat generation and friction have long been a problem in the automotive 
industry. The braking system is one application where these come together and 
benefit the vehicle’s safety. Disc brakes must be able to provide sufficient friction 
force to stop the vehicle. To provide adequate braking force, a significant amount 
of heat is generated, which must be rapidly dissipated from the disc rotor or brake 
pad. Since the disc rotor is a rotating mass, it must be optimized because such 
masses have higher inertia and reduce vehicle efficiency. As a result, reducing the 
rotating masses will improve the overall performance of the vehicle and make it more 
cost-effective to operate. Topology optimization was carried out while keeping the 
size criteria constant and focusing solely on weight reduction as a major parameter. 
The obtained topology optimization geometries were further analysed and compared 
to the original under the same parameters, and it was discovered that the induced 
stresses and thermal limits were maintained with negligible changes. The optimized 
geometries ranged from 1.21 to 9.76% mass reduction for the five models created, 
for an average mass reduction of 6.23%. 

Keywords Topology optimization · Disc brake ·Mass optimization 

1 Introduction 

With the advent of electric vehicles in the automobile sector, the focus of the power 
generation and internal combustion engine issues have surely reduced, but the other 
issues which are connected to mobility continue to be prevalent in the new era. Aero-
dynamics, thermal dissipation and braking systems amongst others still exist with the 
newer vehicle systems. Regenerative braking systems are dependent heavily on the 
ability of the discs to provide friction and dissipate the heat readily to the environment
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converting the braking power into stored power for further use. Hence, disc rotors 
must be structurally sound as well as have high heat dissipation properties to be used 
effectively. The previous authors’ work referred for the inspiration of this paper was 
studied and drawn to a conclusion that shape optimization and weight reduction are 
major parameters. Structural integrity and friction are the base requirements, and heat 
dissipation is a function of the friction and braking force produced. Umale and Varma 
[1] studied the deformation of the rotor along with the stress induced along with heat 
flux as the thermal consideration. They later selected a range of thickness of the disc 
rotor and tried to determine the optimum thickness for their application. Matariya 
and Patel [2] adopted the approach of using the calliper piston diameter along with 
the disc rotors. They used Ansys 18.1 and found out the equivalent elastic stress and 
total deformation using the material of grey cast iron and ceramic carbon composite. 
They optimized the application for the weight keeping the other parameters consid-
eration to be the same. Eswaraiah and Govindu [3] utilized the parameters of total 
deformation, normal elastic strain, temperature, and total heat flux to determine the 
allowable conditions using SolidWorks for design, Hypermesh for deck preparation 
and Ansys for steady static-thermal analysis. Ranjith Kumar et al. [4] used the tools 
of Ansys, Hypermesh and Solidworks to calculate the stress fields and deforma-
tions related to the desired boundary conditions in terms such as disc pad pressure 
against the disc. Steady-state thermal analysis was considered for the desired thermal 
constraints. Thigale and Shah [5] modelled their disc rotor based on Bajaj Discover 
125M disc and performed weight reduction by implementing topology optimization 
on Altair Inspire 9.5 and then utilized tools of Ansys 16.0 to test for constraints. They 
managed to reduce the weight of the disc by 26.68%. Naikwadi et al. [6] worked  
on the reduction of the raw material cost without affecting the function and working 
within the defined parameters of stress and displacement. Linear static and normal 
mode analysis were carried out for extreme considerations. The final design was 
created with a factor of safety of 1.5 [7]. In this research paper, firstly structural and 
thermal analysis would be done for the disc brake models. Based on the constraints 
applied, optimized geometry of the disc brake models would be created. These newly 
created optimized disc brake models would be further scrutinized in terms of their 
structural and thermal performances [8]. Finally, comparison would be done for both 
the cases, in order to prove that topological optimization does not undermine the 
structural and thermal performances of the disc brake. 

2 Methods 

2.1 Design Methodology 

The 3D Modelling of Disc Brakes was done on SolidWorks 2018 software. In total, 
five iterations were made for the proposed study. The proposed 3D models have the 
following geometric specifications, as indicated in Table 1.
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Table 1 Geometric 
specifications of disc brake 
models 

Parameter Description 

Outer diameter (OD) 300 mm 

Inner diameter (ID) 100 mm 

Diameter of holes 10 mm 

No. of holes 6 

Thickness 5 mm  

Fig. 1 3D models of different disc brake iterations 

Each iteration of the disc brake model has the same specifications as stated in 
Table 1, with the only difference being the material removal pattern. The brakes 
are assumed to be made up of aluminium alloy having the following mechanical 
properties [9, 10]. 

Density: 2770 kg/m3. 
Ultimate tensile strength: 310 MPa. 
Poisson’s ratio: 0.34. 

The different design iterations were based on various research paper resources 
and existing disc brake models. Figure 1 image shows the various design iterations. 

2.2 Finite-Element Method 

Finite-element analysis is a method by which the behaviour of a component can 
be predicted via means of various numerical and mathematical techniques. In our 
proposed study, static structural and steady-state thermal analysis of disc brakes was 
done in order to find out their structural integrity and temperature distribution under 
the external loads [11]. ANSYS Workbench 18.2 software was used for this purpose 
[12]. 

3D Tetra meshing was done for all the CAD models. A minimum edge length of 
0.5 mm was used for creating fine mesh to obtain accurate results. In general, a total 
of 15,000 + elements and 30,000 + nodes were created during the meshing step, as 
shown in Fig. 2.

In Fig. 3, for static structural, a pressure of 500 kPa was applied on both sides of 
the disc brake. Also, the six innermost holes near the internal diameter were made
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Fig. 2 Meshed disc brake 
geometry

as fixed support. For steady-state thermal, temperature was set at 80 °C and ambient 
temperature was set at 22 °C. Convective heat transfer coefficient (h) was  set as 20  
W/m2 °C [9]. 

Topology optimization was carried out on all disc brakes following the static 
structural analysis. Topology optimization is a method by which, material distribution 
is optimized based on the applied loading conditions and design space [13]. In the 
proposed study, mass was considered as the response constraint with a constraint 
of 50% retainment, as shown in Fig. 4. The optimized geometry was then again

Fig. 3 Boundary conditions 
for static structural analysis 
(A: fixed support, B: 
pressure) 
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Fig. 4 von Mises stress (iteration 1) 

subjected to static structural analysis to find out the effect of topology optimization 
on stress and deformation of the component. 

For analysis setup of topological optimization, the analysis was carried out to 
analyze the deformation, and represented in the regions shown in Fig. 3, A was the  
design region and B to be the exclusion region. 

3 Results and Discussions 

The FEA performed subjected to the mentioned boundary conditions in preceding 
sections; the following results were obtained for static structural analysis before 
topological optimization. 

In Fig. 4, for Iteration 1, maximum von Mises stress and total deformation of 
0.603 MPa and 0.19 microns were observed, respectively, during the static structural 
Analysis. 

Similarly, maximum von Mises stress and total deformation of 0.575 MPa and 
0.181 microns were observed for Iteration 2 and 0.569 MPa and 0.219 microns were 
observed for Iteration 3, respectively, during the static structural analysis. 

Table 2 summarizes the results obtained for all the iterations of the disc brake 
models for static structural analysis (before topology optimization).

The following results were obtained for steady-state thermal analysis before 
topological optimization. 

In Fig. 5, for Iteration 4, maximum and minimum total heat flux was observed 
to be 46,137 W/m2 and 10,253 W/m2, respectively, while the lowest temperature 
observed was 74.761 °C.
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Table 2 Summary of static structural analysis (before topology optimization) 

Parameter Before topology optimization 

Mass (kg) Total deformation (microns) von Mises stress (MPa) 

Iteration 1 0.747 0.19 0.603 

Iteration 2 0.725 0.181 0.575 

Iteration 3 0.494 0.219 0.569 

Iteration 4 0.684 0.207 0.625 

Iteration 5 0.656 0.18 0.577

Fig. 5 Temperature distribution (iteration 4) 

In Fig. 6, for Iteration 5, maximum and minimum total heat flux was observed 
to be 37,404 W/m2 and 8314.1 W/m2, respectively, while the lowest temperature 
observed was 76.635 °C.

Table 3 summarizes the results obtained for all the iterations of the disc brake 
models for steady-state thermal analysis (before topology optimization).

The following results were obtained for static structural analysis after topological 
optimization. 

In Fig. 7, for Iteration 1, maximum von Mises stress and total deformation of 
0.616 MPa and 0.193 microns were observed, respectively, during the static structural 
analysis.

Similarly, maximum von Mises stress and total deformation of 0.567 MPa and 
0.182 microns for Iteration 2 and 0.574 MPa and 0.219 microns for Iteration 3 were 
observed, respectively, during the static structural analysis. 

Table 4 summarizes the results obtained for all the iterations of the disc brake 
models for static structural analysis (after topology optimization).

The following results were obtained for static-thermal analysis after topological 
optimization.
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Fig. 6 Temperature distribution (iteration 5)

Table 3 Summary of steady-state thermal analysis (before topology optimization) 

Parameter Before topology optimization 

Total heat flux (W/m2) Temperature (°C) 

Maximum Minimum Maximum Minimum 

Iteration 1 38,555 8567.7 80 76.635 

Iteration 2 43,117 9581.7 80 76.634 

Iteration 3 38,123 8473.6 80 76.606 

Iteration 4 46,137 10,253 80 74.761 

Iteration 5 37,404 8314.1 80 76.635

Fig. 7 von Mises stress (iteration 1)
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Table 4 Summary of static structural analysis (after topology optimization) 

Parameter After topology optimization 

Mass (kg) Total deformation (microns) von Mises stress (MPa) 

Iteration 1 0.683 0.193 0.616 

Iteration 2 0.661 0.182 0.567 

Iteration 3 0.488 0.219 0.574 

Iteration 4 0.665 0.2 0.605 

Iteration 5 0.592 0.182 0.574

In Fig. 8, for Iteration 4, maximum and minimum total heat flux was observed 
to be 31,999 W/m2 and 7110.9 W/m2, respectively, while the lowest temperature 
observed was 76.554 °C. Similarly, for Iteration 5, maximum and minimum total 
heat flux was observed to be 30,291 W/m2 and 6732.9 W/m2, respectively, while the 
lowest temperature observed was 77.487 °C. 

Table 5 summarizes the results obtained for all the iterations of the disc brake 
models for steady-state thermal analysis (after topology optimization). 

Fig. 8 Temperature distribution (iteration 4) 

Table 5 Summary of steady-state thermal analysis (after topology optimization) 

Parameter After topology optimization 

Total heat flux (W/m2) Temperature (°C) 

Maximum Minimum Maximum Minimum 

Iteration 1 27,895 6219 80 77.487 

Iteration 2 28,346 6299.2 80 77.486 

Iteration 3 45,643 10,146 80 76.961 

Iteration 4 31,999 7110.9 80 76.554 

Iteration 5 30,291 6732.9 80 77.487
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Fig. 9 3D models of different topology-optimized disc brake iterations 

The data showcased in Tables 2 and 4 indicate the various values of stress and 
deformation obtained for before and after topology optimization for different disc 
brake iterations. Percentage (%) reductions of 8.57%, 8.83%, 1.21%, 2.78%, and 
9.76%, respectively, were obtained for different iterations. As it can be inferred from 
the above table, the % reduction in mass is significant for iterations 1, 2 and 5. 
But amongst them, Iteration 5 is better, owing to lesser von Mises stress induced and 
highest % reduction in mass. The data showcased in Tables 3 and 5 indicate that there 
is negligible change in the magnitudes of temperature for before and after topology 
optimization cases concluding that the topology optimization did not degrade the 
thermal performance of the disc brakes while optimizing the mass distribution of the 
disc brakes. 

4 Conclusion 

In this paper, topology optimization of various disc brake designs was done, as 
indicated in Fig. 9. Static structural and steady-state thermal analysis was done in 
order to validate the optimized designs. A reduction of 10% in mass was observed 
in one of the disc brake iterations. Also, negligible deviations were observed in the 
structural and thermal performance of the disc brakes. For future scope, researches 
can study the effect of different materials on the structural and thermal performance 
of the disc brakes subjected to topology optimization. 
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Applications and Limitations of Additive 
Manufacturing Techniques 
for Manufacturing Components 
of Aerospace Industry 

Krish V. Raibole and Sachin R. Deshmukh 

Abstract The present paper looks into the types of additive manufacturing relevant 
to aerospace industry while discussing its advantages and limitations with future 
fields requiring research and development, while also discussing the impact of addi-
tive manufacturing (AM) on the manufacturing industry and the reasons due to which 
it has remained growing swiftly in numerous fields in the past couple of years. 
Amongst them, aerospace has been attracting further attention due to substantial 
funding by the primary aeronautical firms for evolving the AM industrial applica-
tions. Nevertheless, a lot of research and development has been progressing to make 
it more adaptable and a harmless technology and needs making development in 
original materials, technologies, process design and cost efficiency. 

Keywords Additive manufacturing · Aerospace · Industry · Adaptable · Cost 
efficiency 
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1 Introduction 

Additive manufacturing (AM) is a method involving material joining to achieve 3D 
parts with required geometries, generally done by adding one layer after another 
as opposed to formative manufacturing methodologies and subtractive manufac-
turing processes [1]. The primary advantage of AM in production applications for 
the aerospace industry is the capability to generate intricate engineered geometries 
with a restricted number of processing steps with a comparative low production cost 
[2]. In recent years, with development of new techniques in AM industry, aerospace 
manufacturing industry highly prefers AM in fields of design, research and proto-
typing as it is suitable for low production volumes while reducing lead time and cost 
of production in rapid prototyping. According to the Airbus Group, one of the leading 
companies in the aerospace industry, the direct effect and advantage of adopting AM 
technology is a cost reduction between 30 and 55% [3]. Methods such as selective 
laser melting (SLM) allow a layer-by-layer production of lightweight structures of 
titanium alloys for aircraft fuselage and wings which result in an increase of efficiency 
along with reduced fuel consumption [4]. 

2 Classification of AM 

2.1 Power Bed Fusion Process 

(a) Direct Metal Laser Sintering (DMLS) 

DMLS technology makes use of a high-powered laser or multiple lasers to sinter, 
melt and solidify individual layers of metal powder. This technology uses the primary 
method of sintering which is a thermal procedure of altering loose fine particles into a 
solid coherent mass by heat and/or pressure without completely melting the particles 
to the melting point. This technique is highly favourable for the aerospace industry 
as it is known to produce completely dense components with extreme precision in a 
comparatively less time [5]. 

(b) Selective Laser Melting (SLM) 

This process involves a sealed compartment occupied with an inert gas like Argon, 
wherein a fabrication piston lowers the construction plate while another piston drives 
up the powder so that a roller can finely dispense a coating on top of the object. After 
which a laser is produced and focused through a scanner towards the powder layer 
which shapes the fused layer as per the requirement of the designed component, a 
wide variety of metallic materials can be optimized in the SLM process, although 
these materials need to pass certain criteria such as grain size and their chemical 
composition. Figure 1 shows the classification of SLM under Power bed fusion 
processes along with other types of metal based additive manufacturing processes [6]. 
Figure 2 displays the order of operations executed in conventional SLM [7].
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Range in which SLM can be applied: 

1. Grain size: < 100 µm 
2. Median grain size: 45–63 µm 
3. Layer thickness: 10–100 µm. 

Although the range for layer thickness is between 10 and 100µm, in order to 
achieve higher part resolution and surface quality, the recommended layer thickness 
should be of 30 µm [7]. 

(c) Electron Beam Melting (EBM) 

The major difference in SLM and EBM is the heat source; EBM makes use of an elec-
tron beam while SLM uses a laser beam. In order to circumvent residual stresses in 
the finished product, which might negatively affect the mechanical properties, EBM 
adjusts the process temperature so that it remains continually high in the chamber, 
particularly above the stress-relieving temperature, for the entirety of the process 
[7]. In EBM, components are fabricated in a vacuum as the electron beam requires 
a vacuum to operate in. Maximum circular build diameter and height that can be 
manufactured using EBM are 350 mm and 380 mm, respectively [5]. 

Fig. 1 Classification of metal-based AM [6]
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Fig. 2 A schematic of operations performed in SLM [7] 

3 Applications of AM in Aerospace Industry 

AM is mainly applied in the following applications in the aerospace industry: 

(a) Engineering of small-scale models 
(b) Production of prototypes 
(c) Manufacturing of spare parts and components [8]. 

These can be further classified under the advantages and applications in design 
and research as follows. 

3.1 Unexplored Design Frontiers 

Researchers and designers generally tend to implement AM techniques to pre-
existing designs and models in order to overcome the difficulties involved with tradi-
tional manufacturing technologies. Unfortunately, this methodology is ineffective 
as it fails to utilize the advantages AM offers. However if implemented correctly, 
AM opens a large area of unexplored design due to manufacturing constraints of 
traditional manufacturing techniques. Complex geometries or intricate design were 
previously discarded in the design phase due to the limitations in manufacturing. 

Now with advanced AM methods, such new designs and concepts can be conve-
niently fabricated, out of which several are of particular interest to aerospace 
[9]. 

I. Gradients
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Gradient materials are a type of material that bear different properties at different 
geometric locations along its characteristic length and serve as a solution to many 
engineering problems [9]. In space shuttles or rockets, materials which make up the 
engine nozzles require high-temperature tolerance varying along its length; hence, 
an alloy going from titanium to niobium has been conceived for such an application 
[10]. 

II. Ceramics 

Ceramics is a type of material which is comparatively easier to manufacture using 
AM, and it has one of the most suitable properties; especially for space flight, it can 
be used in extreme temperature and pressure applications, piezoelectric and elec-
trochemical devices. Components such as ceramic biomaterial flexures toughened 
surfaces with a ductile interior can be fabricated. Ceramics having dielectric and 
magnetic properties varying along its characteristic length can also be fabricated as 
graded components [9]. 

III. Microtrusses 

Although AM can only fabricate microtrusses as small as few micrometres, whereas 
using conventional methods microtrusses can be made on a molecular scale, it is 
very convenient to fabricate microtrusses having extreme strength to mass ratios 
using AM [9–11]. 

3.2 Combination of Multiple Assemblies 

Intricate components such as brackets, trusses, nozzles and couplings having 
numerous components requiring assemble post manufacturing cannot be manufac-
tured collectively as a sole component using conventional machining techniques. 
However, with the induction of AM technology, such parts can be manufactured as 
a single component resulting in reduction of the total amount of parts. Previously 
unavoidable elements such as fasteners, nuts, bolts, rivets, needed for assembly are 
deemed unnecessary by AM [9]. 

GE Aviation implements the direct metal laser sintering process to produce their 
succeeding generation jet engine components. Each LEAP engine within it has 19 
fuel nozzles created via 3DP, an advanced AM technique developed by ExOne. 
The design elements include supplementary intricate cooling pathways and support 
ligaments, which result in five times the service life when equated with the precursor 
made by orthodox manufacturing. AM process permitted engineers to use an easier 
design that decreases the quantity of brazes and welds from 25 to only 5; the quantity 
of parts used to make the nozzle was lessened from 18 to 1. In all, the weight of these 
nozzles is 25% lighter than that of the predecessor [12–15].
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3.3 Mass Reduction 

Weight and/or mass reduction in material components is mainly attained through 
topology optimization in AM. This method provides a mathematical design resolu-
tion so that there is efficient dispersal of material for a given set of boundary circum-
stances, loading conditions and physical space design. AM implements topology 
optimization in such a way so that it can produce lightweight structural parts which 
cannot be conventionally manufactured [16]. 

Weight reduction in aerospace industry is of utmost importance at it leads to 
reduction in the total mission cost, and if the weight of the spacecraft is as minimum 
as conceivable, the mass ratio upsurges, and thus, the Δv budget rises for a certain 
volume of fuel. Lower mass even at the time of launch of rockets and space shuttles 
likewise cuts down the expense of the entire mission significantly [17]. As mentioned 
earlier, GE Aviation manufactured an engine with 19 fuel nozzles with the use of 
AM, in which the nozzle fabricated using AM technologies was 25% lighter when 
compared to its precursor [12]. Similarly, a titanium bracket connector used in the 
Airbus A350 XWB manufactured using a laser-based AM method was 30% lighter 
than its predecessor made from casting aluminium [12]. 

4 Limitations of AM in Aerospace Industry 

4.1 Standardization 

Although AM provides attractive advantages with respect to production time and cost 
against conventional methods, components fabricated using AM must be able to fulfil 
the requirements, certifications and standardizations laid out by international safety 
agencies such as the European Aviation Safety Agency and the Federal Aviation 
Administration. Only when the components achieve all the required certifications, 
they can be equipped onboard any aircraft or spacecraft. Even AM parts which are 
used for repair or maintenance must be developed by an approved design organi-
zation or an organization with comparable abilities [18]. In this aspect, traditional 
manufacturing for metallic components has an advantage over AM as these methods 
have already well-established standards and regulations, implying that protocols for 
manufacturers and suppliers are also recognized globally. 

Efforts are being made at present by international boards and teams globally to 
develop standardization for AM methods which will enable the recognition of AM 
terminology, material, process, maintenance and safety procedures [13–18].
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4.2 Non-destructive Evaluation (NDE) 

At the moment, there is a severe lack of non-destructive evaluation (NDE) processes 
integrated into AM, which poses as a major hindrance for the reception of AM 
fabricated parts in NASA and other aerospace establishments. NDE methods are 
currently being applied to traditional metal manufacturing, and hence, there is a 
deficiency of data available for NDE of AM. This points that there is a need to compile 
supplementary NDE data notably by starting material, process method and NDE 
method. This approach will surge NDE experience and information applicable to AM. 
Non-destructive evaluation can conceivably be used to portray microstructure and 
morphology of input materials through processing and post-processing. In addition 
to defect tracking, finer-scale atomic, molecular and chemical configurations can 
also be measured by NDE throughout the part’s lifespan. Assurance in the ability to 
guarantee AM part quality by non-destructive evaluation is also a matter of concern 
due to the prospect of generating defects during processing that are minor than which 
can be distinguished [7, 8]. 

Standardization of NDE for AM will be only possible if sufficient data on AM is 
available, after which the general goal will be to comprehend the types of naturally 
occurring defects produced by the AM process, what their effects are and what NDE 
techniques are most appropriate for their discovery. Qualification and certification 
of NDE-based protocols for flight hardware must be developed which will rely on 
testing and modelling and which will lead to greater acceptance of AM into aerospace 
industry [18]. 

4.3 Choice of Materials 

Choice and selection of materials play a significant part in defining the final weight 
and performance of an aircraft [6, 5]. AM manufactured parts generally tend to 
have deprived mechanical properties when equated to those fabricated by means 
of conventional methods [6]. Furthermore, materials manufactured via AM develop 
enduring stresses which are focused towards the root of the additively manufac-
tured part, near the boundary with the substrate. Additionally, the longitudinal stress 
components (parallel to the welding direction) are perceived to be foremost, with 
stress levels surpassing 50% of the materials’ yield strength [1–8, 19, 20]. Never-
theless, if buckling throughout build is circumvented, stresses can be dealt with by a 
comparatively rapid heat treatment [3]. Titanium, aluminium, nickel, stainless steel, 
tool steel, etc., are frequently used in AM for aerospace manufacturing. AM offers 
decrease of material wastage, total cost of arranging of waste material and material 
conveyance cost, resulting in lessening of net product costs [5, 6, 20]. 

While AM could produce products from an extensive variety of plastics and 
metals, the raw material choice is limited. This is because not all plastics or metals can 
be temperature controlled to permit for 3D printing or other AM methods. Primarily,



18 K. V. Raibole and S. R. Deshmukh

amorphous or glassy alloys frequently called bulk metallic glasses (BMGs) are hope-
fully a revolution in the applications capable of applying their unparalleled pliability 
in AM fabrication [8]. 

5 Conclusion 

This paper encompasses all the advantages and disadvantages AM methodology has 
to offer to the aerospace industry; despite being vastly advanced when compared 
to current traditional subtractive manufacturing techniques, its application in the 
aerospace industry is as of now very limited, primarily due to lack of standardization 
and safety certifications for AM processes and materials as discussed in detail above. 

Scope for further studies includes work mainly to be done in the field of regu-
lating AM methods for them to be approved by international safety boards glob-
ally, allowing AM to contend in the manufacturing marketplace. One key advantage 
provided by AM is that components fabricated using AM are greatly lighter than its 
precursors. With the increasing demand of the aeronautical and aerospace industry, 
AM could revolutionize the manufacturing industry by adapting to its requirements 
better than traditional methods. This could lead to the entire aerospace industry 
relying completely on AM for any and all kinds of fabrication, from small brackets 
and rivets to entire aircrafts being additively manufactured. 
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Optimization of WEDM Process 
Parameters Using Grey-Taguchi 
Approach for the Development 
of Turning Tool Insert 

Vishwajeet Kumar and Subhas Chandra Mondal 

Abstract This research involves the development of the turning tool insert using 
an optimal combination of wire electrical discharge machining (WEDM) process 
parameters. It is very challenging to get high productivity and good surface finish 
simultaneously in manufacturing industries. However, grey relational analysis (GRA) 
is one of the simple and easy-to-implement multi-objective optimization techniques. 
The input parameters have been selected as pulse on time, pulse off time, current 
and voltage for machining of Fe-based hardfaced deposit. Material removal rate 
(MRR) and surface roughness (SR) have been selected as output parameters. The 
optimal combination of machining process parameters has been evaluated using 
GRA optimization technique for high productivity and good surface finish. Current 
has a predominant role during the machining while voltage has the least impact on 
response characteristics. 

Keywords Machining · WEDM · GRA · MRR · SR · Pulse on time · Pulse off 
time · Current · Voltage 

1 Introduction 

Wire electrical discharge machining (WEDM) is widely used to machine composite, 
ceramics, super alloys, carbides, tool steel, stainless steel and heat-resistant steel 
by generation of a series of sparks between tool and workpiece in WEDM process 
which leads to a wide range of applications in various manufacturing industries for 
the machining of [1, 2]. It is very challenging for a WEDM process to machine at a 
high production rate with good surface integrity. However, these types of problems 
have been resolved by several researchers using different multi-criteria decision-
making techniques such as technique for order of preference by similarity to ideal
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solution (TOPSIS), multi-objective MOPSO, entropy method, complex proportional 
assessment (COPRAS), evaluation based on distance from average solution (EDAS), 
additive ratio assessment (ARAS) and multi-objective optimization by ratio analysis 
(MOORA). 

Surface roughness and MRR have been studied by different modelling and opti-
mization techniques for various materials. Kung and Chiang [3] reported the machin-
ability of ceramics (Al2O3 and TiC). Pramanick et al. [4] studied the effect of the 
process parameters of WEDM for the machining of spark plasma sintered boron 
carbide specimens using the ANFIS technique. Patel et al. [5] introduced artificial 
neural networks with a backpropagation and response surface methodology including 
central composite design for the modelling and prediction of MRR in the WEDM 
process. Wasif et al. [6] studied the machinability of Al 5454 alloy by applying 
genetic algorithm to increase productivity. Hammami et al. [7] reported the pulse 
on time and off time as the significant cutting parameters during the machining of 
aluminium alloy for surface integrity. Naveed et al. [8] simultaneously optimized 
geometrical errors at the top as well as bottom surfaces and Ra using the grey rela-
tional analysis (GRA). The surface roughness has been enhanced by 12%. Saha and 
Mondal [9] reported the machining of nano-structured hardfaced using principal 
component analysis. Hardfaced components are very difficult to machine using a 
conventional machining process due to their high hardness, adequate fracture strength 
and exceptional wear resistance. However, the machining of hardfaced deposits can 
be performed efficiently using the non-traditional machining process. 

Several researchers and practitioners have reported the machining of composite, 
ceramics and different grades of steel using WEDM, although very few research 
papers are available for the machining of Fe-based hardfaced deposit. Therefore, an 
attempt has been made to machine Fe-based hardfaced deposit using WEDM for the 
development of the turning tool insert. Material removal rate and surface roughness 
have been selected as output parameters while pulse on time, as pulse off time, 
current and voltage have been selected as input parameters. The optimization of wire 
electrical discharge machining (WEDM) process parameters has been performed 
using GRA. The optimal combination of machining process parameters has been 
used for the development of the turning tool insert. 

2 Experimentation 

2.1 Materials and Equipment 

Electronica Eurocut Mark I CNC WEDM was used to conduct the experiments. Fe-
based hardfaced consumables were deposited on the surface of mild steel using 
manual metal arc welding. Hardfaced deposit is widely used for blanking and 
stamping dies, punches and rotary shear blades. Brass wire of 0.25 mm diameter 
was used as the electrode while deionized water was used as a dielectric medium
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Table 1 Composition of base metal and hardfaced deposit 

Content C Mn Si Cr W V Mo P S Fe 

Base material 0.2–0.23 1.50 0.45 – – – – 0.04 0.05 Rest 

Hardfaced deposit 0.8–1 – – 4–5 2–3 1–2 8–9 – – Rest 

Fig. 1 a Machining of Fe-based deposit, b WEDM machined specimen and c Fe-based hardfaced 
inserts 

to perform the machining of Fe-based hardfaced deposit at the different sets of 
machining process parameters. Each experiment was carried out with a constant 
length of cut (12 mm). Table 1 shows the composition of base metal and hardfaced 
deposit. Figure 1 shows the machining of Fe-based hardfaced deposit. 

2.2 Measurement of Response Characteristic 

The machining efficiency of WEDM is usually evaluated in terms of MRR. MRR was 
evaluated with the help of the machining speed and thickness of hardfaced workpiece 
using the following equation: 

MRR(mm2 / min) = MS(mm/ min) ∗ TC(mm) (1) 

where MS = machining speed shown on the panel, and TC = thickness of machining 
specimen. WEDM generates microscopic cracks, craters, uneven hills and valleys 
on the machined surfaces. The centre line average (Ra) value of machined surfaces 
was measured three times for each experiment. The average value of experimental 
data for Ra was considered in this study.
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Table 2 Design matrix for machining process parameters 

S. No. Impulse current, Ip 
(A) 

Pulse on time, Ton 
(µs) 

Pulse off time, Toff 
(µs) 

Servo voltage, SV 
(V) 

1 80 10 40 30 

2 80 15 45 40 

3 80 20 50 50 

4 80 25 55 60 

5 100 10 45 50 

6 100 15 40 60 

7 100 20 55 30 

8 100 25 50 40 

9 120 10 50 60 

10 120 15 55 50 

11 120 20 40 40 

12 120 25 45 30 

13 140 10 55 40 

14 140 15 50 30 

15 140 20 45 60 

16 140 25 40 50 

3 Design of Experiment 

The design of experiment is a scientific approach, which is used to carry out the 
modelling and analysis of the influence of process variables on the response variables 
[10]. Taguchi L16 orthogonal array was used to design the machining parameters 
of WEDM. Four machining parameters like impulse current, pulse on time, pulse 
off time and servo voltage were selected for the machining of Fe-based hardfaced 
deposit. Four factors and four levels of machining parameters were chosen in this 
study. The design matrix for machining process parameters and their levels have 
been shown in Table 2. 

4 Grey Relational Analysis (GRA) 

Dr. Deng has introduced the concept of grey theory using information, which is unsure 
and incomplete. It uses the available information for the formulation of a mathemat-
ical model to predict incomplete information. The mathematical model recognizes 
each response characteristic. It establishes a correlation between experiential data. 
The following steps are involved in the GRA optimization technique:
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1. Normalize the experimental results of MRR and SR Using Eqs. (2) and (3), 
respectively. 

(a) For larger the better criterion 

Ni j  = Ei j  − min
(
Ei j

)

max
(
Ei j

) − min
(
Ei j

) (2) 

(b) For lower the better criterion 

Ni j  = max
(
Ei j

) − Ei j  

max
(
Ei j

) − min
(
Ei j

) (3) 

where Ni j  and Ei j  are normalized data and experimental data, respectively. 
2. Calculate the absolute difference values.

Δi j  = mod
(
N0 − Ni j

)
(4) 

3. Calculate the Grey Relational Coefficient (GRC). 

GRCi j  = Δmin + ψ × Δmax

Δi j  + ψ × Δmax 
(5) 

where ψ represents the distinguishing coefficient. To provide equal weight to 
each response characteristic, the distinguishing coefficient was set to 0.5. 

4. Calculate the grey relational grade (GRG) by averaging the GRC values of 
individual experimental data. 

5. Choose the best values of process parameters and validate them with a 
confirmation test. 

5 Results and Discussions 

Machining of Fe-based hardfaced deposit has been performed with the help of 
WEDM. The experimental data has been evaluated using L16 orthogonal array. The 
performance characteristics (MRR and surface roughness) have been optimized with 
the help of GRA technique. Table 3 represents experimental data for MRR and surface 
roughness, normalized data, deviation sequence, GRC and GRG. Data preprocessing 
is the first step for GRA. It removes the impact of unit and predominance of one data 
sequence over the others by converting the experimentally observed data in the range 
0 to 1 [11]. Depending on the characteristics of the data sequence, the higher the better 
criteria have been applied for the MRR, while the lower the better criteria have been 
chosen for surface roughness. The normalized value is further utilized for the deter-
mination of variation of data from the ideal solution using Eq. (4). Grey relational
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coefficient (GRC) represents the relational degree between the ideal solution and 
normalized data. It has been calculated using Eq. (5). Finally, the average value of 
GRC of corresponding MRR and Ra provides the grade of each experiment. It is 
represented by GRG, which gives information regarding the interaction of response 
characteristics. 

Figure 2 depicts the variation of GRG Data with WEDM process parameters. It 
represents the correlation between performance characteristics. The higher value of 
the grey relational grade indicates a good correlation between performance charac-
teristics [12]. It has been observed that the combination of 80 A impulse current, 
10 µs T on, 40  µs T off and 50 V servo voltage has provided the high value of GRG. 
Table 4 shows the mean value of GRG data for different combinations of WEDM 
process parameters. It shows that the impulse current has predominant role during 
the machining of Fe-based hardfaced deposit followed by T off, and T on. However, 
the SV has the least impact on the GRG.

Table 5 represents the response table for the confirmation test. It has been observed 
that the error is − 4.44% for GRG. However, the deviation of the actual experimental 
result from the predicted value has been observed 4.81% and 5.12% for MRR and 
Ra, respectively. The combination of 80 A impulse current, 10 µs T on, 40  µs T off 

and 50 V servo voltage has been used for the development of SNMN 120408 (ISO 
specification) turning tool insert. It has been shown in Fig. 1c. MRR and Ra values

Table 3 Experimental, normalized, deviation sequence, GRC and GRG data 

S. No. MRR 
(mm2/ 
min) 

Ra 
(µm) 

NMRR NRa Deviation 
sequence 
for MRR 

Deviation 
sequence 
for Ra 

GRC 
for 
MRR 

GRC 
for Ra 

GRG 

1 15.483 1.942 0.000 1.000 1.000 0.000 0.333 1.000 0.667 

2 19.368 2.145 0.177 0.908 0.823 0.092 0.378 0.845 0.611 

3 18.571 2.053 0.140 0.950 0.860 0.050 0.368 0.909 0.638 

4 17.246 2.216 0.080 0.876 0.920 0.124 0.352 0.802 0.577 

5 26.233 2.598 0.489 0.704 0.511 0.296 0.495 0.628 0.561 

6 25.788 2.863 0.469 0.584 0.531 0.416 0.485 0.546 0.515 

7 23.145 2.679 0.348 0.667 0.652 0.333 0.434 0.600 0.517 

8 28.323 3.572 0.584 0.264 0.416 0.736 0.546 0.405 0.475 

9 24.768 2.487 0.422 0.754 0.578 0.246 0.464 0.670 0.567 

10 26.825 2.763 0.516 0.629 0.484 0.371 0.508 0.574 0.541 

11 34.921 3.901 0.884 0.116 0.116 0.884 0.812 0.361 0.586 

12 31.862 3.654 0.745 0.227 0.255 0.773 0.662 0.393 0.528 

13 29.351 2.742 0.631 0.639 0.369 0.361 0.575 0.581 0.578 

14 28.237 3.871 0.580 0.129 0.420 0.871 0.544 0.365 0.454 

15 32.593 3.625 0.778 0.240 0.222 0.760 0.693 0.397 0.545 

16 37.469 4.157 1.000 0.000 0.000 1.000 1.000 0.333 0.667 
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Fig. 2 Main effect plot for GRG 

Table 4 Response table for mean of GRG 

Level Ip (A) Ton (µs) Toff (µs) SV (V) 

1 0.6022 0.5808 0.6059 0.5370 

2 0.5062 0.5151 0.5466 0.5492 

3 0.5466 0.5637 0.5241 0.5910 

4 0.5568 0.5522 0.5351 0.5346 

Delta 0.0960 0.0657 0.0818 0.0564 

Rank 1 3 2 4 

The bold values denotes the optimal combination of WEDM process parameters based on the high 
value of GRG

have been obtained as 19.422 mm2/min and 1.746 µm, respectively at the optimum 
combination of WEDM process parameters. 

Table 5 Response table for confirmation test 

Output Predicted value Experimental value Percentage error (%) 

MRR (mm2/min) 18.531 19.422 4.81 

Ra (µm) 1.661 1.746 5.12 

GRG 0.721 0.689 − 4.44
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6 Conclusion 

Machining of Fe-based hardfaced deposit has been performed. The multi-objective 
optimization of WEDM process parameters has been performed using GRA tech-
nique. The mathematical correlation between MRR and Ra has been developed using 
the concept of GRA. The grade (GRG) of each experimental data has been utilized to 
evaluate the influence of WEDM process parameters on MRR and Ra simultaneously. 
It has been observed that the impulse current has predominant role in machining of 
Fe-based hardfaced deposit. The optimal machining condition has been obtained at 
the combination of 80 A impulse current, 10 µs T on, 40  µs T off and 50 V SV. 
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The Application of the Preference 
Selection Index Method to Find the Best 
Work-Tool Combination During 
Machining 

Sumit Mahajan and Kalyan Chakraborty 

Abstract The medium carbon steel (MCS), Inconel 718, and D2 cold work steel 
were machined with different carbide tool materials. Speed, feed, and depth of cut 
were the machining parameters. The machining chips were collected for SEM (scan-
ning electron microscopy) examination of chip surfaces. Tensile tests were done 
for all samples. Accordingly, strain-hardening exponent “n” and strength coeffi-
cient “K” were determined using the true stress-true strain graphs on the log–log 
graph papers. The chip reduction coefficient (CRC, ζ ) and von Mises stress (VMS) 
were determined for different experimental conditions. The three different work-
tool combinations were the alternatives, and CRC and VMS were the criteria. The 
preference selection index (PSI) method was applied to find out the best alterna-
tive. The fracture toughness of Inconel 718 was found to be higher among the test 
samples. The strain-hardening exponent of Inconel 718 was lower. The Inconel 718 
and brazed carbide tool combination was ranked best, followed by D2 cold work 
steel and medium carbon steel. The result was validated by chip macrographs and 
SEM observation of chip surfaces. 

Keywords Medium carbon steel · Speed · Strain hardening 

1 Introduction 

The PSI method can be applied to solve multi-criteria decision-making problems 
in machining. The main advantage with the use of the PSI method is that there 
is no necessity to determine the criteria weights by a separate method (e.g. the 
entropy method), as the PSI method contains the necessary step for the determination 
of criteria weights. The SiO2/SIC ceramic particulate reinforced aluminium alloy 
(AA2024) composite materials were prepared by stir casting. The tensile strength, 
flexural strength, impact strength, wear resistance, density, etc. were measured and
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considered as criteria. The PSI method was applied to find the rank of the composites. 
The PSI method revealed that the composite with an equal number of reinforcing 
elements had the highest rank [1]. Titanium and nickel powder reinforced AA6061 
composites were prepared by using the stir casting (high vacuum) method. By varying 
the weight per cent of titanium and nickel powders, various composites were created. 
The composite characterisation was done by measuring the tensile strength, flexural 
strength, impact strength, wear, density, void content, and hardness. The highest rank 
was attained by a composite having an equal amount of both powders as per the PSI 
method [2]. Biodegradable composites were prepared by reinforcing pine cone fibre 
and graphite in a polycaprolactone matrix. The measured objectives were the tensile 
strength, flexural strength, impact energy, fracture toughness, ductility, diffusion, 
sorption, permeability, and biodegradation (days). According to the PSI method, the 
composite with fibre (0%), matrix (100%), and graphite (0%) achieved the highest 
rank [3]. The objective of the present study was to (i) select the best combination 
of workpiece and tool among three different combinations by using the preference 
selection method and (ii) validate the best selection by qualitative assessment. 

2 Experimentation 

2.1 Material, Tool and Machining Parameters 

Chemical compositions of three different workpiece materials (1. MCS, 2. Inconel 
718, and 3. D2 cold work steel) are shown in Table 1. The tool geometry of two 
different tools is shown in Table 2. The experimental machining parameters are 
shown in Table 3. 

Table 1 Workpiece number and chemical compositions of workpieces 

Number Chemical compositions 

1 C:0.26, Mn:0.96 

2 C:0.08, Mn:0.35, P:0.015, S:0.015, Si:0.35, Cr:0.21, Ni:0.55, Mo:3.3, Cb:5.5, Ti:1.15, 
Al:0.08, Co:1, B:0.06, Cu:0.3, Ta:0.05, Fe: Balance 

3 C:1.5, Mn:0.3, V:0.9 

Table 2 Tool geometry of tools 

Tool type Rake angle (deg.) Clearance angle (deg.) Main cutting edge angle 
φ, (deg.) 

Carbide tip tool 
(Brazed), C1 

4 7 34 

Carbide tip tool 
(Brazed), C2 

12 10 40
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Table 3 Machining 
parameters Parameter/Material 1 2 3 

Speed, m/min 51.052 58.85 62.91 

( f = 0.138 mm/rev., d = 1 mm) 

2.2 Methods 

The tensile tests for all the specimens were done using the universal tensile testing 
machine. The true stress and true strain data were estimated from the engineering 
stress and engineering strain data. The log–log graph paper was used to plot the 
true stress and true strain data (between the yield point and the ultimate strength 
point). A straight line was obtained by plotting the data. The slope of the line was the 
strain-hardening index “n”. The point of intersection of the vertical line at true strain 
1 is noted on the graph. The point of intersection of the horizontal line through this 
point with the y-axis was the strength coefficient. The chips were obtained for three 
different experimental conditions. The formed chip thicknesses were measured. The 
chip reduction coefficient for each experimental condition was given by Eq. 1: 

CRC = t2 
t1 

, (1) 

where t2 is the chip thickness and t1 is the uncut chip thickness 
The uncut chip thickness t1 was determined by using the following equation: 

t1 = SoSinφ, (2) 

where So = feed and φ = principal cutting edge angle 
The VMS [4] was obtained by using the following equation: 

VMS = 1.74K (ln ζ )n . (3) 

2.3 Theory (Preference Selection Method) 

The following steps were selected to determine the preference selection index: 
Step 1. Select relevant criteria and alternatives. 
Step 2. Form the decision matrix, Y.
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Y = [
Yi j

]
m×n =

∣
∣∣∣∣∣
∣∣∣

y11 y12 · · ·  y1n 
y21 y22 · · ·  y2n 
... 

... 
. . . 

... 
ym1 ym2 · · ·  ymn

∣
∣∣∣∣∣
∣∣∣

, (4) 

where Yij = measured value for the ith alternative and the jth criteria, m = number 
of alternatives, and n is the number of criteria. 

Step 3. The following equations are used to form the normalised decision matrix. 
To maximise (beneficial) criteria: 

Yi j  = yi j  
yi j  max 

, i = 1, 2, 3 . . .  m (5) 

For minimisation (non-beneficial) criteria: Yijmin 

Yi j  = yi j  min 

yi j  
, i = 1, 2, 3 . . .  m (6) 

Step 4. Find the mean values of normalised performances (Eq. 7). 

N = 1 
N

�yi j (7) 

Step 5. Find the variation in preferences by using the following equation:

� j = �
(
yi j  − N)2 

(8) 

Step 6. Find the deviations from the value of preference by using the following 
equation:

� j = 1 − � j (9) 

Step 7. Find the criteria weight by using the following equation: 

w j = � j

�� j 
(10) 

Step 8. Find the PSI of alternatives (Eq. 11).

�i = �yi j  w j (11) 

Step 9. Determine the rank of alternatives based on the value of the preference 
selection index. The largest PSI represents the best rank.
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Table 4 Properties of workpieces 

Workpiece Strain-hardening exponent 
(n) 

Strength coefficient (K) Hardness (BHN) 

Medium carbon steel 0.55 5250 168 

Inconel 718 0.466 2720 204 

D2 cold work steel 0.531 3600 175 

3 Results and Discussions 

Table 4 displays the strain-hardening exponent, strength coefficient, and hardness 
values. The strain-hardening exponents for MCS and D2 cold work steel were very 
high (0.55 and 0.531), and for Inconel 718, the value was comparatively lesser 
(0.466). A very high value of the strain-hardening exponent (> 0.5) indicates that 
the hardening is due to the higher dislocation density in the material. This reduces 
the fracture toughness of the materials. The universal tensile tests also revealed that 
Inconel 718 has higher fracture toughness and MCS and D2 cold work steel have 
lower fracture toughness (Fig. 1a–c). The fractured surface of the tensile test spec-
imen for Inconel 718 showed massive deformation and breaking in cup and cone 
formation, whereas for MCS and D2 cold work steels, breaking of the specimens 
was predominantly in the brittle mode (Fig. 2a–c).

The performance attributes for the analysis were CRC and VMS (Table 5). The 
normalised decision matrix is shown in Table 6. All steps of the PSI method-
ology were followed. Subsequently, Inconel 718-C2 combination was identified as 
the best-ranked combination, followed by D2 (cold work steel)-C2, and MCS-C1 
combinations (Table 7).

4 Rank Validation Study 

According to the chip macrograph analysis, unfavourable long (side curling and 
snarled) chips (Fig. 3a) are formed during MCS machining. As a result, the PSI 
method ranks them third. When machining Inconel 718, the PSI method ranks first 
when favourable long tubular (not snarled) chips (Fig. 3b) are formed. D2 cold work 
steel chips are straight, long, and snarled, showing better form (Fig. 3c) than MCS 
chips. The second rank has been assigned by the PSI method for D2 cold work steel. 
Thus, the rank assignment by the PSI method has been validated.

The scanning electron microscopy was done for the chip surfaces. Numerous 
cracks were observed at the MCS chip top surface (Fig. 4a). However, chip formation 
occurred by successive shear sliding of the deformed grain in the case of machining 
Inconel 718 (Fig. 4b). Thus, chip formation for Inconel 718 occurred in an ideal 
mode. The chip top surface of the D2 cold work steel had numerous cracks (Fig. 4c). 
The SEM study validates the extensive strain-hardening behaviour of MCS and D2
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(a)                                                                (b) 

 (c) 

Fig. 1 Stress–strain curves of a MCS, b Inconel 718, and c D2 cold work steel [X-axis: Tensile 
strain (extension, %), Y-axis: Tensile stress (MPa)] 

(a) (b)

   (c) 

Fig. 2 Fractured specimens of a MCS, b Inconel 718, and c D2 cold work steel
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Table 5 Decision matrix 
Work-tool combination CRC VMS (MPa) 

Medium carbon steel (MCS)-C1 3.3174 10,094.74 

Inconel 718-C2 1.020 761.011 

D2 cold work steel-C2 1.1720 2357.08 

Table 6 Normalised decision 
matrix CRC VMS (MPa) 

3.3174 10,094.74 

1.020 761.011 

1.1720 2357.08 

The mean values of normalised performances are N = [0.7259 
0.4661] 
Preferences vary in relation to each criterion = [0.2711 0.4582] 
Deviations of the value of the preference are [0.7289, 0.5418, 
respectively] 
Weights of the criteria = [0.5736 0.4264] 
Alternative preference selection indices = [0.2085 1 0.6369] 

Table 7 Performance 
selection index values of 
alternatives and complete 
ranking 

Alternatives Indexes Rank 

Medium carbon steel (MCS)-C1 0.2085 3 

Inconel 718-C2 1 1 

D2 cold work steel-C2 0.6369 2

(a)                                        (b)                                        (c) 

Fig. 3 Chip macrographs a MCS, (long side curling and snarled), b Inconel 718 (long tubular, not 
snarled), c D2 cold work steel (straight long and snarled)

cold work steels. An ideal chip formation mode for the machining of Inconel 718 
also validates the best rank attainment by the PSI method.
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(a) X200                               (b)  X200                            (c)    X500 

Fig. 4 SEM images of chip (top) surfaces of a MCS, b Inconel 718, and c D2 cold work steel 

5 Conclusion 

The fracture toughness of the Inconel 718 superalloy was superior in the current list 
of experimental materials. The strain-hardening exponent for the superalloy was also 
better in the present list of materials. The machinability of a material depends much 
on its fracture toughness. The best rank attainment of the Inconel 718 superalloy 
was attributed to the superior fracture toughness and strain-hardening index of the 
material. As per the PSI method, the Inconel 718 superalloy attained the best rank, 
followed by D2 cold work steel and MCS. The qualitative evaluation can validate 
the rank attainment of the alternatives. The PSI method is very effective for finding 
the rank of the alternatives. 
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authors are grateful for that. 
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Analysis of Hole Characteristics 
in Mechanical Micro-drilling 
of CFRP-Ti6AI4V Stack Composite 

Rahul Kundiya, Raju Pawade, Shivam Yadav, Nayan Sarode, 
and Jitendra Acharya 

Abstract In the present research study, the objective was to estimate three critical 
output parameters for the mechanical micro-drilling process of CFRP-Ti6Al4V stack 
composite, which were radial overcut, delamination factor, and hole taper, using 
response surface methodology (RSM). This study considered spindle speed, feed 
rate, and MQL flow rate as input parameters and used the central composite design 
(CCD) method for their experimental design. They conducted 20 experiments and 
created a mathematical model to determine the relationship between input machining 
parameters and output parameters. The ANOVA analysis was conducted at a 5% 
significance level to identify significant coefficients. The study results revealed that 
spindle speed had a significant impact on all three output parameters. The predicted 
outcomes from the developed models were consistent with the expected values. The 
experimental results demonstrated a moderate fit, with a coefficient of determination 
of 0.7482 for radial overcut, 0.7204 for delamination factor, and 0.8423 for hole taper. 
These findings have practical implications for optimizing the mechanical micro-
drilling process for CFRP-Ti6Al4V stack composite, resulting in better hole quality 
in micro-drilling applications.
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Nomenclature 

MQL Minimum quantity lubrication 
CCD Central composite design 
RSM Response surface methodology 
CFRP Carbon fiber-reinforced plastic 
Fd Delamination factor 
Dmax Damage zone diameter 
d Hole diameter 
dt Tool diameter 
djt Size of the hole the tool left in the workpiece 

1 Introduction 

CFRP-Ti6Al4V stack composite is extensively used in the airspace industry for 
manufacturing of engine cowlings, wing connections, wing panels, and nacelles. 
CFRP/Ti alloy stack composite of about 0.8 mm to 1.25-mm-thick sheet is being used 
for cowling the high-performance engine of 757 Dreamliner, Falcon 900 business 
jet, Airbus A320, and F-16XL aircraft. The purpose of an aircraft’s engine cowling 
is to provide the engine with protection as well as effective airflow by minimizing 
drag, and airflow is directed through the engine to cool it. 

In the aerospace industry, advanced composite materials are gaining popularity 
owing to their superior mechanical properties and excellent structural capabilities. 
By combining metal and composites, CFRP/Ti stack composites provide a solution 
to the challenges faced by metal alloys in terms of fatigue strength and corrosion 
resistance. As a result, they offer increased durability and reduce the need for repair 
in low-impact energy scenarios [1–3]. 

Mechanical micro-drilling makes use of peck drilling cycle where the drill is 
repeatedly inserted and withdrawn from the hole, which leads to the creation of a hole. 
The potentiality of the technique may be visible through its ability to manufacture 
holes having a diameter as small as 50 µm on substances like plastics and polymers 
as well as metals. The demand for micro-drilling, that is, drilling holes of diameter 
much less than 1 mm, is gaining significance because of the growth in using miniature 
and micro-gadgets. The predominant areas of application of micro-drilling are cars, 
aeronautics, electronics, and clinical fields [4, 5]. 

It is frequently necessary to drill millions of holes in stacked materials to suit the 
assembling requirements of many industries. Hybrid composite stacks are known to 
be tough to cut and provide issues while drilling, as discussed in a review by Xu et al. 
The distinct characteristics of the stacked pieces, as well as their poor machinability, 
are the primary causes of this problem. Delamination in the hybrid phase and Ti 
burrs in the metal phase commonly result in severe hole damage during the material 
removal process of drilling, which accounts for a significant portion of component
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rejections. In addition, machining costs rise as a result of quick tool wear and early 
tool failure. Most rejected parts are assumed to be the result of inefficient cutting 
parameters, poor drill bits, and inappropriate cutting conditions [1, 6, 7]. 

There are two cutting sequence options available for the mechanical micro-
drilling procedure of the CFRP-Ti6Al4V stack: drilling from CFRP/Ti6Al4V and 
drilling toTi6Al4V/CFRP. The bimaterial system’s machinability can be consider-
ably enhanced by the cutting sequence method employed. A review of the litera-
ture revealed that numerous academics think the CFRP-Ti alloy drilling sequence 
is a practical and effective approach to minimize hole damage while drilling the 
composite material vertically. The bottom Ti alloy contributes by reducing workpiece 
dynamics and laminate deflection, which results in less exit delamination damage 
[1, 2, 6–8]. 

Landge [9] performed research on the micromechanical drilling of challenging-
to-cut materials, focusing on the mechanical micro-drilling of a brass alloy. The 
researchers looked at a variety of input machining factors, including speed, feed, 
hole depth, and cutting time. Their results indicated that speed was the most crucial 
factor affecting the drilling process [9]. 

A study focused on tool wear and surface quality was conducted on the machining 
of CFRP-Ti alloy stack using tungsten carbide tools. The study revealed that 
increasing feed rates led to higher degrees of delamination, burr levels, and surface 
roughness, while increasing cutting speed resulted in a decrease in these factors. 
The use of multi-facet stacks led to significantly reduced drill lifetimes because of 
drill wear coupling [1]. In a separate study, SenthilKumar et al. studied the wear 
mechanism of tools with different geometrical characteristics when machining of 
CFRP/Ti6Al4 V stacks. The findings suggested that drills with a 130° point angle 
and smaller chisel edge thickness exhibited lower levels of wear and better chip 
ejection capability [10]. 

Cong et al. investigated the application of ultrasonic vibration assistance (UVA) 
during the mechanical micro-drilling of CFRP-Ti alloy stacks. UVA drilling greatly 
enhanced the machinability of these composite materials, according to the researchers 
[11]. 

Shunmugesh and Panneerselvam [12] performed research on the micromechanical 
drilling of CFRP and utilized the Taguchi methodology to optimize the machining 
process. The study evaluated input parameters such as drill diameter, spindle speed, 
and feed rate and developed a mathematical model for circularity error and cylin-
dricity error. The study determined that the optimal conditions for minimizing circu-
larity and cylindricity errors were the maximum spindle speed and the minimum 
feed rate [12]. 

A useful technique for comprehending how input variables and their interac-
tions impact response variables in manufacturing processes is the response surface 
methodology (RSM). RSM creates models that examine the intricate correlations 
between input variables using statistical approaches like central composite design. 
The model’s performance is then assessed using ANOVA checks. RSM also makes 
use of 3D response graphs to show how input variables influence results. RSM has
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been widely used by researchers to evaluate the effectiveness of industrial processes 
[13–16]. 

After reviewing the literature, it was discovered that there have been no previous 
research studies conducted on micromechanical drilling of the CFRP-Ti6Al4V 
composite material stack. Therefore, this particular study employed RSM to create 
a mathematical model for the output responses, which included delamination factor, 
hole taper, and radial overcut. The study considered input parameters such as spindle 
speed, feed rate, and minimum quantity lubrication (MQL) flow rate. To evaluate the 
effectiveness of the model, ANOVA tests were performed, and 3D response graphs 
were utilized to analyze the impact of machining parameters on output responses. 

2 Materials, Methods, and Processes 

The experiments were carried out on SMD10B CNC micro-drilling machine manu-
factured by Interface design associates private limited, India. Figure 1 shows 
theSMD10B CNC micro-drilling machine. The aerostatic spindle is provided to vary 
the speed between 6001 and 60,000 rpm on the machine. Brown translucent emulsion 
oil was used as lubrication oil. For the experiments, a stack composite of CFRP and 
Ti6Al4V grade 5 was used as the workpiece material. Table 1 depicts the mechanical 
properties of Ti6Al4V and CFRP material. Table 2 depicts the specification of CNC 
micromachining station. 

Araldite AW134 Epoxy resin was used for stacking CFRP and Ti6Al4V. The tool 
material used for the present experiment was T5401 grade—TiN-coated tungsten 
carbide (coating thickness 0.2–0.5 microns). For this study, a micro-drill that has a 
diameter of 0.4 mm and a point angle of 140° was chosen.

Fig. 1 CNC 
micromachining station for 
micro-drilling
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Table 1 Mechanical properties of CFRP and Ti6Al4V 

Properties CFRP Ti6Al4V 

Density, g/cm3 1.9 4.42 

Young’s modulus, GPa 250 113.8 

Shear modulus, GPa 110 44 

Uniform elongation, % 1.9 14 

Poisson’s ratio 0.33 0.342 

Hardness HV 349 

Yield strength (MPa) 880 

Tensile strength (MPa) 950 

Table 2 Specifications of the CNC machine model interface, SMD10B 

XY axis travel 100 mm × 100 mm 

Support LM guideways 

Accuracy 5 micron/25mm 

Max feed 200 mm/min 

Spindle speed 200 watts, 60,000 rpm, 2 microns runout, ER11 collet

Figure 2 illustrates the use of ALICONA Infinite Focus, an optical microscope, to 
measure the diameter of the holes formed in the work material. To calculate the radial 
overcut, the approach described in Veenaraja et al. [17] was adopted. This involved 
determining half the difference between the hole diameter and the tool diameter, as 
indicated in Eq. 1. 

Radial overcut = d jt  − dt 
2 

. (1)

The process of drilling is a commonly used technique for the assembly of various 
structures or components. However, the drilling of composite laminates is often 
associated with a type of damage known as delamination. Compared to the drilling of 
metals, drilling composites poses a greater risk of delamination, which is considered 
a major issue in the field. 

The delamination factor was determined by using Eq. 2 as [18]: 

Fd = Dmax 

d 
. (2) 

Hole taper is one of the inherent manufacturing problems associated with micro-
drilling. A taper is defined as the uniform change of diameter on its axis. The taper 
of holes determines the quality of micro-holes. In addition to the size requirements, 
the micro-holes require no taper or minimum taper. 

The hole taper was determined by using Eq. 3 as [19]:
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Fig. 2 Measuring diameter of machined micro-holes on work material by ALICONA optical 
microscope

Taper = D − d 
L 

, (3) 

where D = Large diameter, d = Large diameter and L = Length. 

3 Experimental Design and Parameter Selection 

RSM is a practical method for creating, enhancing, and maximizing processes. It 
entails examining how intricate interconnections between input factors affect how 
response variables behave. Typically, Eq. 4 performance describes the response 
surface [20]: 

Y = β0 + 
s∑

i=1 

βi χi + 
s∑

i=1 

βi χi + 
s∑

i=1 

βi i  χ 2 i + 
s∑

i= j 
βi j  χi χ j + ε. (4) 

In the present study, RSM was adopted for developing a mathematical model 
using statistical design of experiments approaches, specifically the central composite 
design. To evaluate the models performance, the ANOVA test was conducted. The 
experimental design was implemented using the CCD approach, and the Design 
Expert 13.0 statistical program was utilized to determine the regression model coeffi-
cients from the experimental data. The machining input parameters, including spindle 
speed, feed rate, and minimum quantity lubrication (MQL) flow rate, were selected 
based on the literature on mechanical micro-drilling research and the operational
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Table 3 Selected machining parameters and their levels 

Name Units Lowest Low Center High Highest 

Spindle speed rpm 26,591 30,000 35,000 40,000 43,408 

Feed rate mm/min 1.03 1.2 1.45 1.7 1.87 

MQL flow rate ml/hr 99 150 225 300 351 

characteristics of the chosen machine. Table 3 presents with the chosen machining 
parameters and their respective levels. 

4 Results and Discussion 

According to the input data in Table 4, 20 experimental runs for the CCD were 
carried out. The machined holes diameter on work materials can be measured using 
an optical microscope (ALICONA), as shown in Fig. 2. The output response which 
include radial overcut, delamination factor, and hole taper is then determined for 
each run using Eqs. (1), (2), and (3) are summarized in Table 4 [14–16].

5 Analysis of Hole Characteristics 

This study aimed to examine the hole characteristics, such as radial overcut, delami-
nation factor, and hole taper mechanism, during mechanical micro-drilling. With the 
use of the Design Expert program, a mathematical model was constructed using 
experimental data to determine the link between machining settings and radial 
overcut. To evaluate the statistical significance of the quadratic model and inves-
tigate the effects of machining factors on output responses such as radial overcut, 
delamination, and taper, ANOVA analysis was performed. The results revealed that 
the model was remarkably significant and could be utilized to predict the impact of 
various machining factors on the output responses. 

The model F-value of 3.30 suggests that the model is noteworthy. In Table 5, 
model terms with values of “Prob > F” are deemed statistically significant if they 
are smaller than 0.05 (95% confidence). There is no discernible difference between 
the lack of fit and the pure error, according to the lack of fit F-value of 0.8510. 
Furthermore, the model appears to account for roughly 74.82% of the variance in the 
ROC, according to the derived R-squared value of 0.7482. The signal in this model 
is excellent, as indicated by the adequate precision score of 5.5638, which is higher 
than 4.
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Table 4 CCD design layout and experimental results 

Run Factor 1 Factor 2 Factor 3 Response 
1 

Response 2 Response 3 

A: Spindle 
speed 
RPM 

B: Feed rate 
mm/min 

C: MQL flow 
rate 
ml/hr 

Radial 
overcut 

Delamination 
factor 

Hole taper 

1 30,000 1.2 150 3.45 1.0064 1.254 

2 40,000 1.2 150 28.24 1.0429 1.025 

3 30,000 1.7 150 12.6 1.0611 0.985 

4 40,000 1.7 150 15.7 1.0101 0.4596 

5 30,000 1.2 300 9.21 1.0381 0.595 

6 40,000 1.2 300 11.13 1.1374 0.215 

7 30,000 1.7 300 17.6 1.0083 0.428 

8 40,000 1.7 300 20.8 1.0623 0.1104 

9 26,591 1.45 225 3.35 1.0094 2.13 

10 43,408 1.45 225 32.25 1.0761 0.73 

11 35,000 1.02955 225 25.51 1.0591 0.14 

12 35,000 1.87045 225 20.11 1.0095 0.1263 

13 35,000 1.45 98.8655 2.36 1.0421 0.456 

14 35,000 1.45 351.134 7.21 1.0936 0.32 

15 35,000 1.45 225 5.12 1.1067 0.743 

16 35,000 1.45 225 11.56 1.0079 0.889 

17 35,000 1.45 225 8.35 1.0398 0.6032 

18 35,000 1.45 225 0.11 1.0317 0.95 

19 35,000 1.45 225 8.35 1.0525 0.4 

20 35,000 1.45 225 19.56 1.0031 0.689

Backward elimination removes non-significant terms from the fitted quadratic 
model before it is adjusted for ROC. The following is how the final radial overcut 
quadratic model is arrived at (Fig. 3): 

ROC = 8.86 + 10.05A − 7.21AB  + 13.54B2 . (5)

When the data’s underlying assumptions about normality are tested, it is evident 
that every point on the normal plot is nearly straight. The expected values for the 
radial overcut match the experimental results. Similarly, the expected values for 
delamination factor and hole taper match the experimental result. 

The quadratic model for the delamination factor was established as follows: 

Fd =
(
9.65433 × 10−6)A + 0.733408B + (

5.5933 × 10−3)AC − 0.043845B2 . 
(6)
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Table 5 Analysis of variance for radial overcut model 

Source Sum of squares df Mean square F-value p-value 

Model 1170.52 9 130.06 3.30 0.0383 Significant 

A-Spindle 
speed 

487.63 1 487.63 12.38 0.0056 

B-Feed rate 2.29 1 2.29 0.0581 0.8144 

C-MQL 
flow rate 

3.50 1 3.50 0.0888 0.7719 

AB 52.07 1 52.07 1.32 0.0421 

AC 64.81 1 64.81 1.64 0.2286 

BC 57.51 1 57.51 1.46 0.2548 

A2 131.91 1 131.91 3.35 0.0972 

B2 331.59 1 331.59 8.42 0.0158 

C2 35.80 1 35.80 0.9086 0.3630 

Residual 393.99 10 39.40 

Lack of fit 181.14 5 36.23 0.8510 0.5681 Not significant 

Pure error 212.85 5 42.57 

Cor total 1564.51 19 

R2 0.7482 

Adjusted 
R2 

0.5215 

Predicted 
R2 

0.5124 

Adequate 
precision 

5.5638

The quadratic model for the hole taper was established as follows: 

Hole taper = −0.4987A − 0.3207B + 0.7100A2 − 0.5855B2 . (7) 

5.1 Effect of Machining Parameters on the Output Parameter 

Radial overcut is an intrinsic feature of the hole produced through micro-drilling 
and cannot be avoided, although compensations can be made through tool design. 
To enhance the precision of the mechanical micro-drilling process, it is crucial to 
minimize radial overcut. As a result, the parameters influencing radial overcut must 
be identified. 

Figure 4a, b illustrates the relationship between spindle speed, feed rate, MQL flow 
rate, and radial overcut. In Fig. 4a, it can be shown that the optimal range of spindle
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(a) (b) 

Fig. 3 a Normal probability plot for radial overcut, b comparison with predicted radial overcut 
with experimental data

speed and feed rate to minimize radial overcut is achieved when both parameters 
are set to intermediate levels. The results suggest that a moderate feed rate can be 
advantageous in reducing radial overcut. In contrast, Fig. 4b presents the estimated 
surface response for radial overcut concerning spindle speed and MQL flow rate. The 
graph indicates that the minimum radial overcut is attained at a minimum MQL flow 
rate and a spindle speed that is close to the middle level. Additionally, the results 
reveal that higher spindle speeds lead to higher radial overcut values.

The effect of feed rate and flow rate on radial overcut is shown in Fig. 4c. The 
graph highlights that the lowest radial overcut is seen at the intermediate level of 
MQL flow rate and the middle level of feed rate. Additionally, it is noteworthy that 
a moderate spindle speed level is more favorable for achieving lower radial overcut. 
Furthermore, the findings indicate that the MQL flow rate has a more significant 
effect on radial overcut than the feed rate and spindle speed. 

According to the trends depicted in the graphs, there is a direct correlation between 
the spindle speed and the centrifugal force that the lubrication fluid, which contains 
debris particles, experiences in the gap between the tool and workpiece. Therefore, a 
slight increase in spindle speed can assist in reducing the radial overcut. However, a 
higher feed rate coupled with a rapid increase in spindle speed can result in increased 
friction between the tool and workpiece, causing higher heat generation and wear. 
This, in turn, leads to larger radial overcut. 

Delamination is one of the inherent manufacturing problems associated with the 
micro-drilling of composite material. Delamination should be minimum to achieve 
greater accuracy in the micro-drilling process. The graph presented in Fig. 4d demon-
strates the correlation between spindle speed, feed rate, and delamination factor. The
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(a) (b) 

(c) (d) 

(e) (f) 

Fig. 4 Response surface plot for a radial overcut versus spindle speed and feed rate, b radial 
overcut versus spindle speed and MQL flow rate, c radial overcut versus feed rate and MQL flow 
rate, d delamination factor versus spindle speed and feed rate e delamination factor versus spindle 
speed and flow rate, f delamination factor versus MQL flow rate and feed rate, g hole taper versus 
spindle speed and feed rate, h hole taper versus spindle speed and MQL flow rate, i hole taper versus 
MQL flow rate and feed rate
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(g) (h) 

(i) 

Fig. 4 (continued)

optimum combination of spindle speed and feed rate for minimizing the delamination 
factor is observed to be at intermediate levels. Additionally, it is observed that the 
feed rate has a more significant effect on delamination compared to spindle speed. 
In Fig. 4e, the estimated response surface for the delamination factor with respect to 
spindle speed and MQL flow rate is illustrated. The findings reveal that the maximum 
delamination factor occurs at a high spindle speed level and a middle MQL flow rate 
level. 

The delamination factor is determined by both the feed rate and the MQL flow 
rate, as shown in Fig. 4f. According to the graph, the lowest delamination factor is 
obtained at a medium feed rate and when the MQL flow rate is similar to medium. 
Moreover, the results show that an intermediate spindle speed resulted in a decreased 
delamination factor. In terms of machining parameters, the influence of spindle speed 
and feed rate on the delamination factor is greater than the effect of MQL flow rate 
on the same factor. 

Based on the trend observed in the graph, it can be concluded that an rise in spindle 
speed and drill diameter can minimize the delamination factor and circularity errors.
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Additionally, it can be noted that the feed rate and drill diameter have a signifi-
cant impact on delamination damage, which becomes more pronounced with the 
increment of tool wear. The rise in spindle speed minimizes delamination tendency; 
therefore, it reduces circularity error mainly affected due to reduction in vibration 
effect of drill bit and machine. 

Reduced feed rate and increased spindle speed have been identified as effective 
measures in reducing delamination in CFRP, as they lead to a decrease in the concen-
tration of thrust force on the material. When using smaller drill bits, the dissipation 
of heat is slower compared to larger drill bits, which could result in the development 
of very high temperatures at actual spindle speeds. This could cause micro-fractures 
and increase tool wear. 

Micro-drilling often results in tapered holes, which can negatively affect the accu-
racy of the process. Figure 4g illustrates the impact of spindle speed and feed rate on 
hole taper. To reduce taper in micro-drilling, it is necessary to optimize the spindle 
speed and feed rate. According to the experimental results, the best settings for 
achieving the least amount of taper are a medium spindle speed and a higher feed 
rate. The lowest taper is observed at a higher feed rate and near the middle range of 
spindle speed, as indicated by the predicted response surface for taper in Fig. 4h. It 
is important to note that maximum hole taper occurs at lower spindle speeds. 

Figure 4i depicts the influence of spindle speed and feed rate on taper. According 
to the graph, the minimum taper is obtained by using a higher level of MQL flow 
rate and a middle level of feed rate. The graph’s trend indicates that spindle speed 
is an important factor in determining machining quality. A rougher surface of the 
hole results from a higher feed rate and spindle speed. Furthermore, spindle speed 
increases drill stiffness, resulting in better circular holes with minimal taper. This is 
because the drill bit is self-piloting and has more stability at higher speeds. 

6 Conclusion 

Response surface approach was utilized in this work to estimate the radial overcut in 
micromechanical drilling of CFRP-Ti6Al4V stack composite material. The central 
composite design (CCD) approach was used to run 20 tests with three input param-
eters at five levels. Based on the experimental data, RSM was used to build mathe-
matical models for radial overcut, delamination factor, and hole taper. The ANOVA 
findings show that spindle speed is very important for the radial overcut reaction, 
although feed rate and MQL flow rate are not. The delamination factor was signif-
icantly significant for spindle speed and feed rate, but not for MQL flow rate. For 
hole taper, spindle speed and MQL flow rate were extremely relevant, although feed 
rate was not. The predicted values were in close agreement with the actual data, with 
coefficients of determination of 0.7482 for radial overcut, 0.7204 for delamination 
factor, and 0.8423 for hole taper. The lowest radial overcut was produced at the 
medium levels of spindle speed and feed rate, and the intermediate feed rate was the 
best for minimizing the delamination factor, according to the response surface plots.
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The lower taper was seen at higher flow rates and spindle speeds around the middle 
values. Overall, the findings show that response surface approach is an excellent 
way for modeling the input machining parameters of the mechanical micro-drilling 
process for CFRP-Ti6Al4V stack composites. It also implies that in future research, 
this strategy may be used to construct models for additional reactions, such as MRR 
and SR. 
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Redefining Manufacturing: The Design 
Thinking Advantage 

Jyoti Jinagal Karloopia and Rajat Agrawal 

Abstract Many business leaders continue to prioritise, yet few are satisfied with 
their businesses’ innovation skills. Many businesses experiment with innovation 
approaches brought in from the outside in their desire to become more innovative. 
In recent years, one of these sought-after innovation methodologies has been design 
thinking which is a mindset and a set of tools for innovation and development. Design 
thinking has created spectacular achievements in creative organisations like design 
consultancies and service firms but it has shown to be significantly more difficult to 
execute in large, established firms, especially if the organisational culture opposes 
the ideals that underpin design thinking. We demonstrate how a large, manufac-
turer of farm equipment’s enterprises over a period of five years morphed the design 
thinking methodology to allow it to take root in many sectors of the organisation and 
become an intrinsic element of the firm’s innovation activities over time by including 
design thinking into their strategic plan, leadership programmes and into day-to-day 
activity. This paper also throws some light on other approaches which can be used 
for adopting design thinking in large organisations. 

Keywords Design thinking ·Manufacturing firm · Innovation · Leadership ·
Strategy 

1 Introduction 

Large manufacturing firm reports that being innovative is difficult [7], and academics 
argue that this is due to a strong focus on efficiency and short-term profits [10]. 
Manufacturers have hitherto focused solely on product features, with little regard for 
how the product was really utilised or what behaviours end customers displayed. To 
solve this issue, many businesses are attempting to develop new ways of working

J. J. Karloopia (B) · R. Agrawal 
Department of Management Studies, Indian Institute of Technology Roorkee, Roorkee, 
Uttarakhand 247667, India 
e-mail: jjkarloopia@bm.iitr.ac.in 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
N. Kumar et al. (eds.), Advances in Materials and Agile Manufacturing, 
Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-99-6601-1_6 

53

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-6601-1_6&domain=pdf
mailto:jjkarloopia@bm.iitr.ac.in
https://doi.org/10.1007/978-981-99-6601-1_6


54 J. J. Karloopia and R. Agrawal

to boost their innovativeness [8]. Design thinking (DT) has gained traction in the 
business in recent years. The concept of DT has recently arisen in management 
literature, illustrating how any company can benefit from designers’ work [3, 12]. 
One of the most essential aspects of the concept is that it implies that anyone can learn 
to use a design approach to solve any innovative problem [13]. The concept of DT is 
gaining popularity, although it remains vague. Mainly, DT is being implemented in 
an organisation through various programmes and consultancy projects. As a result, 
it is being used in many industries. 

With large organisations’ current focus on effectiveness, there is a natural require-
ment for evaluating concepts and their influence on the organisation. However, imple-
menting new concepts like DT is often difficult [19], as it puts existing ways of 
working to the test and creates ambiguity and uncertainty about the new practice and 
its impact. Rauth et al. [15] found that perceived values associated with the application 
of DT in big companies go beyond project production and include the development 
of long-term innovation capacities another difficult to measure feature. Lockwood 
[11] argues that there is no better time than now for creative problem-solving and new 
ways of thinking and we require new, transformative corporate strategies based on 
human needs rather than financial analyses, and that design is the key to achieving all 
of this because it drives innovation. As a result, DT implementation in a large busi-
ness will always be questioned as in which way design thinking can be implemented, 
and there will be a slew of challenges to overcome. As a result, this paper aims to 
fill in some of the gaps in our understanding by presenting how design thinking 
can be implemented in an organisation through project-based approach. Based on 
the information extracted from the firm, the project-based approach is discussed in 
detail, and three new ways of implementation of design thinking are also discussed. 

2 Literature Review 

In the manufacturing industry, innovation is viewed as a critical component of 
increasing productivity. This is especially significant in high-cost operating contexts 
when non-price-based competition is required. Non-priced-based competition is 
made up of several intricate tactics that ensure inimitable performance [16]. During 
the first decade of the twenty-first century, design thinking arose as a method for 
promoting radical and gradual innovation in businesses seeking to develop new goods 
and services [14]. To achieve non-price-based competition, the industrial sector is 
increasingly turning to innovation to ensure productivity growth, particularly in high-
cost operational situations. The development of a deep understanding of the user is 
at the heart of design thinking, allowing you to empathise with their environment 
and individual difficulties. When producing new products, design thinking is the 
practice of focusing on the end user’s experience and matching people’s demands. 
As factories become more networked, adopting this method in a production facility 
is a means to obtain a competitive advantage.
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Design thinking, according to Lockwood [11], is a human-centred innovation 
approach that stresses observation, collaboration, fast learning, idea visualisation, 
rapid concept prototyping, and business strategy. Design thinking, according to 
Brown [4], is a powerful approach to innovation that is not only effective but 
also widely accessible, able to be integrated into many sectors of business and 
society, and valuable for generating breakthrough ideas that can be adopted and 
have an impact. Design is essentially a creative activity, whereas management is 
a decision-making process [9]. Instead of choosing between well-defined options, 
design thinkers’ goal is to meet specific human needs. They deal with problems that 
are difficult to define and improve the efficiency of businesses. Furthermore, DT is 
sometimes portrayed as a magical solution that will enable innovation assist organ-
isations in developing breakthrough ideas [3] and allow firms to strike the correct 
balance between exploration and exploitation [13]. 

Design thinking uses a method of prototyping to reduce the risk in a business model 
concept by testing it with the marketplace; it allows for the creative development of 
an idea [18]. Design thinking when integrated into an organisation, it can provide a 
competitive edge and develop innovation capabilities of employees. Dorst and Cross 
[6] delve deeper into the iterative nature of design thinking. It is an iterative process 
“marked by trial-and-error learning that examines a variety of possible solutions with 
end-users and other project stakeholders” [2]. Prototyping is viewed as a technique 
to experiment and develop concepts, rather than to finalise them, just as empathy is 
a way to be user-centred [17]. 

3 Research Methodology 

A case-based research methodology was adopted for this study. A in-depth interview 
was done with one employee of this firm. He was a top-level management employee 
who handled the operational activities of the organisation. Given the paucity of 
empirical knowledge about DT, the study took a case-based, exploratory approach 
to data collection [1]. The goal is to find the existing way through which design 
thinking has been implemented in their organisation and they also discussed new 
ways in which design thinking can be implemented in an organisation. We identified 
the firm by seeing their official website where they have mentioned that they use 
design thinking in their organisation. Most of the data was collected through in-depth 
interviews, and some information was accessed through the internal documentation 
available. The interview was focused on what is design thinking to them, how they are 
using it, why there was a need to adopt design thinking, and how they have expanded 
it in their organisation. Table 1 contains the content of the case study protocol.
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Table 1 Case study protocol content 

S. 
No. 

Instrument Description 

1 Organisation Farm equipment’s manufacturing firm 

2 Permission The employee was ready to give interview 

3 Objective To find out the key takeaways of using project-based approach as one of 
the ways for implementation of design thinking in a firm 

4 Unit of 
analysis 

Design thinking led projects 

5 Source of data 
and Analysis 

Interview 

6 Construct 
validity 

Through the employee of the organisation 

7 Key question Can project-based approach is a successful approach and how further 
design thinking is diffused in the firm 

4 Findings 

4.1 About the Firm 

This manufacturing firm is a 40-year-old organisation which deals in manufacturing 
of farm equipment’s. They have their presence in 100 countries. They have been 
contributing to agriculture by delivering new implements at the most reasonable 
costs. They have established a significant presence in both the domestic and inter-
national markets because of our relentless pursuit of quality in all aspects of the 
business. Their cutting-edge manufacturing facilities are outfitted with cutting-edge 
gear capable of completing large-scale orders with precision. They manufactured 
creative implements of international standards using the highest quality raw materials 
and sustainable technical ideas. 

4.2 Triggering Point 

To boost innovation culture in organisation, the top-level management of the organ-
isation decided to adopt new approaches of innovation. Design thinking which is 
defined as a process that allows a company to analyse and assess radical new propo-
sitions from a variety of angles, typically encompassing user needs, business objec-
tives, and technological demands [5] was selected as one of the approaches as they 
have found this approach to be very successful in other industries. Now, the main 
question that aroused among the top-level executive is to how to implement design 
thinking into the organisation and what all challenges they will be facing. Even though 
innovation was described as “essential” to the organisation, there was no structured
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approach as to how to achieve it. After much consideration, a project-based approach 
was finalised to implement design thinking into the organisation. 

4.3 Implementation of Design Thinking Through 
Project-Based Approach 

As per the respondents, design thinking implementation started with the approval 
initiatives of top management, and resources for the same were also made available 
by the top management and decision-makers of the organisation. Human resource 
department played a very important role in adopting DT in organisation, and lastly, 
a proper feedback mechanism was created to know how this approach is working in 
the organisation. All four important pillars are discussed in elaborated way. 

4.3.1 Top-Level Management/ Leadership 

As we know, any new initiative cannot be successful without its alignment with the 
vision and mission of the organisation; our findings are in line with DT as well. Our 
interviewers told us that after the decision of implementing design thinking into the 
organisation through project-based approach, a detailed cost–benefit analysis (CBA) 
report was submitted to the top-level management which tells about what all cost will 
be incurred while implementing it and what are the benefits of using design thinking. 
With top-level approval and taking into consideration, their say a detailed path as to 
how this approach will be implemented in the organisation was done. Project-based 
approach was selected as it will save time of the employees as they will learn design 
thinking while performing the real task. 

4.3.2 Availability of Resources 

Implementing any new thing requires resources. Resources in terms of money, man, 
machine, time, and many more things are required for any new thing to start. In the 
firm, a space was exclusively made for carrying out design thinking led projects. 
The design thinking room was made different from wall colour of the organisation 
as to make the look of the space more attractive towards the employees to create 
an eagerness to know what it is all about. A budget of 15 lakhs was set for one 
quarter. Employees who will be working on this project were given a brief training 
of design thinking and made them understand its application and how to use it. A 
design intern was hired for this project who will guide the employees as how to use 
design thinking, how much to use, and when to stop using it.
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4.3.3 Human Resource Initiatives 

As one of the interviewers said, “Design thinking is not only a methodology of 
innovation to get adopted in an organisation, but also the man behind the method 
who will be performing it”. Design thinking culture development was made a part 
of HR manual. The HR department made the structure of training which is needed 
to be given to the employee (target audience) and then they identify the knowledge 
workers who require these trainings. They developed reward and recognition policies 
for design led projects which is beneficial to boost its implementation. The finding 
suggested developing a feedback mechanism after evaluating the project. Awareness 
creation about the program using multiple approaches such as mailers, word of 
mouth or a hybrid must also be created. Identification of resource persons for in-
house training or, in the case of outsourced training, identification of vendors is also 
very important; the role of the human resource team is essential in designing, starting, 
and managing the entire initiative. 

4.3.4 Feedback Mechanism 

For any programme to get success requires a proper feedback mechanism as to get 
time to time updates about how the programme is benefitting the employees and the 
organisation. The HR Head described that they created a proper feedback analysis 
form which contains questions like:

• What was their (employees) expectation before starting out this project?
• What is the benefit of using design thinking in this project?
• What difference they felt after using design thinking as their approach for 

developing innovative product?
• What are the new capabilities you have learned while doing this project with 

design thinking-based approach?
• Do you want this approach to be used further in other projects of the organisation? 

All the feedback reports were then submitted to the top-level management for 
further analysis. The project head also submitted a report to the top-level management 
which contains all the details as how the project was done, what are the challenges 
they faced, outcome of the project, and what support they need from the top-level 
management for future projects (Fig. 1).

4.4 Design Thinking-Based Projects 

4.4.1 Project 1 (Case 1) 

The organisation thought of bringing a new product called Rotary triller. Therefore, 
for this innovative product, they tried of using design thinking as an approach for
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Fig. 1 Implementation of design thinking approach in an organisation

innovation. The head of the project told us that previously, they would look at the 
competitor’s product line and see what technology they were utilising and just by 
seeing the data of the customer they used to launch it with a minor upgradation in 
the technology; due to this, sometimes their product used to fail when launched in 
the market. However, this time they employed a design thinking method, and user 
insights were the primary source of data. 

The first step of design thinking is empathy and human-centred approach where 
user insights are very important. Therefore, employees have themselves gone out 
to the farmers to examine how they are using rotary tillers and what all problems 
they are facing. With live interaction with the users, they came to know about so 
many other problems like changing the rotary rpm as per the tractor or the soil seeds 
were done manually, and for the sake of changing the rpm, the farmers used to bear 
500–700 rupees whenever they must change it. Therefore, the employees came to 
know as how much it is important to know their customer and their wants and just by 
sitting in the AC rooms and looking at the data won’t give them the valuable insights. 
So, therefore from this project, one of the most important lessons learnt was to have 
an interaction with their customer throughout the project and after the prototype of 
the product was made, to try it with the live customer and taking their feedback and 
incorporate it. 

4.4.2 Project 2 (Case 2) 

In this project, the organisation wanted to upgrade their existing product called trailer 
due to its poor performance in the market. The trailer is a product which is used to 
carry out spitting operations. After taking customer insights which are the farmers,
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they came to know that the farmers were only able to use the trailer that is the 
backward way where they can only empty the material in the backward position but 
sometimes due to non-availability of space or the position in which they must spit 
the material changes so therefore they want to spit the material in both sideways 
positions also. The project team after learning the loophole into their project started 
working onto the upgradation of the product with ideation tools of design thinking 
like brainstorming plus the latest technology to produce the prototype which was a 
three-way spitting trailer where the customer can spit the material in three positions. 
The prototype was tested on the field with the farmers and with little iteration the 
product was finally put into the market, and it became a huge success. 

4.5 Diffusion Period 

After the successful completion of the projects and the product becoming huge 
success, a report was submitted to the top-level management about the design thinking 
led project and how it has helped the organisation in upscaling the sales and how they 
have benefited the employees by learning new capabilities. After getting a nod from 
the top-level management to further diffuse design thinking into the organisation, 
many steps were taken. Around 2000 employees were trained where what is design 
thinking, how it should be used, when to use, in which projects it should be used, 
when not to use it, when to stop using it, what are the tools and techniques of design 
thinking, and many more things were taught. It was made mandatory to conduct five 
training and development session in a year of 1 week duration where employees with 
their time availability and current role and responsibilities will be selected for the 
session. 

A separate training and development programme was set up for the top-level 
management and the leaders of the organisation. With this, twenty workshop and 
conferences were organised where people from different organisation and industry 
were called to deliver their experience of using design thinking and different tools and 
techniques were explored. For diffusing design thinking faster in the organisation, a 
monthly newsletter was launched which contains the applications of design thinking 
and what recent is going on in design thinking. The success of design led projects 
was discussed in the newsletter which gives a positive attitude to employees to adopt 
design thinking in their daily work routine. The design centre which was established 
only for experimental phase was made permanent, and three more design interns 
were hired who will mentor the employees and help them in design led projects and 
handle all the activities of design centre. 

In parallel to this, design thinking gradually became an integral part of the organi-
sation culture by introducing it in organisation various ongoing programme like lead-
ership programme, innovation programme, etc. A special programme was designed 
called design led innovation programme where employees were asked to submit 
strategic innovation project which uses design thinking as an approach to innova-
tion. The best projects were selected and if the final product of the project became
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successful in the market, and then the employee was rewarded by sharing 1% profit 
of that product sales. This gave a boost among employees to use design thinking as 
their approach. Design thinking approach grew exponentially into the organisation 
in two ways. First, the projects led by design thinking grew both in number and 
size, and it was getting embedded into the organisational culture as more and more 
employees were preferring to use it, and second, user insight was highly valued by 
the employees which gave boost to design thinking as empathy towards user is the 
main component of design thinking. 

5 Discussion and Implications 

There are three ways in which design thinking can be adopted in an organisation, 
and Table 2 suggests some key recommendations for improving design thinking 
implementation in the organisation.

5.1 Flexible Implementation 

Since design thinking will be implemented in the organisation as per the need of the 
project in hand, flexible implementation is needed to suit the specific requirement of 
the project. While adopting this approach, the employees get a hands-on experience 
as how to use design thinking while working and not just by attending training 
and development session and after that not knowing how to implement it. It is an 
approach of learning by doing where you learn and execute the programme. While 
implementing this approach, the employee capability also gets developed naturally 
like collaborative, abductive reasoning, etc. The management also gets to know that 
is this programme is feasible or not in our organisation. If the project yields good 
result, then further diffusion can be considered. It is like having a practical experience 
for both employees and management. 

5.2 Development of Specialised Unit 

Managing design thinking as a separate centre within an organisation allows any 
new programme to develop new procedures and regulations that are not currently 
available. It requires manpower, money, and other things to develop a separate centre 
but starting at a small scale can be beneficial to the organisation. If management truly 
believes in the concept of any new programme which needs to get implemented, then 
they can go ahead with this approach. One drawback which needs to be addressed 
carefully is that because it will be developed as a separate unit, it should be taken 
into consideration that the centre should engage and aware the whole organisation as
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Table 2 Implementation of design thinking through project-based approach 

Essential factors Projects Key recommendations 

Top-level management/ 
leadership 

• Alignment of organisation 
vision and mission with the 
outcome of the project 

• Intent behind using DT 
conveyed to senior leadership 

• Develop strategic vision in 
collaboration with employees 
to start a co-create culture 

• Providing a flexible, free, 
empowered culture to the 
employees 

• Set new key performance 
indicators keeping in mind the 
DT culture in the organisation 

Availability of resources • Physical space set up made to 
provide DT its own space to 
nurture 

• 15 Lacs invested in 
implementing DT for one 
quarter 

• Vital to make long-term 
investment in design 
infrastructure, training, and 
support throughout the 
company 

Human resources 
initiatives 

• Design intern appointed to 
supervise the DT-backed 
projects 

• Developed reward and 
recognition policies to boost 
the morale of employees 

• Everyone from top leadership 
to staff members should 
receive DT training and 
coaching, in-person 
workshops, online courses 

• Making DT as a core 
competency of the organisation 

• Emphasise human 
relationships to foster 
collaboration and shared goals 

Feedback mechanism • A proper communication level 
is created with top-level 
management, human resource 
department and project team 
through feedback analysis 

• Create a proper channel for 
employees for sharing their 
insights

what is happening in the unit. The projects should involve other employees, and the 
benefits and challenges should be spoken openly through newsletters, workshops, 
meetings, trainings, etc. openly. 

5.3 Outsourcing 

It is a common practice whenever anything new needs to be implemented in the 
organisation. With this approach, the organisation will have an outside consultant 
who will help the organisation with the design led projects. The DT consultants 
bring the expertise, knowledge, and experience with themselves that the organisa-
tion lacks. After the design thinking consultants make the organisation’s employees 
comprehend design thinking, they can leave or be within the organisation as per 
management decisions. One drawback which design thinking consultants face is that
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today everyone calls themselves design thinking consultant and to choose the right 
one can be a problem. The first step towards the implementation of design thinking 
should be to choose the correct one; otherwise, the organisation will face problem in 
the long run. 

6 Conclusion 

This research gives a framework which tells about the essential requirement for the 
implementation of design thinking and gives three different ways in which it can be 
achieved. It highlights the important role of human resource in the implementation of 
design thinking. The firm contact with customers improved because of implementing 
design thinking. This study looks at how design thinking is introduced, implemented, 
and integrated within a manufacturing business that is driven by engineering innova-
tion in a sector dominated by product and process advancements. To transition from 
short-term practices to long-term impact, design thinking necessitates the participa-
tion of many individuals. It tells that it is important to be flexible and adapt design 
thinking to the actual circumstances rather than just adopting the methodology. With 
the implementation of design thinking, the innovation capabilities of the organisa-
tion also increased, but it takes time to build it by adopting the methods, tools, and 
specially a dynamic mindset. 

This is an exploratory study with a limited sample size, so it is more suggestive 
than definitive. More research is needed to back up the findings. Furthermore, the 
study sample only talks about the implementation part of design thinking; it can 
further explore the challenges faced by the manufacturing firm in implementing 
design thinking. It can further be studied as to how the capabilities developed in 
employees can be used in their day-to-day activities. Design thinking is a successful 
way of doing innovation, but it cannot be implemented in each situation. Therefore, 
this area can be explored as to when to use design thinking and not to use design 
thinking. 
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Effect of Processing Parameters 
on Surface Roughness, Tool Wear, 
and Microstructure of Aluminium Alloys 

Md Majharul Haque, Kamal Chaudhary, Sayantan Bhattacharya, 
Vishal Francis, Manjeet Singh, and Narendra Kumar 

Abstract Aluminium with one or more additional elements, such as silicon, copper, 
magnesium, or zinc, makes up the majority of an aluminium alloy. These alloys have 
excellent corrosion resistance and a high strength-to-weight ratio and outstanding 
thermal and electrical conductivity, making them widely employed in various indus-
trial and commercial applications. The most promising substance that offers the 
maximum mechanical strength in the world of hard machining materials is aluminium 
alloy. The right choice of machining procedure and cooling conditions is crucial when 
working with aluminium alloy materials. With an emphasis on current advance-
ments and anticipated advances in the industry, we will explore the characteristics, 
processing, and uses of aluminium alloys in this review paper. The overall objective 
of this review is to present a thorough overview of the state of the art in aluminium 
alloy research and to identify key areas for further investigation. We will also discuss 
the challenges and constraints related to using these alloys. 

Keywords Aluminium alloy · Turning · Tool wear · Surface roughness ·
Microstructure · Built-up edge 

1 Introduction 

Aluminium alloys are a group of materials that consist primarily of aluminium and 
one or more other elements, such as Cu, Mg, Si, and Zn. Due to their exceptional capa-
bilities, aluminium alloys are a popular choice for a variety of industrial and commer-
cial applications. The strength-to-weight ratio of aluminium alloys is high, making 
them both light and durable. They are consequently ideal for use in industries where
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weight is crucial. They have excellent resistance to corrosion, and aluminium alloys 
can withstand exposure to harsh environments without degrading or corroding. They 
are therefore ideal for use both in industrial settings and coastal and marine areas. 
They have excellent thermal and electrical conductivity, and aluminium alloys can 
easily dissipate heat and electrical current. Due to their great formability, aluminium 
alloys may be easily moulded and moulded into a broad variety of shapes and sizes [1]. 
But working with Al metal may be challenging. Due to their high thermal expansion 
coefficient, aluminium alloys experience significant thermal expansion and contrac-
tion, as a result, dimensional stability. Aluminium alloys are more prone to wear and 
tear than certain other metals because they have low wear resistance. Due to their 
poor heat conductivity, significant thermal expansion, and propensity to react with 
cutting tools, aluminium alloys are challenging to process. When cut or machined, 
it could even develop a sticky buildup. This occurs as a result of the comparatively 
low melting temperature of aluminium. Due to the heat of friction, this temperature 
is so low that it frequently fuses to the cutting edge [2]. Inadequate machining proce-
dures might result in localized overheating in aluminium alloys. The end outcome 
of alloys machining in post-solution heat treatment tempers is averaging, softening, 
and subsequently losing strength. In this paper, we have reviewed the properties and 
challenges of machining aluminium alloys and discussed the various methods, tech-
niques, and tools that are used to enhance these materials’ machining capabilities and 
surface finishes [3]. Since there are several series of aluminium alloys available, each 
one has a unique capability and set of applications, which are all listed in Table 1. 

Table 1 Aluminium series and their applications [4] 

Series Elements 
alloyed 

Ability Application 

1xxx Pure 99% of 
Al 

High electrical conductivity 
and corrosion resistance 

Electrical conductors, plates, foil, and 
aircraft parts 

2xxx Cu High strength and stiffness Found applications in the aerospace 

3xxx Mg Good formability and 
corrosion resistance 

Application in beverage cans, 
attractive foil packaging, and rigid 
containers 

4xxx Si Good weldability and 
formability 

Work-hardened rod, sheet, cladding, 
and forging 

5xxx Mg High strength and good 
formability 

Rocket cryogenic tanks, rivets, rod, 
welding, marine, sheet, and vehicle 
component 

6xxx Mg and Si Good formability, 
weldability, and corrosion 
resistance 

Automotive, sheets, marine, forgings, 
and rod are examples of uses 

7xxx Zn High strength and good 
machinability 

Aerospace, thick plate, and forging 

8xxx Li High tensile and yield 
strength 

High temperature aeronautical 
application, electrical wire
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2 Machining of Aluminium Alloy 

Due to its weightlessness and high strength qualities, aluminium alloys have seen a 
substantial increase in application in the industry throughout time. When it comes 
to better dimensional precision and the greatest surface quality in the sphere of item 
manufacturing, the machining procedure is frequently the ideal finishing activity. 
The work surface of the workpiece is extremely exposed during machining prac-
tice because of increased temperatures and pressure exposure [5]. Increased metal 
removal and less burr and built-up edge formation are two benefits of high machining 
speed. 

When machining an aluminium alloy, the feed rate, depth of cut, and cutting speed 
are the most crucial factors that affect the rate of metal removal [6]. Two cutting tools, 
chemical vapour-deposited diamond and polycrystalline diamond, have been found 
to be effective for cutting aluminium alloys in a dry environment [7]. The main 
difficulty when using an uncoated carbide cemented insert to machine aluminium 
alloys is the formation of a built-up layer on the rake surface. The work surface’s 
ability to be machined is also influenced by the size and shape of the chips. Aluminium 
alloys can be machined with high-speed CNC equipment in much less time, which 
boosts productivity and lowers product costs. 

2.1 Turning Operation 

Utilizing a cutting tool to remove material from a revolving workpiece to shape or 
finish an aluminium alloy requires turning. The workpiece is fed into the cutting 
tool, which is commonly constructed of high-speed steel or carbide, at a precise 
depth and angle, and it spins while removing the material [8]. Round bars frequently 
use turning operations for material removal applications. The essential attributes 
of quality turning machining are good surface roughness profile higher material 
removal rate, greater dimensional accuracy, and superior tool life. Depth of cut, feed 
rate, cutting speed, rake angle, size of work, tool geometry, type of material to be 
processed, vibration of the tool, and type of lubricant used are crucial factors that 
determine the quality and efficiency of turning operations [9] (Fig. 1).

Due to their distinctive characteristics, many aluminium alloys are difficult to 
machine. Due to the copper presence, aluminium copper alloys have greater cutting 
forces and tool wear. The presence of copper can lead to increased tool wear and 
annealing of the workpiece, which can increase cutting forces and make it more 
difficult to maintain precise tolerances. Compared to conventional aluminium alloys, 
aluminium lithium alloys are lighter and have a lower density. Additionally, they are 
less thermally conductive and have a larger thermal expansion coefficient. This may 
make it harder to achieve a good surface quality, resulting in higher cutting pressures 
and greater tool wear. Aluminium silicon alloys frequently gall or seize on cutting
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Fig. 1 Schematic of the whole turning operation setup [9]

tools, chipping or breaking them. This could result in more cutting forces and tool 
wear, and make it difficult to achieve a good surface finish. 

To mitigate these issues, we can use a higher cutting speed and feed rate than 
for pure aluminium alloys and use cutting tools with a positive rake angle, sharp 
edge, and high-speed steel or carbide material, as well as use a coolant to reduce heat 
generated during the cutting process [10]. 

3 Surface Roughness 

Due to the impact of high pressures and temperatures during machining, the surface 
of the machined object is under highly harsh conditions. Al–Li alloys are utilized 
to enhance the mechanical qualities by improving alloy composition and temper. In 
comparison to the 2000 and 7000 series alloys, the Al–Li alloys 2090, 2091, 8090, 
and 8091 have a specific stiffness that is 25% greater and a density that is approx-
imately 10% lower due to the presence of 1.9–2.7% lithium [11]. It is essential to 
select the best cutting process parameters, such as depth of cut (D), cutting speed (S), 
and feed rate (F), in order to achieve the desired surface quality. Numerous indus-
trial applications use optimization methods. In order to optimize parameters during 
machining processes like turning, milling, wire-cut EDM, EDM, and welding, tech-
niques like the Taguchi approach and response surface methodology are used [12]. 
During machining, the cooling method used has an impact on temperature and BUE 
formation. As a result, the cooling approach also affects roughness and residual 
stresses. Applying lubricant can increase tool life and enhance machining perfor-
mance by lowering process force and built-up edge development [13]. According to 
some inventions, it is a crucial requirement for machining operations. The surface 
quality of aluminium alloys after machining may vary depending on the precise alloy



Effect of Processing Parameters on Surface Roughness, Tool Wear … 69

composition, the cutting conditions, and the type of cutting tool used; for example, 
the low ductility of Al–Cu alloys can result in increased tool wear and decreased 
machining efficiency, the high thermal conductivity of Al–Mg alloys can cause high 
temperatures at the cutting edge, and the high strength and low ductility of Al–Li 
alloys can also make them more challenging to machine. To get results in a good 
surface finish, special cutting tools and coolant systems should be used and also 
cutting conditions play a very important role. Surface roughness is crucial because it 
affects the performance of mechanical parts. Surface finish is affected by a variety of 
elements during turning operations, including the type of workpiece, the feed rate, 
the cutting tool, the spindle speed, the cut depth, the coolant, the nose radius, the 
edge angles, and the structure of the tool. It is important to properly explain the 
connections relationships between the characteristics of the workpiece, the work-
piece’s properties, and the tool’s geometrical parameters. Cutting conditions during 
machining operations are essential for reducing surface roughness [14]. Tables 2, 3, 
and 4 shows the surface roughness values using HSS (H) and tungsten (T ) tool with 
various cutting speed (S), feed rate (F), and depth of cut (D). 

For operations involving surface roughness, high-speed CNC machines are used 
because they are inexpensive, productive, and easy to use. CNC operations include 
variables that can be controlled, such as feed rate, cutting speed, and depth of cut. To 
achieve desired surface roughness, the spindle speed, feed rate, and cut depth should 
be combined in the best possible way using the principal surface method [15].

Table 2 Values of surface roughness at feed rate 0.2 [14] 

SN S (m/min) F (mm/rev) D (mm) H (µm) T (µm) 

1 300 0.2 1.0 1.20 2.81 

2 350 0.2 1.0 0.99 2.57 

3 400 0.2 1.0 1.02 2.35 

4 450 0.2 1.0 0.93 2.44 

5 500 0.2 1.0 0.87 2.23 

6 550 0.2 1.0 0.72 2.03 

7 600 0.2 1.0 0.61 1.98 

Table 3 Values of surface roughness at feed rate 0.4 [14] 

SN S (m/min) F (mm/rev) D (mm) H (µm) T (µm) 

1 300 0.4 1.0 1.56 3.52 

2 350 0.4 1.0 1.43 2.96 

3 400 0.4 1.0 1.21 2.62 

4 450 0.4 1.0 1.17 2.70 

5 500 0.4 1.0 0.90 2.56 

6 550 0.4 1.0 0.87 2.39 

7 600 0.4 1.0 0.73 2.20
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Table 4 Values of surface roughness at feed rate 0.6 [14] 

SN S (m/min) F (mm/rev) D (mm) H (µm) T (µm) 

1 300 0.6 1.0 1.60 3.61 

2 350 0.6 1.0 1.47 3.18 

3 400 0.6 1.0 1.28 2.67 

4 450 0.6 1.0 1.01 2.60 

5 500 0.6 1.0 0.96 2.58 

6 550 0.6 1.0 0.89 2.33 

7 600 0.6 1.0 0.78 2.19

4 Tool Wear 

The machining of aluminium alloy lubricants increases machinability and produc-
tivity by decreasing the tool wear and tool life. Dry machining reduces the volume and 
toxicity of cutting fluids. Cutting fluid reduces friction, removes chips, and decreases 
the temperature of the tool. Cutting condition with low roughness < 1 µm and toler-
ance 30 µm for 6 mm of diameter [16]. Tool wear has an effect on the dimensional 
accuracy, surface quality, tool life, and economics of the machining operation. To 
ensure the best possible use of cutting tools, various methods for tool wear anal-
ysis are a top priority in the machining industries. Using the best possible process 
parameter combination, predict the cutting tool with 99.7% accuracy for enhanced 
prediction [17]. Using three different tool materials—uncoated carbide, diamond-
coated carbide, and PCD tools—to convert aluminium alloy, a surface polish was 
created. Compared to uncoated carbide, diamond coating produced a better level of 
surface polish. Due to its smaller rake angle, the PCD tool produced the maximum 
radial forces [18], utilizing TP30 and TiN (K10) coated and reinforced aluminium 
alloy composites. In all cutting situations, increasing cutting speed resulted in a 
reduction in tool life. When the test was run at a pace of 100 m min1, the tool life 
for the TP30 tool was 1.96 min, whereas the tool life for the K10 tool was almost 
4 min  [19] (Figs. 2 and 3).

5 Microstructure 

The face-cantered cubic (FCC) phase, sometimes referred to as the alpha phase, is the 
crystal structure of pure aluminium. The microstructure of the alloy may be changed 
by minor quantities of additional elements including silicon, copper, magnesium, and 
zinc, which are present in the majority of alloys made of aluminium. Al alloys often 
have the following microstructures. Low alloying content alloys often have a single-
phase microstructure, which is distinguished by a uniform distribution of the main 
phase. Two-phase microstructure: This is defined by the existence of a primary phase
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Fig. 2 Flank wear of coated carbide cutting tools when machining of the 30 wt% Al2O3 particle-
reinforced composite [19]

and a second phase and is present in alloys with modest levels of alloying. Multi-
phase microstructure: This is defined by the presence of many phase boundaries 
and is present in alloys with substantial alloying content. An Al alloy’s microstruc-
ture may be impacted by machining, particularly if the alloy has been heat-treated 
beforehand. The heat produced by the cutting tools during machining may raise the 
workpiece’s temperature. Recrystallization and grain growth may result from this, 
altering the alloy’s microstructure. Additionally, machining-related plastic deforma-
tion can alter the microstructure of a material. To minimize the effect of machining 
on the microstructure of Al alloys [20], investigations have been made into the cut 
surfaces’ microstructures and ranges of hardness produced by various processes. The 
type of cutting process has an impact on the cut surface’s hardness and surface finish.
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Fig. 3 Flank wear of coated carbide cutting tools when machining of the 20 wt% Al2O3 particle-
reinforced composites [19]

The type of cutting process has an impact on the microstructure of cut surfaces. All 
cutting processes, excluding abrasive water jet, cause microstructural changes in the 
materials being cut. The abrasive water jet technique can be successfully used in 
industrial applications where no microstructural changes and hardness reduction are 
required [21] (Fig. 4).
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Fig. 4 Effect of the machining process on the microstructure of aluminium and aluminium alloy 
[21] 

6 Built-Up Edge 

The quality of the workpiece is impacted by BUE formation and evolution. Mechan-
ical adhesion causes BUE to form. A significant amount of stress and temperature 
builds up in the secondary deformation zone at the chip tool interface when machining 
ductile metals like steel with long chip tool contact lengths. BUE are typically caused
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by a variety of mechanisms that primarily depend on the materials of the tool and 
the workpiece [22] (Figs. 5 and 6). 

BUE formation may affect the quality of the surface because the affixed work 
materials’ can pass beneath the tool flank face and interact with it. The BUE edge 
also changes the tool rake angle, which has an impact on the morphology of the chips. 
At the tool-chip interface, e BUE can frequently form under high friction conditions, 
and the stress level in the area surrounding the tool’s cutting edge has a big impact 
on e BUE’s morphology. Orthogonal cutting tests were performed in dry conditions 
on a planer machine with a slow cutting speed to observe the cutting process (chip 
formation) with a CCD camera, and on a computer numeric control (CNC) lathe to 
allow variation in the cutting speed in a broad range [23] (Fig. 7).

Fig. 5 SEM image of a turning insert’s edge and tool rake face after dry machining the UNS 
A97050 alloy [22] 

Fig. 6 SEM image of a uncoated and b TiN coated tools after dry turning UNS A97050 [22] 
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Fig. 7 Chip morphology measured at a 60 m/min cutting speed [23] 

The BUE happens while machining ductile metals like the aluminium alloy 
AA2024-T351 under precise cutting circumstances. On an instrumented planar 
machine, the impact of uncut chip thickness on the generation of the BUE was 
investigated while the tool rake angle was changed. The CCD camera recorded a 
variety of cutting sequences, which were then examined. Instantaneous photographs 
in Fig. 7 demonstrate that the BUE occurs when the chip thickness is 0.1 mm and 
the rake angle is low (i.e. 0°) [23]. 

7 Conclusion 

Machining of aluminium alloys can present challenges due to their low thermal 
conductivity, high reactivity with cutting tools, and tendency to work-harden. 
However, with the proper selection of cutting tools and machining parameters, 
aluminium alloys can be machined efficiently and effectively. The machinability 
of aluminium alloys can be increased through the use of coated cutting tools and 
high-speed machining procedures. Additionally, proper tool path planning and chip 
control can also help prevent issues such as built-up edge and heat-affected zones. 
High-speed steel, N-grade cemented carbide, and synthetic diamond are the most 
suggested materials for tools. Depending on the alloy and the process, the proposed 
geometries have a very high probability of success. The kind of wear is flank wear,
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while some metals with hard particles may also experience crater wear or even notch 
wear. All of the properties of the material will be favoured by the use of cutting fluid 
in the form of flood cooling or MQL. 
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Fabrication of Functionally Graded 
Materials: A Review 

Ashutosh Kumar Gupta and Mohammad Taufik 

Abstract Functionally graded materials (FGMs) are a class of advanced materials 
engineered with a unique property gradient. In the functionally graded materials 
(FGMs) constituent and microstructures slowly changes along spatial directions 
in the various condition, so that change in functions and properties. FGMs can 
be personalized for enhanced performance. Functionally graded materials can be 
manufactured using various processing methods but additive manufacturing provides 
higher degree of control over spatial resolution and precise pathway than presently 
existing techniques. Since, additive manufacturing (AM) deposits materials in layer-
by-layer manners of single or multiple materials, so AM has potential to regulate 
the composition and microstructure in multiple dimensions and directional gradient 
structures. This paper addresses the modeling, processing, and microstructures of 
FGMs produced by conventional and AM processes. 

Keywords Functionally graded materials · Composite · Direct energy deposition ·
Additive manufacturing · Electron beam melting 

1 Introduction 

Functionally gradient materials (FGMs) are gaining attention in the field of modern 
material processing because incremental changes in the composition and structure 
over volume result, gradual changes in the material’s properties to satisfy the require-
ments [1]. FGMs can be tailored to particular functions and applications as they 
can incorporate two or more materials into a single framework to perform various 
tasks depending upon the environment condition [2]. The development of modern 
day FGMs was first proposed in the 1980s in Japan for the use in rocket engine 
because traditional composite materials employed in this project failed repeatedly

A. K. Gupta · M. Taufik (B) 
Department of Mechanical Engineering, Maulana Azad National Institute of Technology, Bhopal, 
India 
e-mail: mohammad.taufik@manit.ac.in 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
N. Kumar et al. (eds.), Advances in Materials and Agile Manufacturing, 
Lecture Notes in Mechanical Engineering, 
https://doi.org/10.1007/978-981-99-6601-1_8 

79

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-6601-1_8&domain=pdf
mailto:mohammad.taufik@manit.ac.in
https://doi.org/10.1007/978-981-99-6601-1_8


80 A. K. Gupta and M. Taufik

due to delamination of the metal and ceramic components used. The failure of the 
composite used was blamed on the presence of a sharply defined interface between 
the materials. The reason behind this sharply defined interface is because the two 
components perceive each other as distinct materials, making it easy for them to 
deboned while operating under harsh and extreme loading condition. Imagine a situ-
ation in which one material is progressively added to another, so that the one, or base, 
substance only views the second as an impurity spread inside it. Figure 1a shows  
the schematic of various type of functionally graded material, and Fig. 1b shows  
example of FGMs present in nature (the human bone) [3]. The FGMs have lower 
residual stresses so the improved mechanical and physical properties are offered by 
FGMs parts [4, 5]. FGMs can be classified into four categories based on distribu-
tion of material gradients (1) fraction gradient, (2) shape gradient, (3) orientation 
gradient, (4) size gradient which are also shown in Fig. 1a, respectively. 

The conventional manufacturing processing techniques include powder metal-
lurgy, plasma spraying, chemical vapor deposition, and Galvano forming. These 
older FGMs processing techniques have been re-evaluated and changed, and new 
ones have been developed, from 1991 to the present. Recent advancements in addi-
tive manufacturing (AM) techniques allow the printing of components and structures.

Fig. 1 a Various types of FGMs, b natural presence of FGMs bone [3] 
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Fig. 2 Schematic diagram to produce the FGM via DEP [9] 

Metallic components and structures can be printed by powder processing techniques, 
i.e., selective laser melting and selective electron beam melting processes without 
any special tooling using a CAD file [6–8]. Wire-based AM processes are limited 
to polymers and not able to print net shape filigree structures, so the researchers are 
concentrating on powder processing techniques. 

Figure 2 is the schematic diagram of directed energy deposition to fabricate FGMs. 
LMT may be used to create complicated FGM components that suit the best technical 
design for a variety of applications; the performance of components produced by 
AM methods is similar as high-performance die-casting equipment [9]. A number 
of alloys like nickel-based superalloys [10], titanium alloys [1, 11], aluminum alloys 
[12], and steels [13] have been processed by additive manufacturing methods in 
previous years. Since FGMs show variable properties that enable them to endure 
severe working environments, they can be used in military and aerospace [11]. 

2 Fabrication of Functionally Graded Materials (FGMs) 

In the recent two decades, there has been a significant advancement in the develop-
ment of FGMs production methods, resulting in many FGMs manufacturing methods, 
as shown in Table 1. The type of raw materials, functional qualities, and facility avail-
ability required lead the implementation of these production procedure, which comes 
in mechanical and chemical forms.
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Table 1 Fabrication methods and their types 

Method Type(s) 

Additive manufacturing (AM) Laser-based process, electron beam melting process, 
material jetting 

Melting process Thermal spray process, centrifugal casting 

Vapor deposition (VD) process Chemical VD (CVD), physical VD (PVD) 

Powder metallurgy Power centrifugal forming, vacuum slip casting, 
electrophoretic deposition, wet powder spraying, stepwise 
compositional control 

2.1 Laser-Based Process 

Niendorf et al. [7] stated that the microstructure evolution is dominated in a very 
effective way by the various sets of process variables. The experiments were carried 
out on AISI 316L material (particle size = 40 μm) using selective laser melting 
technique at two laser power 400 and 1000 W. The range of layer thickness obtained 
using the SLM process was 50–150 μm because layer thickness depends upon the 
laser intensity. In order to obtain the final shape of the structure, first, the fabricated 
part was heat treated for two hours at 650 °C under argon atmosphere and after that 
part was cut by using an EDM process. Texture and grain size are the reason for 
different μ-structure present in 316L steel Fig. 3. The analyses reveal that columnar 
coarse-grained material with strong texture shows yield strength, ultimate strength, 
and Young’s modulus low values. On the other hand, fine-grained material with 
strong texture shows higher strength and Young’s modulus values.

Mahamood and Akinlabi [11] used laser metal deposition technique to develop 
functionally graded Ti6Al4V/TiC composite. For the manufacturing of FGMs 
composite, a 5-mm-thick sheet made of Ti6Al4V was set as base plate and powder 
of Ti6Al4V and TiC were used. Later, the properties of the base plate (i.e., Ti6Al4V 
plate) were compared with the FGMs composite which was fabricated at fixed param-
eters. The FGMs composite shows four times better-improved value of microhardness 
than microhardness of base material. 

Beal et al. [13] investigated the performances of pard made of FGMs using selec-
tive laser fusion process. Three combinations of pre-mixed H13 and Cu powder with 
various laser scan strategies were analyzed. In order to surge powder packing of 
spherical particles, bimodal distributions were made particle size ratio to around 7:1. 
Four different laser scanning methods; filling, sequential, alternated, and refill were 
used to quickly complete the scan. The pure H13 powder offered a regular structure, 
but it is conceived those internal stresses were preserved in the parts because it solid-
ified firstly from supercritical temperatures. It was found that the refill strategy is the 
most suitable to produce denser parts. 

Zhang et al. [14] successfully manufactured Ti6Al4V/TiC FGM by direct laser 
deposition (DLD) process using Ti6A4V and TiC powder and investigated the effect 
of laser power, scan speed, and TiC percentage composition on mechanical property,
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Fig. 3 Microstructural analysis of a sample portion [7]

hardness, and microstructure. Relationships between the process parameters (i.e., 
laser power, scan speed, and %composition of TiC) with the responses (i.e., hardness, 
stress–strain, and UTS) are combined in Fig. 4 SEM analysis shows that size and 
shape of TiC particles in FGMs were different from original TiC powder particles, 
because of dissolution and solidification of TiC particles.

Lee et al. [9] concluded that pre-mixed multiple powders directly affect the compo-
sition of functionally graded materials produced by direct energy deposition method 
Fig. 5a Pure copper powder and aluminum 4047 powder were used to perform two 
experiments at different particle sizes. For experiment 1, ratio of dia. of Al particles 
to dia. of copper particles (DAl-P/DCu-P) is 1.12, and for experiments 2, dia. of Al 
particles to dia. of copper particles (DAl_P/DCu_P) is 1.854 which was taken. The 
experimental design idea and two solidified epoxy resin layers containing PMM-
powder patterns from both experiments are shown in Fig. 5b. For continuous flow, 
an ideal value was fixed as square root of powder density ratio.

2.2 Electron Beam Melting Process 

The electron beam melting method for fabrication of FGMs is very complex, but the 
manufacturing procedure can be divided into four sections. Firstly, apply one layer of 
appropriate mixture ratio of powder on the preheated base plate. Secondly, preheat 
the powder bed to prevent powder scattering (i.e., formation of bond the powder 
particles). Thirdly, use the focused electron beam to melt the powder bed and to 2D
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Fig. 4 a Variation of hardness at various laser power and scan speed. b Relationship curves of 
stress–strain at various % of TiC. c Variation of UTS with TiC compositions [14]

cross-section of required 3D parts. Lastly, move the base plate by one layer thickness 
(Fig. 6) [2].

Zhou et al. [15] used electron beam selective melting (EBSM) process to print 
the 1D FGMs of TiAl alloy (α2 + γ ) and Ti alloy (α + β). For the manufacturing 
of 1D FGMs parts, Ti47Al2Cr2Nb alloy (particle size: 50–108 μm), electron gun 
(accelerating voltage 60 kV), and small forming cylinder (size: 100× 100× 100 mm) 
at the TC4 alloy sheet (ethanol cleaned) setup used. ASTM E8 was used to produce 
the tensile specimens, and the testing was performed at the room temperature at 
1.2 × 10–3/s strain rate on Instron tensile testing machine. After that, author used 
SEM testing to examine the fracture behavior of test specimens. Also, the effect of 
the overlap scan distance was evaluated on the microstructure, microhardness, and 
tensile properties. 

Hrabe and Quinn [16] investigated the two parameters, namely distance from build 
plate and part size, and the tensile testing, microhardness, and the microstructure 
evaluation were performed for the each fabricated specimen. The authors found that 
distance from the build plate was not of any response; it is because of the preheating 
of build plate. However, part size has significant effect on the responses but not more 
than 2% over the size range. Fabrication of FGMs is also reported in Juechter et al. 
[17] Ge et al.  [18], H, etc.
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Fig. 5 a Schematic of experimental setup, b produced parts [9]

Fig. 6 Schematic diagram of proposed multi-scale modeling framework [2]
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2.3 Material Jetting 

Material jetting additive manufacturing (MJAM) uses piezoelectric inkjet heads 
which consist of multiple nozzles to selectively deposit the droplets. MJAM is also 
known as digital materials because MJAM deposited the multi-material in discrete 
and digital nature to fabricate parts [19, 20]. 

Levy et al. [21] used binder jet AM technique for the first time to fabricate the 
complex-shaped part of TiCx ceramics with a gradient of carbon percentage (0.7– 
0.98). In order to prepare the non-stoichiometric TiCx powders, first TiC0.98 (P_size 
= 0.44 μm) and Ti (P_size = 0.44 μm) were mixed in appropriate ratio (equation 
evaluated in MATLAB software) by ball milling for one hour, and then SAE1070 steel 
was used for infiltration of the ceramics preforms. Step-by-step process to fabricate 
a part using binder jet AM technique is shown in Fig. 7. There is no evidence of 
free TiC in heat-treated parts, which was confirmed by X-ray diffraction analysis. 
The analysis results show that μ-structure is mostly consistent with untransformed 
alpha-ferrite on the TiC0.7 side. Fine martensite μ-structure was clearly observed 
on TiC0.98 side. 

Salcedo et al. [20] validated the four FGMs parts made with different compositions 
by MJAM technique and compared them using finite element analysis and testing. 
The parts are printed with 30 μm layer thickness with standard support setting. The 
first sample was printed by TB+ material only, second sample was printed by TB+

Fig. 7 Manufacturing of 3D printed part using graded TiC/steel FGMs [21] 
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Fig. 8 a Centrifugally casted piston Si reinforced A390 + 0.5%Mg FGM composite, b section; 
vertical cut cross-sectional of A390 FGM piston [22] 

with an addition of VW+, third sample was printed by using the combination of TB+ 
and DM95, VW+ with circular graded islands scan, and fourth sample was printed 
by using the combination of TB+ and DM95, VW+ with rectangular graded islands 
scan. The results show that FEM analysis can precisely predict the testing result, and 
elongation of FGMs sample is enhanced by 170% in the TB+ area. 

2.4 Conventional Techniques 

Arsha et al. designed, fabricated, and evaluated the functionally graded automotive 
piston made of in situ primary silicon (Si) reinforced A390 and A390-0.5% Mg 
composite produced by using centrifugal casting technique (Fig. 8). Microstructure, 
mechanical property, thermal property, and chemical property are characterized along 
the vertical section of fabricated piston head and compared with part produced gravity 
die casting. The comparison result shows that FGMs piston has graded distribution of 
Si from head region to skirt portion, higher hardness in head section, outer periphery 
has lower wear rate, and head can survive in high temperature with little distortion. 

3 Discussion, Conclusion, and Future Scope 

The main objective of this paper was to review and introduce the field of FGMs 
and the fabrication of FGMs using laser melting, electron beam melting, powder 
fusion, and conventional techniques. Laser-based process and electron beam melting 
techniques are the AM techniques which are gaining popularity in the fabrication of 
FGMs among the researchers. The literature survey shows that AM methods may be
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used to fabricate the complex part with almost any possible combination of powders 
alloys. A lot of process variables like power intensity, powder particle size, powder 
feed rate, and powder percentage combination affect the characteristics of produced 
parts. In closing, dimensional accuracy, surface roughness, and process optimization 
generally have not been carried out for the produced part of FGMs techniques. 
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A Review on the Fused Filament 
Fabrication of Lightweight Components 

Sonika Sahu and Pradeep Kumar 

Abstract Fused filament fabrication (FFF) has become a de facto choice to fabricate 
complex-shaped polymer components. Recently, the potential of this technique has 
been explored in the fabrication of lightweight components due to its capabilities. 
Various articles have been reported based on the use of FFF process for the develop-
ment of lightweight structures. In order to identify the current status, challenges, and 
research gaps in this domain, a thorough review of the existing articles is needed. 
Therefore, the present article aims to review the development of lightweight compo-
nents through FFF. Different strategies adopted to develop lightweight components 
are highlighted with the challenges and research gaps. The outcome of the study 
may be useful in developing components for weight-sensitive applications using 
FFF process. 

Keywords Additive manufacturing · FFF · Lightweight components ·
Weight-sensitive applications 
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FFF Fused filament fabrication 
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1 Introduction 

In recent years, the requirement for lightweight components has increased signif-
icantly in various weight-sensitive industries such as aerospace and automotive, 
and medical devices. In this, weight reduction can reduce energy consumption, can 
improve performance, and enhance patient comfort. With the technological advance-
ments, nowadays polymers are replacing ferrous and non-ferrous metals in most 
of the weight-sensitive applications. Different strategies are adopted to fabricate 
lightweight components such as reinforced polymer composites, sandwich panels 
of polymers, and polymer metals hybrid. In order to create lightweight components, 
wide range of polymer materials is available. Manufacturing methods used to process 
these materials vary significantly. The selection of manufacturing method highly 
relies on the selected material and the desired geometry of the targeted components. 

Due to the requirement of special tooling, conventional polymer manufacturing 
methods like injection and compression molding face difficulties in developing 
lightweight components having complex shapes. Nowadays, 3D printing has been 
emerged as a manufacturing method which has the potential to overcome these limi-
tations [1, 2]. Among all the available 3D printing techniques, fused filament fabri-
cation (FFF) is one of the most promising due to its affordability and simplicity. It 
is a popular and widely used 3D printing technology that involves the extrusion of 
molten material, typically plastic, layer by layer to create a 3D object [3, 4]. It offers 
various advantages over the conventional manufacturing methods such as capabilities 
to fabricate parts with any complexity, flexibility to vary internal structures [5–9]. 

It is known that high strength-to-weight ratio is very crucial factor in the weight-
sensitive applications such as automobile, and aerospace. FFF has ability to develop 
lightweight components without affecting their performance and maintaining high 
strength-to-weight ratio. 

In the literature, various research articles have been reported on the development of 
lightweight structures through FFF in which different approaches have been adopted 
such as design optimization, filler reinforcement, and sandwich panel. Therefore, 
efforts need to make toward the consolidation of literature in this area in order to 
identify the current status, gap and future scope. Thus, current article aims to review 
the existing articles related to the development of lightweight components using 
FFF. Various approaches have been presented with highlighting their advantages and 
disadvantages. 

2 Fused Filament Fabrication 

Fused filament fabrication (FFF) is a 3D printing process in which filament shape of 
material is processed to develop three-dimensional components. The filament is fed 
with the help of two co-rotating rolling wheels into the small opening of liquefier 
head. It works on the material extrusion principle in which filament itself acts as
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Filament spool 

Build platform 

Filament 

Feed rollers 

Liquefier head 

Fabricated part 

Fig. 1 Schematic diagram of FFF 

a plunger and inner opening wall of liquefier head works as the cylinder as shown 
in Fig. 1. As a result, the material is extruded in thin form of wire through a tiny 
nozzle, placed at the bottom of liquefier head. The extruded material is deposited 
on the build platform in the predetermined toolpath pattern. The pattern and other 
factors may be selected based on the end-use applications of the components which 
are under consideration. Different softwares such as Cura and Slicer are available 
for processing CAD model and to perform slicing according to the selected factors 
and their levels. 

3 Approaches Used for Fused Filament Fabrication 
of Lightweight Components 

There are several approaches that can be applied to fabricate lightweight components 
using FFF. Using the following approaches, the components weight may be reduced 
without sacrificing strength and durability.
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3.1 Material Selection 

The selection of right material is key to fabricating lightweight components using 
FFF. Several lightweight materials are available in the commercial market for FFF 
which have high strength-to-weight ratios. They can be used to create strong and 
durable components. 

S. No Commercial 
name 

Manufacturer Remarks 

1 LW-PLA Colorfabb Developed for model aircraft to have a lighter wing load 
and a lower stall speed 

2 LW-ASA ColorFabb Developed for model aircraft to have a lighter wing load 
and a lower stall speed 

3 VarioShore 
TPU 

Colorfabb Soft and flexible offer variable shore hardness, reduced 
weight, and density 

4 ePLA-LW eSun Developed for model airplanes, drones, and cosplay 
costumes 

5 PolyLight 
1.0 

3DLabPrint Developed for model airplanes, drones 

A comparison of LW-PLA and normal PLA is shown in Fig. 2. 
Literature reports only few studies on the lightweight polylactic acid. Ansari et al. 

investigated the process parameters to fabricate low-cost lightweight parts using FFF 
[11]. The impact strength and hardness properties were studied of carbon fiber (CF) 
reinforced polylactic acid (PLA). Taguchi design of experiment technique was used to 
design the experimental runs. The performance of printed specimens was tested using 
Shore D durometer and impact tester. Results indicated the dependency of impact 
strength on print speed and infill density. Grid-type pattern yielded the maximum 
impact strength of 113.84 J/m at the highest temperature, medium print speed, and 
infill density. However, 37.95% enhancement was obtained in Shore D hardness than 
that of normal PLA. A set of optimized process parameters for lightweight parts was 
obtained as nozzle temperature 240 °C, print speed 120 mm/s, and infill density 
50% with the grid type infill pattern. In another study, Özsoykal et al. evaluated the

(a) (b) 

Fig. 2 a Comparison of the weight of parts printed with standard PLA and LW-PLA b printed 
model of aircraft with LW-PLA. Source ColorFabb [10] 
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radiological tissue equivalency of LW-PLA material printed using FFF [12]. They 
investigated the effect of process parameters such as printing temperature, flow rate, 
and infill density. The printed samples density was obtained between 0.63 and 1.19 g/ 
cm3 which was proportion to the infill density and flow rate of the material. However, 
average Hounsfield unit values of the printed samples obtained between − 450 and 
+ 73 with the standard deviation range of ± 6 and ± 25. 

3.2 Topology Optimization 

Topology optimization uses evolutionary algorithms to identify the optimal shape 
and internal structure of the samples to reduce the weight without affecting their 
end-use functions, as shown in Figs. 3 and 4. It can help in fabricating the strong 
and durable lightweight components by redistribution of stress and eliminating 
unnecessary material. 

Various studies have been reported on the topology optimization for additive 
manufacturing. The current and future trends of topology optimization were high-
lighted in the study carried out by Liu et al. [14]. Various algorithms were presented 
in their study about the support structure design, porous infill design, multi-material 
topology, etc. Primo et al. presented a case study of test specimen C-Clip in

Fig. 3 a Redistribution of material as per load carrying direction b color code showing the principal 
stress directions: blue-compression and red-tension [13]. Source Liang et al.
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Fig. 4 Hinge bracket of airbus A320 nacelle redesigned through topology optimization [13]

which structural optimization was done using lattice design approach and topology 
optimization [15], as shown in Fig. 5. 

The main aim of the study was to assess the advantages offered by the combined 
design approach of topology optimization and lattice structure. The appropriate key 
performance indicators (KPI) were developed in order to define an objective eval-
uation of the component performances. Post-processing of the obtained optimiza-
tion results, an engineering intelligence tool was made. Finally, three best structural 
geometries were printed using 3D printing system.

Fig. 5 Different structures of C-Clip obtained by: a topology optimization; b lattice structure; 
c hybrid approach [15] 
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3.3 Reinforced Polymer Composites 

Material reinforcement is another approach adopted to develop lightweight compo-
nents using FFF. It involves the use of additives such as fibers, nanoparticles, and 
microspheres that enhance the mechanical properties of the printed parts. These 
additives are mixed with the polymer matrix and then printed using FFF. Reinforce-
ment involves the use of hollow microspherical particles such as glass bubbles and 
MWCNT [5, 16–23]. These composites are generally used in the weight-sensitive 
applications. Recently, this domain has attracted various researchers toward in the 
development of lightweight polymer filaments for the usage in weight-sensitive 
applications. Ashish et al. [24] blended hollow flyash cenospheres in HDPE and 
fabricated lightweight filament for commercial 3D printers to fabricate lightweight 
components. The fabricated filaments exhibited good mechanical properties than that 
of neat HDPE filament. Kumar et al. developed the polymer composites consisting 
high-density polyethylene (HDPE) and multiwalled carbon nanotubes (MWCNTs) 
[5]. Different weight percentage of MWCNT was considered in the study to realize 
the lightweight components. Thermogravimetric analysis (TGA) results showed the 
improvement in the thermal stability than that of neat HDPE at higher tempera-
tures. Moreover, mechanical testing of the filament was carried out to obtain the 
change in tensile strength and flexural modulus which also indicated the improve-
ment for the MWCNT-HDPE composites. In other studies, hollow particles of flyash 
cenospheres [20–22] were reinforced in the HDPE polymer matrix, as shown in 
Fig. 6. The lightweight filaments were developed by varying the volume of ceno-
spheres. The developed filament material was characterized by investigating melt 
flow index and rheological properties. Cenospheres addition led to the enhance-
ment in tensile modulus; however, strength was degraded. The developed material 
had the weight-saving potential to fabricate the components for weight-sensitive 
applications.

3.4 Part Consolidation 

In most of assembly cases, there are always chances to consolidate multiple parts 
into a single component. It can also lead to weight reduction of the whole assembly 
by eliminating the redundant features and number of fasteners used. In the literature, 
some studies are found in which part consolidation approach has been used for 
weight reduction. Thomas Siebel presented an opinion research paper in which an 
example of seat mounting was considered to see the feasibility of the idea of part 
consolidation [25]. It was found that the additively manufactured seating mount was 
40% lighter and 20% stiffer than that of the original one. Eight components of the 
seating mounting were replaced with one single part due to additive manufactuirng, 
as shown in Fig. 7.



98 S. Sahu and P. Kumar

Fig. 6 Developed filament a knife-cut cross-section, b flysash presence in HDPE polymer matrix 
and c extruded filament [22]

Fig. 7 Feasibility study of a seat mounting [25]
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4 Conclusions 

Fused filament fabrication 3D printing process has shown its potential in various 
applications. The current study presented different approaches which showed that 
the components made through this can also be in the weight-sensitive applications. 
The approaches such as lightweight material selection, topology optimization, rein-
forced polymer composites with hollow fillers, and part consolidation were presented 
with case studies. In the future, this study may be useful in various aerospace and 
automobile applications where lightweight components will be required. Electrical 
vehicles may also be targeted using FFF in the future as battery energy consumption 
is highly dependent on the overall weight. 

Acknowledgement The authors express their gratitude to the Science & Engineering Research 
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Monitoring Tool Wear with Sensors 
and Arduino in CNC Metal Cutting 
Turning Operation of Titanium Alloys 
(Ti6Al4V) 

Sushil V. Ingle and D. N. Raut 

Abstract CNC turning is a common operation done in industries. Tool with cutting 
condition at the chip tool interface is vital area for wear. To control and monitor tool 
wear, various methods and instruments have been developed for observing tool wear 
in actual operation mode. Collecting data while doing CNC turning operation was 
needed to understand, impact of process variables on tool wear and surface finish. 
This paper presents the importance of real-time data to monitor and control tool wear 
using sensors and Arduino. Specifically, sensor signals from CNC turning operations 
are highlighted and used to advance health checkups tools. Thus, real-time data will 
be useful to control process parameter which in turn will have impact on performance 
parameters. 

Keywords Monitoring · Tool wear · Sensors · Arduino · Real-time data 

1 Introduction 

In metal turning operations, force value and computation are crucial because they 
relate to the design of machine parts, tool designs, power consumption’s, vibrations, 
part precision, etc. The goal of measuring cutting force is to better understand how 
cutting occurs, including how cutting parameters affect cutting force, workpiece’s 
machinability, creation of chips, chatter, and tool wear [1]. Research on cutting 
pressures in metal cutting operations has been conducted for more than century in 
an effort to better understand cutting behaviour. When compared to experimental 
results, it has been found that force levels derived from engineering computation 
often contain mistakes. Cutting operations are dimensionally difficult because under 
formed chip thickness and cutting velocity change constantly. Due to its intricacy, 
cutting forces are influenced by a wide range of factors even in steady-state settings,
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and the way that cutting forces change over time is distinctive. As a result, there are 
several reasons why measuring all cutting force components is necessary, but tool 
wear progress is perhaps the most crucial one [2]. 

Cutting force, which includes workpiece quality, cutting power, and tool wear, is a 
crucial indicator of the health of a metal cutting process [3–7]. Real-time cutting force 
measurements allow for the observation of cutting conditions and the timely adjust-
ment of cutting parameters, all of which will increase cutting efficiency, prolong tool 
health, and save machining costs. High precise measurements of cutting pressure 
during maximum speed metal removing processes are becoming more and more 
necessary as machining techniques improve in terms of both accuracy and velocity. 
As a result, there is a considerable need for a force sensor with maximum accu-
racy and maximum natural frequency. Since the middle of the twentieth century, 
force calculation research has been ongoing for a considerable amount of time [8]; 
and numerous types of cutting force sensors, including present, vibrant, fibre-optic, 
strain gauge, and piezoelectric sensors, have been developed [9–12]. Limited of 
them meanwhile may meet demands of maximum precision and maximum natural 
frequency. As their great stability and effective performance, strain gauge and piezo-
electric sensors have received much more attention to date. For instance, Ergun Ates 
and Kadir Aztekin created single piece strain gauge-based lathe sensor with sensing 
forces in two axes [13]. The sensor has a good measuring error (3.75%); however, 
it can only detect two of three components of force, while author was not able to 
explain how detected cutting forces interact with one another. Tulio Hallak Panzera 
created triple-axial pressure sensor having repeatability of lower than 8.4% using 
the same method. Unfortunately, his paper ignores natural frequency. Furthermore, 
since lathe tool post needs to be taken out in order to attach sensor, designed sensor 
was incompatible in lathe machine. Original lathe system may be impacted by this. 
Strain gauge kind of pressure sensor in turning was also developed by Yaldiz [14]. 
Portable piezoelectric sensor used in measuring triaxial pressure for turning was 
proposed by Totis and Sortino [15]. Finite element method calculation shows that 
work performs well, with static relative faults lower value to 5.91% and natural 
frequency being around one kHz. Smart tool for calculating force that was created 
by Chao Wang and colleagues has strong linearity and minimal cross-sensitivity [16]. 
Nevertheless, it is unable to measure constant force signals and only measure single 
component of force. In general, only a few number of cutting force sensors have 
the favourable precision and maximum natural frequency needed for measure forces 
under conditions of maximum precision and maximum speed metal cutting. 

2 Sensors and Arduino 

Smart sensor instrument assembly is a sensor device powered by a microprocessor 
that can gather three-dimensional vibrations. To accurately capture low amplitude 
signals and prevent any loading effects, signal measurement and amplification are 
conducted in the ADXL335 Triple-axis accelerometer circuit, which is depicted in
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Fig. 1 Vibration measurement and amplification [17] 

Fig. 1. The amplified signal is collected by the Arduino UNO microcontroller and 
delivered to any third-party device on a desktop or laptop computer via a serial 
communication protocol. Software for computers can be used to view the collected 
data (Tables 1 and 2) [17]. 

Table 1 Specification of Arduino UNO [17] 

Microcontroller AT-mega 328P 

Operating voltage 5 V  

Input voltage (recommended) 7–12 V 

In–out voltage (limit) 6–20 V 

Digital I/O pins 14 (6 provide PWM output) 

PWM digital I/O pins 06 

Analog input pins 06 

Analog input pins 20 mA 

DC current for 3.3 V pin 50 mA 

Flash memory 32 KB (ATmega328P) of which 0.5 KB is used by the boot 
loader 

SRAM 2 KB (AT-mega 328P) 

EEPROM 1 KB (AT-mega 328P) 

Clock speed 16 MHz 

LED_BUILTIN 13 

Length 68.6 

Width 58.4 

Weight 25 g
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Table 2 ADXL335 triple-axis module [17] 

The ADXL335 triple axis Three-axis acceleration measurement 

Module measures acceleration within the range ± 3 g in  the  x, y, and  z-axes 
Module produces analog voltages Proportional to acceleration as output signals 

Highest voltage level 0 g is 1.65 V  

Operating voltage 1.8–3.6 V 

Operating current 350 µA 

Temperature range − 40 to + 85 °C 
Sensitivity 270–330 mV/g 

Shock resistance Up to 10,000 g 

Dimension 4 mm  × 4 mm  × 1.45 mm 

3 Vibration Sensing and Amplification with ADXL335 
Triple Axis 

A compact, slim, less-power triaxial accelerometer sensor having signal-conditioned 
voltage outputs is ADXL335 Triple axis sensor. Gravitational constant, g, has a 
broad spectrum of approximately 3 g (1 g = 9.8 m/s2). When using tilt sensors 
both stationary acceleration of gravity with robust acceleration brought on with 
movement, shock, or vibration can be detected it. The Xout, Y out, and Zout pin 
capacitors Cx, Cy, and Cz are used to control the bandwidth of accelerometer. 
Bandwidths for X-, Y-, and Z-axes can range from 0.5 to 550 Hz and from 0.5 
to 1600 Hz, respectively. ADXL335 Triple-axis sensor comprises an open-loop 
acceleration measuring system using poly-silicon surface miniature machined 
sensor and data conditioning electronics. Output data analog voltages proportional 
to acceleration in tilt-sensing operations, an accelerometer may calculate both 
the stationary acceleration of gravity and dynamic acceleration brought on with 
movement, vibration, acquisition of vibration sensor, signal amplifier, and data [17]. 

Deflection of structure is calculated with inequitable capacitor with separate static 
plates and plates combined to rotating mass. Square waves that are 180° out of phase 
move stationary plates. Acceleration deflects a rotating mass, disrupting equilibrium 
of a differential capacitor, and creating sensor outcome whose amplitude is inversely 
proportionate to acceleration. Acceleration’s amplitude with direction is determined 
using phase-sensitive demodulation algorithms (Table 3).

Material: The material used for the experiment is titanium alloy (Ti6Al4V) of 
40 mm diameter and 80 mm long round bar. In all, there were four pieces of the same 
dimension and material for trial. 

Tool details: Walter Insert DNMG110408 MP3 coated with PVD (TIALN) was 
used for experiment as per holder specification of the CNC MTAB MAXTURN 
machine. A total of 08 number inserts were used for 25 trials as per DOE. 

Experimental Setup: CNC machine used for turning Ti6Al4V alloy is MTAB 
MAXTURN a small industrial turret lathe with eight programmable stations. FANUC
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Table 3 Process parameters 
Sr. No Speed (Rpm) Feed rate (mm/rev) DOC (mm) 

1 80 0.12 0.6 

2 100 0.18 0.12 

3 120 0.24 0.18 

4 140 0.30 0.24 

5 160 0.32 0.30 

Symbol V F d

MTAB is a machine that is available with commercial controllers. MAXTURN can be 
integrated with automation components such as a robot, and gantry for automating 
production. It is suitable for prototyping and batch production of light machining 
operations (Figs. 2, 3; Table 4). 

Tool Holder 
attached 
with 
Sensors 

Work Piece 

In Chuck 

Fig. 2 CNC machine 

Arduino 
Uno 
Attached 
to CNC & 
Laptop 

Fig. 3 CNC machine with Arduino
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Table 4 Product 
specification Model name/Number MAXTURN 

Max spindle speed 4000 rpm 

Spindle motor power Siemens continuous 3.7 KW 

Standard chuck size 135 mm 

X-axis stroke 230 mm 

Maximum turning diameter 80 mm 

Maximum turning length 190 mm 

Spindle size A2-4 

Graph 1 Vibration in tool 

4 Results and Discussion 

Real-time data for analysis is required or feedback is needed to control and monitor 
operation in processes. Real-time information helps to control sudden breakdown 
or damage by controlling machining parameters. Graph shows acceleration data 
received is plotted on X-axis against time (Sec). Data is acquired with the help of 
a sensor attached to tool holder during turning operation. During turning operation, 
sensor senses real-time data and sends it to Arduino UNO which transfers it with 
the help of software to the PC. The graph of acceleration data received is plotted on 
Z-axis against time (Sec). 

Vibration in tool and tool holder reduces health of tool due to tool wear, chip forma-
tion, built-up edge, etc. By having real-time information about force, we can reduce 
source of vibration during turning operation hence improving surface roughness and 
better tool life (Graphs 1, 2, 3 and 4).
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Graph 2 Vibration in tool 

Graph 3 Vibration in tool
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Graph 4 Vibration in tool 

5 Conclusion

• While turning operation vibrations are observed which affect tool life and produc-
tion quality and surface roughness. Hence to sense vibration on tool holder, the 
proposed approach to measure vibrations using a sensor attached to tool holder 
was successfully implemented.

• The sensors were attached to tool holder to sense vibration during turning oper-
ation. The reading was taken during turning operation. After estimating force 
components (tangential and feed), sensor was tested in actual cutting settings and 
demonstrated accurate performance.

• There are many instruments to measure vibrations, but they are costly. The combi-
nation of Arduino and sensors is easy to assemble, and easy to use at any location, 
and results are displayed on the PC screen, an Arduino can be directly attached to 
any PC with the help of software. So it’s an economical alternative to accurately 
measuring cutting forces and vibrations with reliability. 
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Abstract Torrefaction technology is applicable to convert raw biomass to valuable 
product charcoal. Torrefaction is preheated treatment process held at 200–300 °C 
with a residence time of 20–30 min in an inert atmosphere. To run the torrefac-
tion process smoothly and remotely control the process parameters temperature and 
oxygen-free environment in a torrefaction reactor, an IoT-based RPi system is the best 
suitable approach. The proposed technology is an IoT-based RPi temperature control 
system, which improves the torrefaction process and optimizes process parameters 
like heating rate, temperature, and mass flow rate and reduces residence time to 
increase the production rate and quality of produced charcoal. In this paper, a k-type 
thermocouple is used to maintain a constant temperature and control the motor using 
RPi module. An HTML web page is developed to monitor process parameters and 
remotely control the torrefaction process. A PID controller is used to reduce the 
temperature and oxygen sensor’s steady-state error and response time. 
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1 Introduction 

World is currently facing energy crises due to the unavailability of fossil fuels. In 
village areas, most people burn agricultural waste, which is the main cause of environ-
mental pollution. Torrefaction is the best suitable process to convert waste biomass 
to a useful product such as charcoal [1, 2]. The torrefaction process is the thermal 
treatment of biomass held at 200–300 °C temperature range with a residence time of 
20–30 min and heating rate of 50 °C/min in an inert atmosphere [3, 4]. We can auto-
mate the torrefaction process to efficiently control process parameters temperature, 
inert atmosphere, and mass flow rate [By NTPC] [5]. Automation is the control of a 
process without the involvement of human beings [6]. We can control a process with 
many controllers like Arduino Uno with proper logic control [6]. PLC programming 
with ladder logic, Raspberry Pi, etc. [7]. A control system is mainly divided into two 
parts open control system and closed control system. A control without feedback is 
an open control system [8] (Fig. 1). 

To remotely control process parameters of the torrefaction reactor, an IoT-based 
control system is best suited [9]. An HTML page is connected with an IP address 
through the RPi control system. We can change operating conditions based on sensor 
data. Torrefaction system is also modified with artificial intelligence using machine 
learning techniques [10]. The Raspberry control system can be used in two ways: 
coding in Python in mac software or creating a visual system in proteus software 
(Fig. 2).

IoT refers to data sharing through the internet between different energy domains 
like mechanical and electronic systems to control processes in remote locations [11– 
13]. The objective of IoT devices is to connect a physical system to a virtual mode 
and excess data all over the world using Internet. Nowadays, IoT devices are used

Control unit Driver Motor 

OPEN LOOP CONTROL SYSTEM 

Control unit Driver Motor 

CLOSED LOOP CONTROL SYSTEM 

Feed back 

Fig. 1 Automation of a process 
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Process Control Signal 
Generator (PWM)Error Detector 

PID 
Controller 

Process 

(DC Motor & 
Motor Drive) 

Raspberry Pi System 

Feed BackProcess 
Input Process 

Output 

Fig. 2 Control process using Raspberry Pi

for many real-time applications like environment monitoring, traffic light control 
medical units, smart building and home automation, energy management, machine 
control [14–16]. IoT device selection depends upon the working machine. However, 
for simplicity and ease of operation and handling Arduino and Raspberry Pi are most 
suitable. Mostly GSM techniques are used for IoT applications as extensions, and 
RPi is a mini computer with RAM and memory [17–19]. 

In this paper, a continuous torrefaction IoT-based control system is designed 
and developed with using Raspberry Pi in proteus software. Steady-state error in 
the controller is optimized with PID Controller. An HTML web page is developed 
which is connected to the IP address of RPi for suitable action as per feedback data 
of process sensors. 

2 Experimentation 

2.1 Continuous Torrefaction Control System Design 

Proteus software 8.1 is used for print circuit board (PCB) design to automate systems 
in different energy domains like mechanical and electronics. Simulation of the 
temperature control system proteus system 8.0 is used. 

Sensors 

The torrefaction process mainly depends on a reactor’s temperature and inert atmo-
sphere. To measure temperature in a reactor between temperature ranges 200–300 °C 
thermocouple is best suitable. We can control the temperature in a reactor using heat 
flow control at the LPG cylinder. To maintain an inert atmosphere in the reactor
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Fig. 3 Design of controller for continuous torrefaction reactor process using Arduino Uno 

oxygen measurement sensor KN 25 is best suitable [20–22]. We can control the 
oxygen level in a reactor using nitrogen flow control at nitrogen cylinder. 

A Design a controller using Arduino Uno 

The proposed continuous torrefaction process control system consists of K type 
temperature sensor, a motor, an indicator, a buzzer, an Arduino, cloud, and 
visualization systems like mobile and desktop, L293D (Fig. 3). 

To control the temperature in the desired range of 200–300 °C, a motor control 
system is used. When the system works in the desired range LED glows as an 
indicator. When the system is below the desired limit, the motor is allowed to move 
in the right direction; i.e., heat is supplied to the system to increase the temperature 
of system and buzzer starts with a beep sound as an indicator. When the system is 
above the desired limit, the motor is allowed to move in the left direction; i.e., heat 
is supplied to the system to increase the temperature of the system and buzzer starts 
with a beep sound as an indicator. We can develop a PCB board, attach a system with 
a torrefaction process, and control process at the plant. 

B Design a controller using Raspberry Pi 

To control a system with IoT applications on a web page first, we design it on proteus 
and then control it with IP address of the RPi minicomputer server. The proposed 
continuous torrefaction process control system consists of K type temperature sensor, 
a motor, an indicator, a buzzer, Raspberry Pi, cloud, and visualization systems like 
mobile and desktop (Fig. 4).
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Fig. 4 Design of controller for continuous torrefaction reactor process using Raspberry Pi 

2.2 Methodology for Simulation and Validation of IoT-Based 
RPi Controller 

See Fig. 5.

2.3 Experimental Setup 

Prepare a hardware electronic circuit using components like RPi, K-type thermo-
couple, buzzer, LED indicator. 

A Temperature control using Arduino Uno 

See Fig. 6.

B Temperature and oxygen level control using Raspberry Pi 

To transfer data on a web server, RPi system is best suitable but there is only digital 
signal ports that are available with RPi to transfer signal and processing. Temperature 
and oxygen measurement sensors both are analog sensors. We add another module 
with RPi is analog-to-digital converter (ADC) is ADC1115 (Figs. 7 and 8).
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Analyses process parameters 
Share and save data with web server and RPi 

module 

Experiment 
validation 

Attach original components on PCB 
board and attach with machine 

Run simulation 

If satisfactory with 
prepare PCB Attach PID controller 

Select Component RPi and Motor, sensor, Driver 
in proteus and connect properly 

Experiment 

Prepare a controller code in Python, Create hex 
file (Arduino) and python (.py) for RPi . 

Set operating parameters in 
torrefaction plant 

Fig. 5 Stages of RPi controller

Fig. 6 Temperature control using Arduino Uno
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Fig. 7 Temperature control with RPi

2.4 IoT Control System 

To share data on the cloud many platforms like web servers, ThingSpeak, Google 
Cloud, and ZigBee.

• Android Mobile Application 

Many Android applications can turn ON/OFF signals and orient a switch in a desired 
output. In mobile applications, RaspController application is used to contact RPi 
GPIO pins using smartphones. Smartphones provide the facility to actuate the motors 
using an API key.

• ThingSpeak Application 

To analyze data in real-world ThingsSpeak is open source. We can create a cloud 
on ThingSpeak for real setup simulation and machine data monitoring. ThingSpeak 
can coordinate with mobile applications and RPi to store and communicate data to 
an online server.
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Fig. 8 Oxygen control with RPi

In the ThingSpeak channel, we can register using MATLAB Id and create a 
channel for temperature and inert atmosphere oxygen availability. Connect server 
to RPi using API key. We can store data in a web server for control using different 
techniques like machine learning.

• HTML Web Server 

A Python code developed for HTML web page to control ON/OFF of the motor as 
per the desired temperature limit. All motors are connected with alphabet signals 
like A, a, B, b, and C, c for reference as set in RPi Python code (Fig. 9).

Motor 1: For temperature control, Motor 2: For inert atmosphere control. 
Auto mode: For running the system smoothly conditions: 
Manual Mode: For checking the system fault conditions. 

3 Results and Discussions 

The continuous torrefaction control system is designed in proteus software for simu-
lation, results are validated using the ThingSpeak server, and system parameters are 
controlled on a web server.
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Fig. 9 Web page for torrefaction control process

0 

100 

200 

300 

400 

1  2  3  4  5  6  7  8  9  1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 2 2 2 3 2 4 2 5 2 6 2 7 2 8  

TE
M

PE
RA

TU
RE

 IN
 D

EG
RE

E 
CE

LS
IU

S 

TIME (MIN.) 

TEMPERATURE IN DEGREE CELSIUS VS. TIME 
(MIN.) 

Temperature in degree celsius 

Fig. 10 Temperature control system using arduino uno 

3.1 Temperature Control Using Arduino Uno 

A heating zone for 200–300 °C is maintained in the torrefaction reactor with the 
control of heat flow in the reactor (Fig. 10). 

3.2 Torrefaction Process Control System Using Rpi 

A Temperature Control using Raspberry Pi 

A heating zone for 200–300 °C is maintained in the Torrefaction reactor with the 
control of heat flow using on/off motor 1 as shown on a web page (Fig. 11).
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Fig. 11 IoT based temperature control system using Rpi 

B Oxygen Control using Raspberry Pi 

See Fig. 12. 
Oxygen level required in the torrefaction reactor is maintained using KE25 sensor. 

If oxygen level increases in the reactor, nitrogen gas allows flowing to maintain an 
inert atmosphere; i.e., Motor 2 allows it to go on.

Fig. 12 Oxygen level control system 
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3.3 PID Controller for Process Parameter Optimization 

PID controller is applied to reduce steady-state error such that the system can be 
optimized. Error signal passes to PID controller where Kp (Proportional gain), K i 

(Integral gain), and Kd (Derivative gain) are varied to control the rotational speed of 
the reactor. To reduce steady-state error, Ziegler–Nichols method controls Kp, K i, 
and Kd, where e(t) = error function and u(t) = PID controlled variable [16, 21–23] 
(Fig. 13; Tables 1 and 2). 

Optimize PID Values 

See Table 3.

Fig. 13 PID control 
response 

Table 1 Initial PID control 
variable S. No. Content Value 

1 Proportional gain (Kp) 1 

2 Integral gain (K i) 0 

3 Capacity storage element (Kd) 0 

Table 2 PID control 
response S. No. Particulars Actual model PID 

1 Temperature 301 0300 

2 Oxygen level (%) 0.99 1 

3 Rise time (Sec) 0.024 0.024 

5 Steady-state time (Rad/s) 0.3 0.1 
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Table 3 Final PID control 
variable values S. No. Content Value 

1 Proportional gain (Kp) 150 

2 Integral Gain (K i) 50 

3 Capacity storage element (Kd) 30 

4 Conclusions 

IoT-based control and simulation of torrefaction reactor with process parameters 
temperature, inert atmosphere control are observed, and error is minimized with PID 
controller. 

1. Lower the temperature below 200 °C motor 1 moves in right direction heat is 
allowed to pass in torrefaction reactor. 

2. Higher the temperature below 300 °C motor 1 moves in left direction heat supply 
is allowed to cut in torrefaction reactor. 

3. Potentiometer is used to regulate temperature ranges between 200 and 300 °C. 
4. Higher the oxygen level more than 1% motor 2 moves in right direction nitrogen 

supply allowed to pass in torrefaction reactor. 

Error can be minimized by using PID control system to maintain optimum value of 
Kp, K i, Kd by using Ziegler–Nichols methods. Values are 150, 50, and 30 respectively 
for temperature control and oxygen level control system. 
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Fabrication and Characterization of PLA 
Composite Filament for Medical 
Applications 

Jasvir Singh, Vishal Francis, and Narendra Kumar 

Abstract Additive manufacturing (AM) has demonstrated its potential in fabri-
cating intricate and customized anatomical parts for biomedical applications. 
However, the widespread commercial adoption of 3D printing in biomanufacturing 
is hindered by the lack of readily available biocompatible, biodegradable, and chem-
ically inert biomaterials. Fused filament fabrication technology has emerged as a 
promising approach to address this limitation by enabling the use of various polymers 
and polymer-based composites in medical applications, particularly for the fabrica-
tion of scaffolds, clinical devices, and tissue engineering systems. This research 
manuscript focuses on the development of a novel polylactic acid (PLA)-based 
biomaterial composite. The composite filament is thoroughly characterized using 
scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and X-
ray diffraction (XRD) techniques. These characterizations provide valuable insights 
into the structural and thermal properties of the developed filament, facilitating its 
potential application in biomanufacturing and biomedical engineering. 

Keywords Additive manufacturing · 3D printing ·Medical · PLA · Composite 
filament 

1 Introduction 

Additive manufacturing (AM) technology enables the direct fabrication of highly 
complex three-dimensional physical models and prototype parts using computer-
aided design (CAD) data [1]. This layer-by-layer deposition technique, introduced in 
the early 1980s, has significantly enhanced the precision and efficiency of producing
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3D prototypes compared to conventional manufacturing methods [2]. AM’s potential 
extends beyond prototyping and offers various opportunities for advancement [3]. 
The initial drive behind the development of rapid manufacturing processes, like AM, 
was the desire to produce physical components quickly without relying on traditional 
tooling [4]. The goal was to reduce production lead times and enable the creation of 
more intricate geometric designs, which AM technology is now capable of achieving 
[5]. 

The significance of AM lies in its ability to facilitate effective communication 
between manufacturers and customers, reduce product development time, mini-
mize errors, promote sustainable design practices, and provide opportunities for 
component replacement [6]. Fused deposition modeling (FDM) is a widely used 
AM technology, particularly in the field of biomedical applications [7]. FDM allows 
for the fabrication of complex geometries, customization of medical devices and 
implants and offers design flexibility [8]. Biocompatible materials, such as polylactic 
acid (PLA), can be utilized in FDM, making it suitable for producing biomedical 
devices that interact with the human body [9]. FDM is a promising and extensively 
utilized 3D printing technology, known for its ease of use, unsupervised operation, 
environmentally safe materials, and cost-effectiveness [10]. 

The FDM process involves the controlled melting of a polymer filament, extruding 
it through a nozzle, and depositing it layer by layer on a build platform [11]. To ensure 
proper material flow and layer bonding, the extruder head and build platform temper-
atures are regulated [12]. Support material is employed for overhanging features and 
can be removed either through physical breakage or chemical dissolution [13]. The 
density of the final part can be adjusted by modifying the infill ratio during the slicing 
process. 

Although FDM using the OEM-based ABS P-400 filament from Stratasys Inc. 
is the common practice, its high cost poses challenges for commercialization in 
small- and medium-scale industries. Researchers have explored alternative feed-
stock filaments for FDM, including different polymers, abrasives, metal powders, 
and ceramics, to address this limitation [13–18]. The FDM process involves five 
steps: creating a CAD model, converting it to STL format, slicing the STL file into 
thin cross-sectional layers, constructing the model layer by layer, and finally cleaning 
and finishing the printed model [17]. AM technology has wide-ranging applications 
in the production of metallic, polymer, and composite parts with complex geome-
tries, offering design flexibility while minimizing waste [19]. Its utilization spans 
various sectors, including biomedical, automotive, and aerospace industries [20]. 
FDM has gained significant traction in recent years and is expected to revolutionize 
manufacturing practices in numerous fields [21–23] (Fig. 1).

Pure polylactic acid (PLA) stands as the predominant printing media in the 
extrusion-based 3D printing technique owing to its capacity for decomposition. 
Yet, the unrestricted application of pure PLA polymer within the FDM strategy 
is restricted due to its limited mechanical performance [25, 26]. As a result, the 
incorporation of suitable additives is a decent strategy to improve the performance 
of pure PLA polymer for FDM [27, 28].
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Fig. 1 Schematic diagram of FDM printer [24]

PLA is commonly employed for the fabrication of biomedical apparatus via FDM 
technique. PLA stands as a notably encouraging biodegradable polymer, given its 
economical nature for biomedical applications [29]. The unique properties of pure 
PLA further position it as a prime option for the fabrication of implant devices [30]. 

PLA can be produced from replenishable sources and undergoes biodegradation 
under elevated temperatures and humidity when subjected to composting [31–33]. 
It also possesses excellent processability which further adds value to it [27, 34–38]. 
Consequently, PLA finds application in various fields. 

PLA is highly favored in biomedical applications due to its ability to meet diverse 
requirements, including biocompatibility, biodegradability, mechanical strength, and 
processability. To explore the broader range of biomedical applications for pure 
PLA, researchers have utilized PLA blends [39] with other polymers to enhance 
its properties or create unique properties tailored for specific applications. Various 
methods have been employed to address the limitations of PLA’s physical properties 
or customize them for target applications. Common techniques for modifying PLA 
in bulk include copolymerization, crosslinking, adjusting composition, and blending 
[40]. 

The investigation of polylactic acid (PLA)-based composite materials with 
improved properties holds significant importance for biomedical applications. PLA 
is widely utilized in the biomedical field due to its biodegradability, biocompatibility, 
low cost, and ease of processing. However, pure PLA has certain limitations, such 
as mechanical weakness and water solubility, which may hinder its suitability for 
specific biomedical applications. Therefore, the development of PLA composites by 
incorporating suitable additives has emerged as a feasible approach to enhance the 
properties of 3D-printed PLA parts obtained through techniques like fused depo-
sition modeling (FDM). These composite materials can offer improved mechan-
ical strength, durability, and specific functionalities required for various biomedical
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devices and implants. Investigating PLA-based composites opens up avenues for 
tailoring material properties and optimizing the performance of biomedical applica-
tions, ultimately contributing to the advancement of healthcare technologies and 
patient well-being. The present paper discusses the development of PLA-based 
composite filament for the biomedical applications. 

2 Material and Methodology 

In the research work, a virgin PLA granule an emerging high-performance ther-
moplastic for FDM-3D printing is selected as base matrix material. The PLA is 
reinforced with polyether ether ketone (PEEK), carbon fiber, and graphene. The 
composition of filament is as follows: 

PLA (95%) + [PEEK + Carbon fiber − (Particle Size 100 µm) + Graphene] 
(as Fillers) (5%). Figure 2 illustrates the basic methodology adopted for the 
investigations. 

In the development of composite filaments for 3D printing in biomedical appli-
cations, a mixture comprising 95% PLA with remaining containing PEEK, carbon 
fiber, and graphene has been investigated. This composite formulation combines the 
desirable properties of each component to create a filament with enhanced char-
acteristics. PLA provides biodegradability and biocompatibility, while PEEK may 
contribute excellent mechanical properties and chemical resistance. The addition of 
carbon fiber reinforces the filament, improving its strength and stiffness. Graphene, 
known for its exceptional electrical and thermal conductivity, may further enhance 
the overall properties of the composite filament. By combining PLA, PEEK, carbon 
fiber, and graphene, this composite formulation offers a promising approach for 
the 3D printing of biomedical devices with improved mechanical strength, dura-
bility, and conductivity, opening up new possibilities for advanced applications in 
the biomedical field. 

The methodology employed in this study involved the development of a novel 
biomaterial using a combination of virgin polylactic acid (PLA) granules, polyether 
ether ketone (PEEK), graphene, and carbon fiber for reinforcement. The weight

Fig. 2 Schematic of preparation process used to fabricate hybrid biopolymer filaments for 3D print 
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proportion of the components consisted of 95% PLA, along with PEEK, graphene, 
and carbon fiber. To begin, the PLA virgin granules were obtained and measured 
according to the desired weight proportion. PEEK, graphene, and carbon fiber were 
then added to the PLA granules, ensuring the appropriate weight ratios. The mixture 
of PLA, PEEK, graphene, and carbon fiber was homogenized using a double-cone 
blender to achieve a uniform distribution of the reinforcing materials within the PLA 
matrix. Next, the mixture was transferred to a chloroform solvent and placed on a 
magnetic stirrer. It was stirred for an adequate duration to allow for proper dissolution 
and homogenization of the components, resulting in a semi-solid viscous solution. 
The semi-solid viscous solution was then dried to form a solid casted thin layer 
of the composite material. It was spread evenly to obtain a uniform thickness and 
placed in an oven set at 60 °C to facilitate drying. The heat helped evaporate the 
chloroform solvent, leaving behind a solid composite material in the form of a thin 
layer. Subsequently, the solid casted thin layer of the composite material was cut 
into small flakes, which served as the raw material for the fabrication of the filament. 
An in-house developed filament extruder was used for this purpose. The small flakes 
were fed into the extruder, which processed and extruded them into a filament with 
a diameter of 1.75 mm (Fig. 3). Finally, the obtained filament underwent further 
characterization for subsequent investigations and analysis. 

Figure 4 shows the line diagram of the filament extruder and the extruder 
parameters selected for the filament fabrication.

Fig. 3 Preparation process used to fabricate hybrid biopolymer filaments for 3D print 
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Parameter Value 

Motor speed 35 - 45 rpm 

Operating heating 

coil temperature 
190 °C - 200°C 

Stirring 

Magnetic stirrer at 60 

rpm 

Material Feed rate 

at constant rate 10 

gm/min 

Fig. 4 Line diagram and parameters values of single screw extruder 

3 Results and Discussion 

Scanning electron microscope (SEM) analysis was conducted to investigate the 
microstructure and morphology of the composite filament. Figure 5 presents the 
SEM images of the PLA (95%) composite filled with PEEK, carbon fiber (particle 
size 100 µm), and graphene (5%). 

The SEM images reveal a well-dispersed and uniform distribution of the fillers 
within the PLA matrix. The surface of the filament shows a smooth texture with 
no apparent agglomeration or clustering of the fillers. This indicates that the manu-
facturing process and blending techniques employed were effective in achieving a 
homogeneous distribution of the reinforcing materials within the composite. The 
presence of PEEK, carbon fiber, and graphene fillers can be observed, enhancing the 
structural integrity and potential mechanical properties of the composite filament.

x 

Fig. 5 SEM images of the developed composite filament 
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Thermogravimetric analysis (TGA) was performed to evaluate the thermal 
stability and decomposition behavior of the composite filament. The sample was 
subjected to a temperature ramp from 30.00 to 600.00 °C at a rate of 10.00 °C per 
minute. 

The TGA results indicate that the composite exhibited thermal stability up to 
235 °C. This means that the material remained stable and did not exhibit significant 
decomposition or weight loss up to this temperature. This enhanced thermal stability 
can be attributed to the incorporation of PEEK, carbon fiber, and graphene in the 
composite. These fillers likely contributed to the overall thermal resistance of the 
material, allowing it to withstand higher temperatures before undergoing significant 
degradation or decomposition. Figure 6 illustrates the thermal degradation pattern 
of the PEEK component under the influence of heat.

X-ray diffraction (XRD) analysis was carried out to examine the crystalline nature 
and phase composition of the developed composite filament. The XRD results reveal 
the presence of various elements in the composition, including PLA, PEEK, carbon 
fiber, and graphene. This confirms the successful incorporation of these fillers into 
the PLA matrix. 

Moreover, the XRD analysis indicates a semicrystalline nature of the developed 
thermoplastic polymer composite. The diffraction patterns suggest the existence of 
both crystalline and amorphous regions within the composite material. This combina-
tion of crystallinity and amorphousness is favorable for achieving a balance between 
mechanical strength and flexibility in the composite structure. Figure 7 presents 
the XRD image of the PLA/PEEK/CF/graphene composite polymer, illustrating the 
diffraction peaks associated with the various elements present.

4 Conclusions 

In conclusion, the utilization of PLA as the base material, along with PEEK, carbon 
fiber, and graphene as fillers, demonstrates the feasibility of fabricating a biopolymer 
composite filament. The comprehensive analysis of the composite filament yielded 
the following key findings: 

The composite exhibited enhanced thermal stability, withstanding temperatures 
up to 235 °C, surpassing the thermal decomposition temperature of pure PLA. This 
indicates that the addition of PEEK, carbon fiber, and graphene contributed to the 
composite’s ability to endure higher temperatures without significant degradation. 

SEM analysis confirmed the uniform dispersion of PEEK, carbon fiber, and 
graphene within the PLA matrix. The low proportion of these fillers resulted in 
a homogeneous distribution throughout the composite filament, which is crucial for 
achieving optimal mechanical properties. 

Overall, the developed PLA/PEEK/CF/graphene composite filament holds 
promise for biomedical applications, where a combination of biocompatibility, 
enhanced mechanical properties, and thermal stability is desired. Further investiga-
tions and characterization are warranted to explore the performance of this composite
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Fig. 6 TGA of developed composite filament

in specific biomedical applications such as scaffold fabrication and clinical device 
development.
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Fig. 7 XRD image of PLA/PEEK/CF/graphene composite polymer
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Experimental Investigations 
on Biodegradable Polymer Fabricated 
Using Extrusion-Based Additive 
Manufacturing 

Vishwajeet bhagat, Ratnesh Kumar, Jay Kumar, Sayantan Bhattacharya, 
Vishal Francis, Manjeet Singh, and Narendra Kumar 

Abstract The utilization of additive manufacturing (AM) techniques has revolu-
tionized modern manufacturing processes, allowing for the production of intricate 
geometries with enhanced design flexibility. Within this context, the exploration of 
biodegradable materials for AM applications has garnered significant attention due to 
their environmentally friendly characteristics and potential for sustainable manufac-
turing. This paper focuses on the experimental analysis of a biodegradable polymer, 
specifically polylactic acid (PLA), fabricated using extrusion-based AM. Tensile 
and compression testing, conducted in accordance with ASTM standards, provides 
valuable insights into the mechanical properties of the PLA components. Addition-
ally, during the fabrication process of the specimens, two different infill orienta-
tions (0° and 90°) were employed and analyzed. By incorporating these distinct 
infill orientations, the study aimed to assess the influence of infill pattern orienta-
tion on the mechanical behavior of the fabricated specimens. The analysis of these 
different infill orientations provides valuable insights into the structural integrity and 
performance of the specimens under various loading conditions, further enhancing 
our understanding of the impact of infill orientation on the mechanical properties 
of the biodegradable polymer components. The experimental analysis contributes 
to a comprehensive evaluation of the mechanical behavior of the biodegradable 
polymer, supporting advancements in AM technologies and promoting sustainable 
manufacturing practices. 

Keywords Additive manufacturing · 3D printing · PLA · Biodegradable
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1 Introduction 

The process of additive manufacturing (AM) begins with the creation of a three-
dimensional model using computer-aided design (CAD) software or by scanning an 
existing object [1]. AM is an established technology that has traditionally been used 
to make prototypes of all shapes, but it is increasingly gaining appeal in the manu-
facture of functioning parts. Applications for it are quickly spreading across various 
fields [2]. Any procedure that allows for the gradual addition of meticulously calcu-
lated two-dimensional cross-sectional layers to form a three-dimensional end product 
can be classified as AM [3]. In contrast to conventional subtractive manufacturing 
methods, AM excels at producing intricate or unique structures, including internal 
voids and complex features that are challenging to fabricate using traditional cutting 
tools [4]. AM has the capability to work with a diverse range of materials, including 
plastic, metal, and ceramics [5]. When it comes to polymer and composite materials, 
fused deposition modeling (FDM)/fused filament fabrication (FFF) is the preferred 
choice among various AM technologies. This is due to its flexibility, faster printing 
speed, affordability, high strength and toughness, non-toxicity, and wide variety of 
compatible materials. It outperforms other AM technologies in these aspects [6]. 
The FDM system operates on the principle of feeding filament into a liquefier using 
a motor, where it is melted. The molten material is then layer by layer deposited 
to create the completely formed portion. The simplicity and versatility of the FDM 
system have contributed to its popularity among users [7]. The flexibility of the FDM 
process enables the creation of diverse mesostructures, making it a straightforward 
solution to address this issue. By printing infill with varying densities and patterns, 
the optimal structure can be established [8]. Currently, the FDM process finds signif-
icant application in education and prototype assembly. However, as the technology 
continues to advance, its utilization is progressively expanding into diverse sectors 
including bioengineering, aerospace, and automotive industries [9]. 

Examining the mechanical characteristics of 3D printed components becomes 
crucial when considering the substitution of conventionally manufactured parts. 
Mechanical property tests offer valuable insights into material properties, such as 
tensile strength and compressive strength, facilitating a comprehensive understanding 
of the 3D printed parts [10]. The FDM printers have the capability to produce various 
pattern fills for the internal structure of printed parts, leading to different mechan-
ical properties. However, a comprehensive definition and study of the characteristics 
of these printed pattern fills within the internal structure of the parts are yet to be 
fully explored [11]. Numerous research studies have been conducted to investigate 
the impact of modifying process parameters on enhancing the mechanical properties 
of components manufactured using the FDM technology. In a particular study, the 
tensile strength of polycarbonate parts manufactured using FDM technology was 
examined. The study focused on altering and investigating process variables such as 
air gap, raster width, and raster angle to assess their impact on the tensile strength of 
the parts [12].
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Due to the utilization of multiple process parameters and the microstructural 
anisotropy resulting from the layer-by-layer building process, the mechanical prop-
erties and surface quality of final products created through FDM are comparatively 
inferior to those manufactured using traditional processes [13]. 

PLA is a thermoplastic biodegradable polymer extensively employed in various 
applications. Its fundamental monomer, lactic acid, is obtained through the fermen-
tation of starch. Subsequently, lactic acid undergoes polymerization, either through 
gradual polycondensation or ring-opening polymerization, resulting in the formation 
of PLA [14]. It possesses favorable printability and strength; however, it tends to be 
more brittle than alternative 3D printer materials like ABS [15]. It has gained recog-
nition as an eco-friendly alternative to traditional petroleum-based plastics due to its 
reduced carbon footprint and non-toxic nature [16]. PLA offers favorable character-
istics for AM, including ease of use, low warping tendency, and excellent surface 
finish. Additionally, PLA exhibits good strength and stiffness properties, making it 
suitable for a wide range of applications. 

Agu et al. looked at the durability of 3D printed polylactic acid (PLA) for making 
components that would be subject to high strain rates and impact events over the 
course of their design lives. They stated that the shear strength with increasing 
impact stress for any PLA-based 3D printed structure had been measured for the 
first time [17]. Currently, composite blends based on PLA are used to create 3D-
printed tissue engineering scaffolds. Senatov et al. used SEM imaging to show that 
the structure of the PLA-based scaffolds contains interconnecting pores [18]. For the 
purpose of creating 3D porous, biocompatible scaffolds for diverse tissue engineering 
applications, PLA and a bioactive CaP glass were 3D printed together [19]. 

In this study, two different infill patterns were employed to fabricate tensile and 
compressive specimens using the extrusion-based AM process. The printed speci-
mens were subsequently subjected to tensile and compression testing in accordance 
with ASTM standards to evaluate their mechanical properties. 

2 Material and Methodology 

PLA filament is utilized in this study to fabricate specimens for mechanical testing. 
Tensile specimens as per ASTM D638 Type 4 were fabricated, and for compression 
testing ASTM D 695 was used. Figure 1 shows the CAD model of the specimens 
fabricated using FDM technique along with the stl files representation.

The process of fabricating the specimens involved several steps. Firstly, the CAD 
model was designed using PTC Creo 7.0 software, allowing for precise customization 
and control over the geometry. Once the design phase was completed, the file exten-
sion was changed from .prt to .stl to make it compatible with the subsequent steps of 
the additive manufacturing process. In the next step, the .stl file was imported into 
the slicing software, OrcaSlicer, which facilitated the generation of G-code instruc-
tions. The slicing software allowed for parameter adjustments and fine-tuning of the 
printing settings. After the G-code extraction, it was fed into the printer to initiate
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Fig. 1 Dimension of the tensile and compression specimens along with their STL representation

the printing process. Table 1 provides the necessary printing parameters, ensuring 
consistency and reproducibility throughout the fabrication process. To optimize the 
printing speed and achieve high-quality output, Klipper was utilized as the additive 
manufacturing firmware. Its advanced capabilities and efficient performance helped 
to expedite the printing process without compromising the final product’s quality 
and integrity. For the actual printing of the specimens, an Ender3 V2 printer was 
employed. This specific printer model was chosen for its reliability and compati-
bility with the chosen printing parameters and firmware. It provided a stable and 
consistent platform for translating the digital design into physical specimens. The 
printing parameters selected for the printing the specimens are discussed in Table 1. 

To explore the influence of infill patterns on the mechanical properties, two 
different infill patterns were employed during the fabrication process. One infill 
pattern was oriented at 90° raster orientation, while the other infill pattern was 
oriented at 0° raster orientation (Fig. 2). By utilizing these distinct infill patterns, 
we aimed to investigate the impact of raster orientation on the mechanical behavior 
of the specimens. This approach allowed us to evaluate and compare the performance 
of the specimens under tensile and compressive loading conditions, shedding light 
on the effects of infill pattern orientation on the overall mechanical properties.

Table 1 Printing parameters 
Printing parameters Value 

Infill 100% 

Wall count 3 

Layer height 0.1 mm 

Speed 150 mm/s 

Nozzle temp 220 °C 

Bed temp 60 °C 
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Fig. 2 Infill patterns (0° and 
90°) representation 

3 Results and Discussion 

The tensile test was conducted on three different sets of specimens printed with 
two different printing patterns: 0° and 90°. The results of the tensile test, including 
Young’s modulus and tensile strength, are summarized in Table 2. 

Comparing the results of the two printing patterns, it can be observed that the spec-
imens printed at 0° exhibited higher Young’s modulus and tensile strength compared 
to those printed at 90°. This suggests that the 0° printed pattern has greater strength 
and can withstand higher loads before failure. The graph in Fig. 3 confirms this trend, 
showing the superior strength of the 0° printed specimens.

Furthermore, analyzing the load versus displacement graphs for each printing 
pattern, it can be seen that the first sample printed at 90° reached a peak load of 52 kg

Table 2 Tensile test results 

Printing pattern Young’s modulus (MPa) Tensile strength (MPa) 

90° 117.306 50.391 

0° 171.99 55.9475 
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Fig. 3 Stress versus Strain graph of tensile specimens (0° and 90°)

before failure, with an elongation of 3.78 mm (Fig. 4). Similarly, the second sample 
printed at 0° reached a peak load of 53.2 kg with an elongation of 3.79 mm (Fig. 4). 

On the other hand, the two specimens printed at 0° exhibited higher peak loads, 
with the first specimen reaching 57.2 kg and the second specimen reaching 59.6 kg. 
Both specimens had an elongation of 4.21 mm (Fig. 5). These results indicate that 
the 0° printed specimens have a higher load-bearing capacity and greater elongation 
capability compared to the 90° printed specimens.
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The 0° printed specimens may have better load transfer between the layers, 
resulting in higher tensile strength. The alignment of the layers along the loading 
direction allows for efficient stress transfer and load distribution, reducing the risk 
of localized stress concentrations and potential failure. Moreover, for the case of 90° 
printed specimens the bonded infill rasters may delaminate and cause the failure at 
much lesser stress value. 

The compressive test yielded a compressive strength of the printed specimens 
at 22.686 MPa. The graphical representation of the compressive test results for 
both samples can be seen in Fig. 6. These results provide valuable insights into the 
mechanical properties and performance of the fabricated specimens in compression. 

Overall, the tensile and compressive tests demonstrate the influence of printing 
pattern orientation on the mechanical behavior of the specimens. The specimens 
printed at a 0° raster angle exhibited higher strength and load-bearing capacity 
compared to those printed at 90°. These findings contribute to the understanding
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and optimization of design parameters in additive manufacturing processes for 
biodegradable polymer components. 

4 Conclusion 

In this study, the mechanical properties of polylactic acid (PLA) fabricated using 
extrusion-based additive manufacturing (AM) were experimentally investigated. 
Tensile and compression tests were conducted on specimens with two different infill 
patterns (0° and 90°). The results showed that the specimens printed with a 0° infill 
pattern exhibited higher Young’s modulus and tensile strength compared to the 90° 
pattern. The 0° printed specimens also demonstrated higher peak loads and elon-
gation capabilities in the tensile tests. The compressive test yielded a compressive 
strength of 22.686 MPa for the printed specimens. Overall, the findings highlight the 
significant influence of infill pattern orientation on the mechanical behavior of the 
biodegradable polymer components. These results contribute to our understanding 
of the mechanical properties of AM-fabricated biodegradable polymers. Optimizing 
infill pattern orientation can enhance the strength and load-bearing capacity of these 
components. Further research and optimization efforts can drive the development 
of sustainable manufacturing practices and expand the application of biodegradable 
polymers in various industries. 
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Metaheuristic-Based Parametric 
Optimization of Abrasive Water-Jet 
Machining Process—A Comparative 
Analysis 

Sunny Diyaley and Partha Protim Das 

Abstract Hybrid machining (HM) processes are an effective means for increasing 
material removal rate, improving surface integrity, minimizing production time 
and tool wear. Determination of the optimal parametric settings is an important 
problem in hybrid machining process. The performance of these processes mainly 
depends on the optimal choice of its various input parameters which highly affect 
the responses, like material removal rate and surface roughness. In this paper, seven 
metaheuristic algorithms in the form of artificial bee colony (ABC), ant colony opti-
mization (ACO), particle swarm optimization (ACO), firefly algorithm (FA), differ-
ential evolution (DE), teaching–learning-based optimization (TLBO), and elephant 
swarm water search algorithm (ESWSA) are employed to determine the optimal 
parametric settings of abrasive water-jet machining (AWJM) process, while satis-
fying their given sets of practical machining constraints. It is observed that ESWSA 
outperforms the others with respect to the derived optimal solution, consistency of 
the solution and convergence speed. 

Keywords Optimization · Metaheuristic · Algorithm 

1 Introduction 

A HM process can be effectively used by combining different active energy sources 
acting in the processing region or by integrating process steps of two or more 
machining processes, else by combining different processes within one machining 
platform [1]. AWJM process is a HM process which integrates the mechanism of 
both water-jet machining (WJM) process and abrasive jet machining (AJM) process 
to remove material from the workpiece. In HM process, like AWJM process, the 
machining performance mainly depends on a set of input parameters, like mass flow
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rate of the abrasives, mass flow rate of water, diameter of abrasive water-jet nozzle, 
feed rate of the nozzle, which directly play essential roles in achieving the desired 
values of its MRR. Thus, proper settings of several input parameters in AWJM 
process have major role to remove material rapidly with low cost and better surface 
finish. Conventionally, the input parameter selections in such machining processes 
were carried out by an experienced operator or a design engineer but they could not 
completely satisfy the criteria of good quality and high efficiency. In factory envi-
ronment, machining tables can be considered as a better choice but cannot be used 
for a broad range of machining processes [2]. In most of the cases, the conventional 
techniques of parameter selection of machining processes have led to the partial 
fulfillment of the desired objectives and parameters far from optimum values. Thus, 
this compels the deployment of metaheuristic algorithms to explore the optimal 
parametric combination for hybrid machining processes. Hence, in this paper seven 
metaheuristics are deployed to determine the optimal parametric settings of AWJM 
process for yielding maximum MRR. 

2 Literature Review 

Recently, several literatures are reported in parametric optimization of AWJM 
process. Rao et al. [3] considered water-jet pressure at nozzle exit, diameter of abra-
sive water-jet nozzle, feed rate of nozzle, mass flow rate of water and mass flow 
rate of abrasives as the input parameters of an AWJM process and applied TLBO 
algorithm for maximization of MRR. It was observed that the TLBO algorithm 
outperforms the other advanced optimization techniques, like simulated annealing 
(SA), genetic algorithm (GA), PSO, ABC, and harmony search (HS) algorithm. 
Kumar et al. [4] analyzed the effect of input parameters for concurrently optimizing 
the three responses of an AWJM process, i.e., MRR, SR, and dimensional deviation 
while machining duplex stainless steel 2205 using response surface methodology 
(RSM). Traverse speed, stand-off distance, and abrasive flow rate were considered 
as the input parameters of an AWJM process and the optimal condition for maximum 
MRR, minimum SR value and dimensional deviation were predicted. Manoj et al. 
[5] considered traverse speed, water-jet pressure, and stand-off distance as the input 
parameters of an AWJM process while machining TiB2 particles reinforced Al7075 
composite and applied Taguchi-DEAR methodology for simultaneous optimization 
of three responses, i.e., MRR, SR, and taper angle. The optimal input parameters 
were determined, and from the experimental observation, water-jet pressure was 
found to be the most influential parameter. Chakraborty and Mitra [6] applied gray 
wolf optimizer (GWO) technique in an attempt to obtain the optimal parametric 
combination of an AWJM process. The results derived from applying GWO tech-
nique showed a considerable improvement in the MRR with respect to several defined 
constraints. It was also concluded that the optimization performance of the proposed 
technique was superior to the attempts made earlier for the parametric optimiza-
tion of AWJM processes while applying other metaheuristic algorithms. Joel et al.
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[7] successfully applied multi-objective TLBO to discover the optimal parametric 
settings of machining c360 brass using AWJM process by simultaneously optimizing 
three responses, i.e., hardness, MRR, and SR. Jagdish et al. [8] simultaneously mini-
mized processing time and SR using hybrid spider monkey optimization (HSMO), 
TLBO, and GWO for an AWJM process while machining green composites. It was 
observed that the optimal settings by the proposed techniques were successfully 
verified through confirmation of experiment. Bhoi et al. [9] demonstrated the appli-
cability of chemical reaction optimization (CRO) algorithm for searching out the 
optimal parametric combination of AWJM machining parameters. The proposed 
technique delivered better results compared to other different metaheuristics. 

From the extensive review of the literatures, it can be concluded that there is an 
intense curiosity among researchers to implement several optimization techniques in 
AWJM process. They have effectively applied several optimization algorithms, like 
CSA, GA, PSO, ABC, HSMO, TLBO, and GWO to determine the optimal parametric 
combination for different AWJM process, but in most cases no research work has 
been conducted till date to study the comparative optimization performance of the 
most accepted metaheuristic algorithms in this field and to identify the best algorithm. 
Thus, in this paper, six well-known metaheuristics, i.e., ABC, ACO, PSO, DE, FA, 
TLBO, and ESWSA techniques, are adopted to determine the optimal machining 
parameters in AWJM. The comparative analysis reveals that the ESWSA is more 
robust, flexible, and reliable as compared to the other algorithms. ESWSA is easy 
to implement due to the smaller number of parameters adjustment required during 
optimization and can result in almost global optimal solution in least computational 
time as compared to other metaheuristics [10]. 

3 Metaheuristic Algorithms 

Heuristic algorithms provide acceptable solutions to several optimization problems 
through ‘trial-and-error’ technique consuming a considerable amount of time for 
computation [11]. Moreover, they do not guarantee in obtaining global optimum and 
are categorized as local search methods. Hence, the concern for obtaining a global 
optimal solution leads the researchers toward tuning their interests into metaheuristic 
algorithms. A metaheuristic is an iterative method which directs a secondary heuristic 
by combining intelligent concepts for exploiting and exploring the search space. They 
are motivated by the phenomena occurring in nature and utilize algorithms which 
are flexible, simple, and well-accepted for fast solving of large-scale problems [12]. 
The term ‘metaheuristic’ refers to higher-level heuristic algorithms which aim to 
solve higher-level strategic optimization. These metaheuristic algorithms effectively 
search a feasible solution space which is huge enough to be entirely sampled in a 
reasonable time. Diversification and intensification are the two vital components of 
modern metaheuristics. Diversification refers to the process of exploring the search 
space efficiently and effectively, while intensification is the exploitation of previous 
solution to choose the potentially good solutions through the usage of memory or
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elitism or both [13]. A correct balance between these two components is very essential 
for any metaheuristic algorithms. Metaheuristics are primarily classified as single-
solution-based and population-based algorithm. The latter has some merits over the 
former with respect to greater exploration capacity and lower probability of sticking 
at local optima. The metaheuristics, i.e., PSO, ABC, DE, FA and TLBO, and ESWSA, 
are some of the examples of population-based metaheuristic algorithms employed 
in this paper. 

Optimization steps of any type of metaheuristic algorithm are provided here-in-
under [14]. 

Step 1: In the search domain, initialize the population with random values. 
Step 2: Compute the fitness for every one of the population. 
Step 3: Apply evolutionary approaches, like crossover and mutation to create a new 

population by reproducing selected individuals. 
Step 4: Go to step 2 until the criterion for termination is met. 
Step 5: Step 5: End. 

4 Parametric Optimization of AWJM Process 

In this paper, the above-mentioned six metaheuristic algorithms are employed for 
parametric optimization of AWJM process, and the following values are set for their 
different control parameters: 

ABC algorithm: Swarm size = 200, number of employed bees = 50% of the 
swarm size, number of onlooker bees = 50% of the swarm size, number of scouts 
per cycle = 1, number of cycles = 1000 and limit = 50, number of iterations = 
100. 
ACO algorithm: Population size = 200, sample size = 40, intensification factor 
= 0.5 and deviation distance ratio = 1, number of iterations = 100. 
PSO algorithm: Population size = 200, inertia weight factor = 0.65, and 
acceleration coefficients = 1.65 and 1.75, number of iterations = 100. 
FA: Number of fireflies = 200, light absorption coefficient = 1, initial randomness 
= 0.9, randomness factor = 0.91 and randomness reductions = 0.75, number of 
iterations = 100. 
DE algorithm: Population size = 200, lower bound of scaling factor = 0.5, 
upper bound of scaling factor = 0.8, and crossover probability = 0.9, number 
of iterations = 100. 
TLBO algorithm: Population size = 200, number of iterations = 100. 
ESWSA: Population/swarm size= 200, maximum inertia weight= 0.9, minimum 
inertia weight = 0.2, switching probability = 0.6, number of iterations = 100. 

Jain et al. [15] considered the mathematical model as developed by Hashish [16] 
representing the interrelationship among MRR and five input parameters of an AWJM



Metaheuristic-Based Parametric Optimization of Abrasive Water-Jet … 151

process. The input parameters considered in that model are mass flow rate of the 
abrasives (Ma) (in kg/s), mass flow rate of water (Mw) (in kg/s), feed rate of the 
nozzle ( f n) (in mm/s), diameter of abrasive water-jet nozzle (dawn) (in mm) and 
water-jet pressure at the nozzle exit (Pw) (in MPa). The objective function is given 
as: 

Maximize, MMR = dawn + fn(hc + hd) (1) 

where ‘hc’ is the indentation depth due to cutting wear and ‘hd’ is the indentation 
depth due to deformation wear calculated using Eqs. (2), (3), and (4). 
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Angle of impingement (α0) where the highest erosion occurs is given by 
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and, angle of impingement at top of machined surface (αt) is approximately 
calculated as 
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where 

Ck =
/
3000σfw f 0.6 r /ρa (mm/s) (7) 

and 

Ka = 1 + mpr
2 
m/Ip, (8) 

where mp is mass of the abrasive particle and IP is the moment of inertia of an abrasive 
particle about its center of gravity.
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Ka = 3 (11) 

The model is subjected to a constraint for power consumption which is given by 
Eq. (12). 

1.0 − 
Pw Mw 

Pmax 
≥ 0.0 (12)  

The variable bounds for the considered input parameters are given in Eqs. (13)– 
(17). 

0.0003 ≤ Ma ≤ 0.08 (13) 

0.02 ≤ Mw ≤ 0.2 (14)  

0.2 ≤ fn ≤ 25.0 (15) 

0.5 ≤ dawn ≤ 5.0 (16) 

50.0 ≤ Pw ≤ 400.0 (17) 

In order to calculate the values of MRR, the values of constants are also required, 
as presented here-in-under [3]: 

Poisson ratio of the abrasive particles (va) = 0.25, roundness factor of the abrasive 
particles ( f r) = 0.35, sphericity factor of abrasive particles ( f s) = 0.78, density of 
abrasive particles (ρa) = 3.95 × 10–6 kg/mm3, Young’s modulus of elasticity of abra-
sive particles (EYa) = 350,000 MPa, Young’s modulus of elasticity of work material 
(EYw) = 1,14,000 MPa, proportion of abrasive grains effectively participating in 
machining (ηa) = 0.7, Poisson’s ratio of work material (vw) = 0.2, elastic limit of 
work material (σ ew) = 883 MPa, flow stress of the work material (σ fw) = 8142 MPa, 
mixing efficiency between abrasives and water (ξ ) = 0.8, allowable power consump-
tion value (Pmax) = 56 kW, drag or skin friction coefficient for work material (Cfw) 
= 0.002. 

Hasish [16] attempted GA technique to determine the optimal parameter settings 
resulting in maximum value of MRR as 90.257 mm3/s. The parametric optimization 
of the five input parameters, i.e., Ma, Mw, f n, dawn, and Pw was reported as 0.079 kg/s, 
0.141 kg/s, 23.17 mm/s, 3.726 mm, and 398.3 MPa, respectively. In this paper, seven
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metaheuristic algorithms are employed to determine the optimal combinations of 
AWJM process parameters to attain a maximum value of MRR. The results of single 
objective optimization of MRR are provided in Table 1, along with the comparison 
of the optimal solutions with those as achieved by the other algorithms. It is observed 
that ESWSA outperforms over the others with respect to derived optimal solutions 
and consistency of the solution with respect to standard deviation (SD) value. The 
application of ESWSA algorithm also showed an increase in MRR to 317.780 mm3/ 
s. Thus, for achieving maximum MRR, a mix of Ma = 0.0793 kg/s, Mw = 0.14 kg/s, 
f n = 22.189 mm/s, dawn = 3.886 mm, and Pw = 397.4 MPa can be set. While solving 
this optimization problem of maximization of MRR for AWJM process using seven 
metaheuristic algorithms, the constraint for power consumption given in Eq. (12) 
was not violated by any of the algorithms as exhibited in Table 2. The superiority 
of ESWSA algorithm can also be well validated from the convergence diagrams for 
MRR, as shown in Fig. 1a. In this figure, it can be clearly seen that ESWSA algorithm 
quickly converges to almost global optimal solutions as compared to the remaining 
algorithms. The uniqueness of TLBO algorithm over the other considered algorithms 
with respect to variability of the derived solution is also validated by presenting box 
plot of the derived solution, as presented in Fig. 1b. These box plots are the statistical 
methods to portray statistical data graphically where a rectangle is drawn to signify 
the inter-quartile range of the derived solutions. The median value is shown by a 
small box inside the rectangle and two lines (whiskers) beyond each box extend to 
the least and maximum value of the observation.

In Fig. 2, scatter plots are presented in order to depict the variations of MRR 
with respect to various input parameters of the AWJM process. The optimality of 
the solution mentioned above can be confirmed with the help of these plots. From 
these scatter plots, it can be revealed that MRR increases as Ma, Mw, f n, dawn, and 
Pw increase as already reported by Hashish [16]. It was assumed that no material 
removal occurs in AWJM process, if the critical impact angle (αo) is lower than the 
angle of impingement at the top of the surface (αt) and only deformation wear is 
responsible for material removal. Thus, it was also reported by Hashish [16] that in 
higher values of feed rate of the nozzle and diameter of abrasive water-jet nozzle, 
the MRR values suddenly drop as the angle of impingement at the top surface goes 
beyond the critical impact angle.

5 Conclusions 

In this paper, an attempt is made to determine the optimal parametric combina-
tions using seven metaheuristic algorithms for AWJM process, so as to attain their 
enhanced machining performance. The optimization performance of the consid-
ered algorithms is compared among each other. It is found that ESWSA determines 
the maximum MRR for AWJM process while satisfying their practical machining 
constraints. As compared to the remaining algorithms, convergence rate of ESWSA 
is fast toward achieving global optimal solution with minimum variability and high
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Table 2 Values of constraint 
for power consumption Algorithm Constraint 

≥ 0 
ABC 0.006 

ACO 0.074 

PSO 0.013 

FA 0.007 

DE 0.001 

TLBO 0.004 

ESWA 0.015 

Fig. 1 a Convergence diagram for AWJM process. b Box plot for the considered optimization 
techniques

consistency of the derived solutions. Hence, it can be concluded that this algo-
rithm can be successfully applied for determining the optimal parametric combina-
tion of other hybrid machining processes, like electrochemical discharge machining 
(ECDM), electrochemical honing (ECH), and electrochemical grinding (ECG). The 
process engineers can now choose the best mix of AWJM input parameters without 
depending on machining data handbook. The application of ESWSA for optimization 
other hybrid machining processes may be another scope for further study.
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Fig. 2 Effects of various input parameters on MRR
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Vibro-Acoustics Analysis for Tool Wear 
Monitoring During the Turning 
Operation 

Saurabh Tiwari , Ashish Kumar , and M. Amarnath 

Abstract Detecting and monitoring of wear on cutting tools is essential in metal-
cutting processes as excessive wear led to deteriorate machined surfaces and dimen-
sional distortions in the manufactured components. To address this issue, various 
research endeavors have focused on the development of tool condition monitoring 
systems. These systems aim to accurately identify and track the wear of cutting tools, 
enabling timely interventions and maintenance to minimize production defects and 
associated expenses. This paper presents an effective tool wear monitoring technique 
by utilizing vibro-acoustic signature analysis. It employs the cutting tool vibration 
signals and the audible sound emitted during the machining operation. Based on the 
analysis of vibro-acoustic signals conducted in both the time and frequency domains, 
it was observed that certain components of the measured signals exhibited a strong 
correlation with the accumulated wear on the cutting tool. Furthermore, this technique 
may also be utilized to predict the tool wear at various cutting environments. 

Keywords Tool wear monitoring · Vibro-acoustic analysis · Fast Fourier 
transform 

1 Introduction 

During machining, the shear contact between the cutting tool, workpiece, and chip 
extraction due to pressure leads to changes in the tool’s shape. This process occurs 
continuously resulting in tool wear or sometimes abruptly causing tool breakage [1].
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Excessive wear on the cutting tool results in significant degradation of surface finish 
quality, and dimensional accuracy which may lead to the rejection of manufactured 
components. Tool wear has a direct impact on the cost of the finished product. In 
the worst-case scenario, it could even result in catastrophic tool failure which can 
potentially cause damage to the machine tool and incur high replacement costs [2]. 
Therefore, maintaining vigilant supervision of tool wear is essential to avoid these 
undesirable outcomes. It is crucial to closely monitor the levels of tool wear to 
prevent any negative consequences. Tool wear monitoring (TWM) during the metal-
cutting operation can be a substantial prospect for effective machining. TWM can 
be utilized to generate economic tool replacement policies, adaptive control, and 
efficient manufacturing processes. Modern advanced machining techniques include 
TWM for machining performance improvement [3]. However, a single sensor may 
not provide sufficient sensory information about a tool’s wear condition. Therefore, 
the identification of tool wear can be estimated more accurately with the fusion of 
information from multiple sensors and correlating the signal properties with the tool 
wear. 

On the other hand, during the metal-cutting operation, the workpiece–tool-
chip interface encounters a higher cutting temperature due to the friction between 
the contact surfaces. This has a direct impact on surface roughness, dimensional 
accuracy, and tool life [4]. To dissipate this high frictional temperature, various 
cooling techniques have been developed. Mineral oil-based cutting fluids (MO) 
are commonly used as a coolant/lubricant to carry away the heat generated at the 
workpiece-tool-chip interaction zone. This traditional approach of using mineral 
oil-based cutting fluids resolves the metal-cutting issues to some extent; however, 
continuous use of these cutting fluids led to harmful effects on human health and 
the environmental ecology. The volatilization and direct contact of these cutting 
fluids may cause respiratory and skin-related health issues such as chronic bronchitis, 
asthma, airway irritation, and folliculitis. On the other hand, MO also possesses low 
biodegradability characteristics as a result oil residues persist for a longer duration 
in water and soil. The additives blended with MO might result in severe pollution. 
Hence, the application of MO-based cutting fluids results in a slew of environmental, 
financial, and health difficulties. Hence, as an alternative to MO-based cutting fluid, 
the researcher has demonstrated the sustainability of vegetable oils as a coolant/ 
lubricant which has no negative consequences on the environment and human health. 
Cutting fluids prepared by using vegetable oil offers numerous advantages. These 
fluids are biodegradable, less hazardous to the environment, and therefore sustainable 
as they are extracted from agricultural products [5–7]. 

This paper presented an experimental approach for developing a cost-effective 
TWM system based on vibro-acoustic signature analysis. The turning experiment was 
carried out on EN8 steel with carbide tool insert at three different cutting conditions, 
viz. dry, mineral-based oil (MO), and vegetable oil as a cutting fluid. Palm oil (PO) is 
used as a coolant/lubricant for vegetable oil-based cutting condition. The oxidation 
affinity of vegetable oils depends on the concentration of oleic acid. The lower the 
percentage of oleic acid, the lowest will be the oxygen affinity of vegetable oil. The 
castor oil will have the lowest oleic acid percentage; however, its higher viscosity
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shows poor flowability. Palm oil, which includes 38–41% oleic acid, shows a lower 
propensity for auto-oxidation than other vegetable oils. The balanced amount of 
polyunsaturated molecules present in vegetable oil provides high oxidation stability 
[8]. Therefore, PO has been considered as a coolant/lubricant in this study to obtain 
desired machining performance. The cutting tool vibration of the tool holder in the 
tangential direction of the workpiece rotation and the near-field acoustic signals were 
recorded using the accelerometer and microphone. 

2 Tool Condition Monitoring in Turning 

Tool condition monitoring (TCM) provides the tool wear conditions during the 
machining process with minimal human intervention. The worn tool can be replaced 
in time by utilizing an effective TCM technique which results in the reduction of 
cost and waste. There are various techniques available for TCM such as cutting 
force measurement, temperature measurement, acoustic emission, and vibration 
monitoring. Among the various techniques, vibration acquired by the accelerom-
eter showed a significant correlation with the tool wear. The increase in tool wear 
resulted in high-frequency energy. On the other hand, variations in cutting parameters 
and cutting conditions affect the noise during the metal-cutting operation [9, 10]. 

2.1 Vibration Analysis 

Vibration is caused by periodic wave oscillations which result in cyclic fluctuations 
in the dynamic components of the cutting forces [11]. The simplest mathematical 
model considering a single degree of freedom (SDoF) orthogonal turning process 
with a flexible tool and relatively rigid workpiece is shown in Fig. 1. 

Fig. 1 Relative motion between the tool and the workpiece in turning
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The tool parameters are the mass (m), stiffness (k), and damping coefficient (c), 
respectively. Here, V is the cutting velocity of the workpiece, y(t) is the wave gener-
ated during the current revolution, and y(t − T ) is the wave generated during the 
previous revolution of the workpiece. For an SDoF dynamic system, the equation of 
motion in the radial direction can be written as [12]: 

m ẍ(t) + cẋ(t) + kx(t) = Ff (t) (1) 

Ff (t) = K f × h0 × [y(t − T ) − y(t)]. (2) 

Here, [y(t − T ) − y(t)] is the dynamic chip thickness due to tool vibration, T is 
the time delay between the current time and the previous time, K f is the cutting 
coefficient in the feed direction, and h0 is the chip width (width of cut). The cutting 
tool vibration signals acquired by the sensors are in the time waveform. Further, 
Fourier transform (FT) is used to convert time waveform to the frequency domain in 
which tool wear frequency has appeared on the amplitude of the natural frequency 
of the tool holder. These frequency domain vibration signals were sensitive to tool 
wear [13]. Fourier analysis decomposes a signal into its frequency components to 
determine its relative signal strengths. The Fourier transform of a time-domain signal 
is given as: 

F(ω) = 
∞∫

−∞ 

x(t)e− jωt dt . (3) 

From the transform F(ω), the time-domain signal can be obtained by inverse FFT 
as 

x(t) = 
1 

2π 

∞∫

−∞ 

F(ω)e− jωt dω. (4) 

3 Experimentation 

All the turning operations were performed on a PACTURN 360 center lathe with 
a spindle power of 20 kW. The commercially available PVD-coated rhombic ZCC 
carbide inserts were used as a cutting tool, and it was rigidly mounted on an ISO-
designated (SDJCR 2020 K11 WIDAX) tool holder. The complete experimentation 
details were presented in Table 1.

The general purpose EN8 steel was used as a workpiece material having dimen-
sions of 400 mm in length and 60 mm in diameter. All the cutting parameters such as
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Table 1 Technical specification of work material, cutting parameters, and cooling conditions 

Category Specifications 

Machine tool PACTURN-360 center lathe (2.4 kW, spindle speed: 45–1800 
RPM) 

Material EN8 steel (C = 0.36–0.45%, Mn = 0.6–1%, Si = 0.2–0.3%, S = 
0.025%, P = 0.015%) 

Dimension Ø 60  × 400 mm 

Cutting tool insert Rhombic ZCC carbide insert DCMT11T308 (PVD-TiAlN/TlN) 

Feed rate, f (mm/rev) 0.10 

Cutting speed, νc (m/min) 125 

Depth of cut, ap (mm) 1 

Machining time 60 min 

Cutting conditions Dry, MO, PO 

Coolant flow rate 10 ml/min (gravity feed)

cutting speed, feed rate, and depth of cut were kept constant and selected based on 
the tool manufacturer’s recommendation. The turning tests were conducted in three 
different cutting conditions, viz. dry, MO, and PO as a cutting fluid. Each experiment 
employed a new carbide tool insert. A schematic representation of the experimental 
setup is depicted in Fig. 2. 

A piezoelectric uniaxial accelerometer sensor was magnet mounted on the top 
surface of the tool holder to measure the cutting tool vibration during the turning 
operation. A near-field ICP microphone was placed closer to the workpiece tool 
interaction zone to acquire the sound during the turning. The vibration and sound 
signals were sampled at 10 and 20 kHz of sampling frequencies. Then, each of the 
signals was filtered and analyzed on the computer. The tool wear was measured

Fig. 2 Schematic view of the experimental setup 



164 S. Tiwari et al.

Fig. 3 Pictorial representation of the experimental setup 

with the help of a USB digital microscope after 60 min of cutting operation. The 
photographic representation of an experimental setup is depicted in Fig. 3. 

4 Results and Discussions 

4.1 Tool Vibration Analysis 

The vibration acceleration signals acquired in time waveform during the turning 
operation under different cutting conditions is depicted in Fig. 4a. The amplitude 
of vibration signals is highest during the dry-turning operation because of the high 
coefficient of friction. As the MO-based cutting fluid was allowed to flow in the 
cutting region, it dissipated some of the heat generated. However, MO will not provide 
sufficient lubrication between the interacting surfaces which resulted in higher tool 
wear. The vibration amplitude is reduced in the MO cutting as compared to the dry 
cutting. On the other hand, PO cutting condition provides sufficient lubrication which 
resulted in the reduction of coefficient of friction. The lesser vibration amplitude can 
be directly correlated with the lesser cutting forces during the PO cutting environment 
which resulted in the decrease of tool wear and an increased tool life. Also, PO 
effectively reduced the cutting zone temperature resulting in a significant reduction 
of vibration amplitude.
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Fig. 4 a Time-domain plot for different cutting conditions, b Frequency spectrum of vibration 
signals for dry cutting with machining time 

The direct signals measured by the vibration sensor are in the time domain which 
is first converted into the frequency domain with the help of fast Fourier transform 
(FFT). The frequency spectrum of vibratory signals under dry-cutting conditions is 
depicted in Fig. 4b. The spectrum showed the main peak frequency bands at 3–5 kHz 
which indicates the fundamental resonant frequency of the tool holder. The frequency 
amplitudes were increased with the increase in flank wear on the cutting tool inserts. 
This shows that the frequency spectrum can be directly correlated with tool wear. 

4.2 Sound Analysis 

Each cutting process generated a noise depending on the vibration of the machine 
tool and the workpiece [14]. The graph between the RMS values of sound pressure 
signals with the machining time is depicted in Fig. 5. It has been observed that the 
RMS values of the sound pressure signals are increased with the increase in tool 
wear. The measured acoustics signals are more sensitive to the tool wear and can 
be used to predict the tool condition during the turning operation. The tool wear 
condition can be effectively monitored and correlated with the RMS values of the 
sound pressure signals. This proves that it can be a very cost-effective and non-contact 
sensor technique for TCM during the turning operation.

4.3 Tool Wear Analysis 

The life of cutting tools is considered as an essential economic aspect because of 
their importance in enhancing production. The flank wear developed on the tool 
flank surface affects the machining performance. The rubbing of a cutting tool on 
the workpiece causes flank wear on the clearance surface of the tool inserts, the
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Fig. 5 RMS plot for sound 
pressure at various cutting 
conditions, viz. dry, wet, and 
palm oil
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abrasion wear being the major wear mechanism on the flank surface [15]. Figure 6 
depicts the progression of flank wear with the machining time under different cutting 
conditions. Under a PO-cutting environment, flank wear is minimum when compared 
to dry and MO conditions. The application of palm oil as a lubricant at the tool– 
workpiece interface resulted in a significant reduction of cutting forces and effective 
temperature management at the cutting zone which extends the tool life. The unique 
properties of PO such as excellent lubricity, oxidation stability, thermal stability, 
and high viscosity index result in a significant reduction in adhesion, abrasion, and 
diffusion wear processes thereby causing a reduction in tool wear as compared to 
the dry and MO cutting condition.

5 Conclusions 

The analysis and correlation of vibro-acoustic signal features to cutting tool wear 
have been carried out. The temporal waveform of the measured signals was found 
to be more sensitive to the cutting condition, while frequency domain features were 
correlated with the tool wear. The increase in tool wear showed that the cutting 
conditions are influenced by the vibration and noise generated during the turning 
operation. The effect of tool wear was prominent from the frequency spectrum of 
the vibration signals. In general, the RMS value of the sound pressure amplitude 
increased with the increase in tool flank wear. The vibro-acoustic TCM technique is 
more favorable for different cutting conditions.
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Fig. 6 Progression of tool 
wear with machining time
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Advanced Plasma Polishing Process: 
Principle, Recent Applications, 
Challenges, and Future Scope 

Hari Narayan Singh Yadav and Manas Das 

Abstract In current years, optical components are the most important and necessary 
components of making electronic chips, semiconductors, lenses, and mirrors. In those 
fields, the quality of the surface is very important. Micro-cracks, lattice disturbances, 
and other flaws are always present on the final surfaces of components manufactured 
in traditional contact machining methods. In order to satisfy all those drawbacks, 
an advanced plasma polishing process, named medium-pressure plasma polishing 
(MPPP) process, has been developed. It removes surface and subsurface damage 
while polishing of optical components. The present article focused on a comprehen-
sive literature review of the proposed process, with principles and applications. More-
over, this article addresses the investigation of surface roughness, morphology, and 
chemical composition before and after the MPPP process using 3D optical profiler, 
FESEM, and EDX analysis, respectively. The surface roughness of fused silica has 
been slightly increased from initial surface roughness (Ra) 0.35 to final Ra 0.37 μm 
after plasma processing. Further, the result shows the morphology has been improved 
after processing. EDX result shows the presence of fluorine on the surface of fused 
silica, and it shows the reaction has been involved during processing. Moreover, the 
research challenges and future scope have also been discussed. 

Keywords Plasma polishing · Material removal · Surface roughness · FESEM ·
EDX · Optical material 
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SF6 Sulfur hexafluoride 
RF Radio-frequency 
MFM Mass flow meters 
EDX Energy-dispersive X-ray 
FESEM Field-emission scanning electron microscopy 
MRR Material removal rate 
sccm Standard cubic centimeter per minute 
APPJ Atmospheric pressure plasma jet 
AFM Atomic force microscopy 
XPS X-ray photoelectron spectroscopy 

1 Introduction 

In recent years, the demand for optical components has been increasing due to 
the development of electronics-related manufacturing industries. Also, the usage 
of optical components is increasing due to the rapid growth of science and the evolu-
tion of modern technologies. So, considering these factors, the surface finishing of 
optical components must be in the range of nanofinish and ultra-smooth surfaces 
[1]. The optical components play an important role in producing electronic chips 
and semiconductor-correlated products. The commonly used optical components 
like lenses, telecommunication lasers, and mirrors [2]. Due to its properties, the 
optical components are majorly used in aeronautical navigation, aerostatic and elec-
tronic components. The main reason for using optical components in those fields 
is because of their individual physical properties [1]. Numerous optical materials 
are used in various applications like precision lenses, synchrotrons, optics windows, 
wave plates, optical domes, infrared optics, and precision mirrors. In addition to 
optical fields, fused silica is commonly used in laser-related components, aeronautical 
components, electronics chips, etc. These optical materials’ outstanding finishing 
quality is crucial since these parts are utilized in extremely precise equipment such 
as space telescopes, metrology, machine inspection, surveillance, projection, and 
thermal imaging, among other things. The components of optical are categorized 
into many categories; materials mentioned below are very much used in the fields 
of aeronautical, surveillance metrology, electronics, manufacturing section, etc. The 
subsequent classifications are the substance which is crystalline, like calcium fluo-
ride, and glasses, like fused silica. The substance has a low thermal expansion, like 
zerodur, and metals like copper and aluminum. The reason behind using fused silica 
is because of its unique physical properties. The properties, like more resistance 
and withstanding high temperature [3], will not be chemically reactive and also 
transparent to visible light. Nanofinishing through unconventional techniques has 
emerged as a novel technology for optical material processing [4]. Material surface 
quality is critical for science and industry. In addition to this, high processing effi-
ciency is necessary to process the components. The atmospheric pressure plasma
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process (APPP) technique can easily polish complex interior shapes, freeform, and 
targeted areas. The potential for using these sophisticated finishing procedures to 
polish various complicated freeform components constructed of diverse materials is 
examined. 

The surface and substrate properties significantly impact the life and efficiency 
of the optical device [5]. The final surfaces of components created by the contact 
machining process are constantly subject to flaws such as micro-cracks, pits, adhered 
material, and lattice disturbances. In order to satisfy and overcome all those draw-
backs, researchers put more effect into developing advanced technology to make 
ultra-smooth surface finishing. A non-contact medium-pressure plasma process 
(MPPP) has been developed [6]. It is one of the very important methods for surface 
finishing of optical components, i.e., lenses, mirrors, prism, etc. [7]. Using chemical 
and physical actions, it can remove the material atom by atom level. This newly devel-
oping technique gives us a very good surface finish without any surface contamination 
and zero sub-surface defect on optical components [8]. Arnold et al. [9] proposed 
a plasma jet-based process, and it could be applied for surface figures or shaping 
error modification on an optical substrate. Moreover, it also discussed outlooks of 
the surface with plasma interaction. Paetzelt et al. [10] reported plasma jet polishing 
applies to the highly localized working area, i.e., plane, spherical, aspheric, and 
micro-structured substrates. Jin et al. [11] reported plasma finishing processes on a 
fused silica substrate. Also, an investigation is conducted into the surface charac-
terizations of fused silica using Ar/CF4 plasma at atmospheric pressure. Moreover, 
atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) are 
employed to examine the morphology and chemical development of fused silica 
surfaces. Gerhard et al. [12] reported the polishing of fused silica and investigated 
the surface and near-surface effects at atmospheric pressure. The plasma process 
significantly reduces the transmission of the investigated glass samples. Addition-
ally, ellipsometry shows a reduction in the superficial index of refraction of around 
3.66% at a wavelength of 636.7 nm. A reduction in surface polarity of 30.23% is 
found using surface energy measurements. Cui et al. [13] reported a combined theo-
retical and experimental investigation into the influence of packing surface structure 
and plasma discharge on SF6 degradation in γ-Al2O3 packing DBD system. Exper-
iment results reveal that the hydration impact of the surface (due to moisture) and 
the presence of reactive gases in the plasma can considerably reduce SF6 degrada-
tion, but they have little influence on discharge behavior. Graves [14] observed that 
non-equilibrium, low-pressure, weakly to partly ionized gas discharge plasmas are 
employed for a variety of surface processing applications. Deng et al. [15] proposed 
the optimization of plasma oxidation and abrasive polishing to increase the material 
removal rate (MRR) applied on substrate 4H-SiC using the plasma-assisted polishing 
(PAP) process. It showed that the plasma oxidation rate was significantly enhanced 
with a low water vapor content in He gas. Plasma process removes the material 
from the workpiece by creating low-temperature plasma inside the plasma chamber. 
Yadav et al. [3] investigated the atomistic material removal rate using a medium-
pressure plasma process (MPPP) on a fused silica surface, and further material
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removal mechanism is discussed. Plasma polishing parameters, i.e., gas composi-
tion, pressure ratio, total pressure, and RF power, affecting the material removal rate 
of fused silica, have been presented. Field-emission scanning electron microscopy 
(FESEM) is an advanced imaging technique used to visualize the surface structure 
and topography of a sample at high resolution [16, 17]. Yadav et al. [18] investigated 
plasma-processed fused silica substrate, and it is characterized using FESEM and 
EDX, which depict the presence of silicon, oxygen, and fluorine on the processed 
substrate. This technique overcame all the drawbacks using traditional methods and 
gave a high-quality surface finish on optical parts [19]. The finishing of optical 
components using the traditional polishing method, more surface damage occurs, 
and it also produces some micro-cracks in the surface [20]. All those factors affect 
the performance of the optical components. These drawbacks happen while using 
traditional polishing methods due to physical contact between the workpiece and the 
tool [21]. To satisfy all those requirements, research in the field of optical polishing 
with soft material surfaces, a novel non-contact MPPP, has been developed for the 
finishing of optical components. It removes the sub-surface damage from the surface 
of optical component. 

The present study conducts experiments to find the surface roughness of optical 
components. The novelty of the process arises from the fact that the current medium-
pressure plasma polishing process is capable of polishing complex 3D profiles with 
cavities where neither a tool nor a beam can reach and can remove the material 
from the surface without any contamination deposition during processing. Ionized 
atoms in the plasma chamber help remove material from the fused silica surface. 
This paper presents the schematic diagram, an actual photograph of the developed 
experimental setup, and the principle of the plasma polishing process. Moreover, the 
surface roughness, morphology, and chemical composition of the processed surface 
before and after the plasma process using a 3D optical profiler, FESEM, and EDX, 
respectively. The research challenges and future scope have also been discussed. 

2 Materials and Methods 

The following section presents the plasma process principle, the plasma processing 
flow chart, and the schematic and actual photograph of the developed experimental 
setup. 

2.1 Principle of Plasma Process 

In the polishing process, the process and reactive gas with the optimal ratio are 
properly mixed and then admitted into the process chamber. The reaction gas is then 
ionized by radio-frequency (RF) power in the plasma chamber to generate high-
density energy reactive radicals [22]. The plasma generates the radicals and ion
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Fig. 1 Principle of plasma process 

species which react with the surface of the workpiece as energetic radicals, ions, 
and electrons. The reactive radicals then interact chemically with the workpiece’s 
surface atoms. These radicals make surface reactions with the fused silica, which 
makes effective atomic-scale material removal. Further, the volatile product, i.e., 
SiF4, generated and removed the material from the surface, as shown in Fig. 1. This  
process eliminates the material from the surface of the workpiece by the radical and 
ion species. The probable reaction is illustrated in Eqs. (1) and (2) [3]. 

SiO2 + 4F∗ → SiF4 ↑ +O2 ↑ (1) 

Si + 4F∗ → SiF4 ↑ (2) 

2.2 Experimental Setup 

The medium-pressure plasma polishing setup consists of gas cylinders (He, O2, and 
sulfur hexafluoride (SF6)), mass flow meters (MFM, sccm: standard cubic centimeter 
per minute), a plasma chamber, a pump, and RF power. The gasses flow into the mass 
flow meter from the gas cylinder, and a separate controller is used to control the flow 
rate of the gasses and admitted into the plasma chamber. The gasses are allowed to 
enter into the chamber, and RF power is used to ionize the gases inside the chamber, 
leading to the production of plasma inside the chamber. The generation of plasma 
inside the process chamber during polishing is shown in Fig. 2.

The schematic diagram and actual photograph of the developed experimental setup 
of the medium-pressure plasma process are illustrated in Fig. 3a and b, respectively. 
The method achieved an ultra-smooth finish with a high material removal rate and 
good surface finish [18]. The gases are coming out from gas cylinders, and a mass 
flow meter is used to control the flow of gases. Further, the gases are filled in the
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Fig. 2 Generation of plasma 
inside the chamber

plasma chamber with optimum ratio and ionized using RF power. The pump is used 
to create the vacuum inside the chamber just before the filling of gases, and also, it 
helps to exhaust generated gases during processing.

2.3 Flow Chart of Medium-Pressure Plasma Polishing 
Process 

The machining stages in the medium-pressure plasma polishing process are organized 
in circular diagrams in a flow chart, as shown in Fig. 4. Initially, the process gases 
come from different gas cylinders and pass through mass flow meters. It controls 
the flow rate of the gases. The gases are then admitted into the plasma chamber at a 
particular partial pressure controlled by the flow rates of mass flow meters. RF power 
ionizes the gases into radicals, ions, atoms, and molecules. The radicals react with 
fused silica substrate and generate volatile silicon tetrafluoride (SiF4) compounds.

3 Results and Discussion 

The following section provides fused silica’s surface roughness, morphology, and 
elemental composition before and after processing using a 3D optical profiler, 
FESEM, and EDX.
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Fig. 3 Experimental setup of medium-pressure plasma polishing a schematic diagram and b actual 
photograph

3.1 Surface Finishing of Fused Silica Substrate 

The experiments are carried out using He, O2, and SF6 plasma to investigate the 
surface roughness of fused silica. The process parameters, i.e., gas composition, pres-
sure ratio, total pressure of plasma chamber, and RF power, have been chosen based on 
the previous literature survey and preliminary experiments. Higher discharge directly 
affects the surface profile in the plasma polishing process. Complete plasma discharge
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Fig. 4 Flow chart of the plasma polishing process

leads to uniform material removal from the substrate. The processing parameters of 
the plasma process are illustrated in Table 1. 

Figure 5a and b shows 2D roughness profiles before and after plasma processing, 
respectively. The experiments have been performed on the process parameters, i.e., 
gas composition (He:(SF6 + O2)) of 92:8, pressure ratio (SF6/O2) of 1:1, RF power  
of 80 W, and machining time of 55 min. The surface roughness is marginally 
increased from 0.35 μm to 0.37  μm after plasma processing. Before and after plasma 
processing, the surface finish of fused silica is measured by a 3D profiler. It is evident

Table 1 Processing 
parameters of plasma 
experiment 

Parameters Values 

Gas composition (He: (SF6 + O2)) 92:8 

RF power 80 W 

Pressure ratio (SF6/O2) 1:1 

Flow rate of He 58 sccm 

Flow rate of O2 0.90 sccm 

Flow rate of SF6 1.40 sccm 

Total pressure of plasma chamber 20 mbar 

Machining time 55 min 
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(a) 

(b) 

0.35 μm 

0.37 μm 

Fig. 5 Surface roughness of fused silica a before and b after medium-pressure plasma process 

by the workpiece contrast that the substrate surface, after plasma processing, achieved 
a good surface finish without any surface defects and surface contamination. Three 
surface profiles are used to measure each sample’s initial and final surface roughness 
values. After that, an average value of surface roughness is calculated. 

3.2 Microstructure and Chemical Composition Analysis 

FESEM provides the morphology of the substrate’s surface. The surface morphology 
of fused silica before and after processing is illustrated in Fig. 6a and b, respectively. 
The micro-cracks and adhered materials have been detected on the original surface, as 
illustrated in Fig. 6a. The results showed that the cracks, etched pit, and deposition had 
been removed after the plasma process, as shown in Fig. 6b. EDX is used to analyze 
the elemental composition on the substrate surface. The EDX findings of fused silica 
before and after the plasma process are presented in Fig. 7a and b, respectively. It is 
obvious that before processing Si, O, and after the process, it consists of four elements 
such as Si, F, O, and C, detected on the surface of fused silica, where the majority of 
the oxygen and carbon elements come from atmospheric air. The presence of fluorine 
elements shows that the reaction occurred during processing.
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(a) (b) 

Fig. 6 FESEM image of fused silica a before and b after medium-pressure plasma process 

(a) (b) 

Fig. 7 EDX image of fused silica a before and b after medium-pressure plasma process 

4 Research Challenges 

The current development of optics-related industries requires the extremely severe 
quality of the surface with less damage. This type of requirement is the present 
challenge of optic polishing technology. Using traditional processes always creates 
damage, such as micro-cracks and lattice disturbances, on the surface of the work-
piece. The conventional polishing method is not suitable for functional brittle, hard 
materials like glass, ceramics, and crystal due to the individual characteristics of 
those materials. For the finishing of optical materials, most of the researchers used 
non-conventional plasma processes and utilized some common gases like sulfur 
hexafluoride (SF6), helium (He), argon (Ar), and carbon tetrafluoride (CF4) to polish 
optical materials such as fused silica, silicon, ceramics, and zerodur materials. Very 
few researchers have discussed polishing the critical complex and freeform optical 
surfaces. Several researchers have reported that the material removal rate of optical 
material is 5–32 mm3/min using a plasma process. However, the efficiency of this 
process is low, and improvements in the surface roughness are not so much good.
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During processing, it requires periodically cleaning the process chamber to make the 
finishing process more efficient. The plasma process is mainly utilized to improve 
the sub-surface defect of optical material. 

5 Future Scope 

The plasma process has a promising future and is expected to have several significant 
applications across various fields. The process parameters can explore in some higher 
range to get the optimum MRR and better surface finish. There are some potential 
areas where the plasma process can make a significant impact: 

• Surface modification and coating: Medium-pressure plasma processes can be 
used for surface modification and deposition of functional coatings. With 
medium-pressure plasmas, treating a wide range of materials, including poly-
mers, ceramics, metals, and composites, is possible. These processes can improve 
surface adhesion, enhance wear resistance, provide corrosion protection, and 
introduce specific functionalities like hydrophobicity or antibacterial properties. 

• Electronics manufacturing: Medium-pressure plasma processes find extensive 
applications in the electronics manufacturing industry. They can be used 
for cleaning and activating surfaces prior to bonding or soldering processes, 
improving the adhesion and reliability of electronic components. Medium-
pressure plasma can also be employed for the surface treatment of printed circuit 
boards (PCBs), enhancing their performance and ensuring better solderability. 

• Semiconductor industry: The medium-pressure plasma process is well-suited for 
various semiconductor manufacturing steps. It can be utilized for precise etching 
of semiconductor materials, such as silicon, gallium arsenide, and other compound 
semiconductors. Medium-pressure plasma processes can also facilitate the depo-
sition of thin films and patterned coatings used in integrated circuits and other 
electronic devices. 

6 Conclusion 

This article briefly discusses the optical substrates, application of optical materials, 
schematic and actual photograph of the experimental setup, and principle of the 
plasma polishing process. 3D optical profilometer, FESEM, and EDX are used to find 
out the surface roughness, morphology, and chemical composition of the processed 
surface are included. The following conclusion can be drawn: 

• The surface roughness of fused silica has slightly increased from 0.35 μm to 0.37  
μm after the treatment of the plasma process. 

• FESEM results show that fused silica morphology has improved, such as cracks, 
etched pits, and holes after the plasma process.
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• EDX results show that the elements Si and O are presented on the initial surface, 
and F, C, Si, and O are observed on the processed surface after the plasma process. 
The presence of fluorine elements shows the reaction on the fused silica’s surface. 
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Additive Manufacturing 
with Interdisciplinary Applications 

Mohammad Taufik and Prashant K. Jain 

Abstract Additive manufacturing (AM) becomes the successful commercial tech-
nology because of the interdisciplinary applications of this technology in different 
sectors. This review paper categorises the interdisciplinary applications of AM into 
three different sectors as prototyping, rapid tooling and direct part production. Each 
application sectors provide reviews on how normally AM processes have been 
adopted, albeit how and why they are utilised has also been presented. In this paper, 
sufficiently novel and important observations have been presented which include AM 
fabricated metamaterial, microelectrode arrays, micro-channel, mesoscale burner, 
marine parts, monolith structures, biofuel microstructured and assembly with photo-
voltaic. In this way, the present approach provides significant insights into different 
additive manufacturing application sectors. In addition, to provide an overall view, 
interdisciplinary applications listed in the current study are sufficiently adequate for 
a review in terms of number of research works considered from the literature and 
various resources available in the public domain. The current research also shows that 
the AM can provide future scope in different fields such as cold spray, direct fabri-
cation of electromechanical devices on the macroscale, radio-frequency structures 
and similar applications. 
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1 Introduction 

Unlike to subtractive process, such as drilling, milling and similar machining 
processes. Additive manufacturing (AM) process fabricates solid objects by joining 
material layer upon layer from 3D CAD model. ISO/ASTM 2016 provides seven 
categorisations for the AM processes, namely directed energy deposition (DED), 
powder bed fusion (PBF), vat photopolymerization, sheet lamination (SL), binder 
jetting (BJ), material extrusion and material jetting (MJ). These AM processes differ 
with reference to their mechanism of energy demands, layer thickness or beam width 
(e.g. resolution), volume built per time (e.g. build rate), material compatibility, fusion 
and other attributes. In spite of all these variations, these processes can be summarised 
in one place based on the resolution and productivity of each AM processes as shown 
in Fig. 1 [1]. 

AM processes are working with various materials such as metal, plastic and 
composites, without wasting material at large scale unlike the conventional manu-
facturing processes. It is frequently believed that AM offers “design freedom” impli-
cation that the adding of complex features does not effects AM part fabrication capa-
bility. To assess this theory in the current AM marketplace, conventional assemblies 
can be manufactured in a single complex structure through AM processes. Moreover, 
AM built complex parts do not require significant amount of post-processing. Further, 
the benefit of the AM process is that unlike the conventional CNC machining process 
part complexity increases the cost of production. However, in case of increase of part 
complexity in case of AM process cost does not increase, besides it remains rela-
tively invariant [2] or decreases as shown in Fig. 2 [1]. Additional key application 
aspect of the AM process is that it is naturally very auspicious. As a result of all 
above-mentioned benefits of AM processes, its application as well as market share is 
increasing rapidly, spreading into various sectors, such as prototyping, rapid tooling

Fig. 1 Representation of different AM processes based on their productivity and resolution 
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Fig. 2 Cost versus 
complexity-based 
comparison between AM 
and CNC process 

and direct part production, and is anticipated that this substantial progression will 
remain for the next some years. 

2 Application Sectors of AM 

This section summarises applications of AM process in the current scenario. The 
current applications of AM processes are used extensively for prototyping, rapid 
tooling and direct part production. Thus, three different types of the applications of 
AM process have been presented in this section. These studies will also refer to show 
the effect of part surface quality on AM applications. 

2.1 Application in Prototype Development 

There are many types and classes of physical prototypes, but their main purpose 
is to minimise risk throughout the product development phase [3]. The objective 
of AM prototyping is to fabricate quickly any complex-shaped three-dimensional 
part from CAD data [3]. Some of the specific applications of prototyping follow 
engineering analysis and planning, design, concept models, art models, medical 
models, architectural models, form, fit and function testing and validation, assembly 
models and styling, ergonomic studies. Further, to explore the AM applications in 
computational research and its short- as well as long-term future goals which were 
suggested and summarised by Smith et al. [4]. Smith et al. [4] has suggested a 
linkage relationship between process–structure and structure–property along with 
the structure and direction, which is presented in Fig. 3. However, for substantial
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Fig. 3 Future goals of computational modelling for AM applications 

enhancement of AM application corresponding experiments must be calibrate and/ 
or validate theoretical modelling. 

Recently, unlike the conventional AM functional prototyping applications 
were outer shape of objects engineered, AM prototyping also engineers internal 
microstructures such as materials create along with hard as well as soft regions and 
it is known as metamaterial [5, 6]. 

Ion et al. [5, 6] have demonstrated mechanical function of AM fabricated metama-
terial objects. These AM printed metamaterial objects consists of well-defined single 
block of material cells mechanism which helps them to complete macroscopic move-
ment in different case study such as door latch, digital door latch, pliers, pantograph, 
Jansen walker and switch as shown in Fig. 4.

Figure 5a, b demonstrates the application of AM in art. Complex and intricate 
artworks can be easily fabricated using AM processes as there is no limit on printing 
complex parts. Figure 5b shows a display case along with a splash spanning object 
as  shown in Fig.  5a which is fabricated by AM. In these cases, surface quality plays 
an important role which will improve aesthetical characteristics.

Nowadays, architectural models and engineering analysis models are frequently 
produced by AM. Applications of prototyping in architecture started in the year 2000. 
Gibson et al. [8] discussed the application of AM for architectural modelling and its 
limit. Figure 5c shows the example of models made using AM. They discussed two 
different critical requirements of architects. According to their discussion, the first 
requirement is related to the separation of the various sectors and second is related 
to various materials in models. Gibson et al. [8] suggested that the RP technology 
can be used more creatively than usual by combining models made with different 
materials and processes.
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(a) Door latch (b) Digital door latch 

(c) Pliers              (d) Pantograph 

(e) Jansen walker                                         ( f) Switch 

Fig. 4 AM fabricated metamaterial mechanisms

Some literature has been observed to support RP application for engineering 
analysis models. As engineering analysis is a vast domain, the four typical applica-
tions of engineering analysis, as shown in Fig. 5d–f, are provided as follows: flow 
pattern visualisation, thermoelastic tension as well as photoelastic stress analysis and 
fabrication of wind-tunnel test models. 

Nowadays, AM prototype is being used for assembly process planning. It offers 
numerous advantages in different application sectors and in the customised uses [9]. 
These advantages are usually missing in other methods like the computer model. 
Ahmad et al. [9] categorised the core issues such as shrinkage and scaling for 
assembly process planning using RP technology. They presented detailed guidelines 
for assembly and training processes using RP. In their work, assembly case study 
of a reciprocating gizmo mechanism has been taken. Figure 6 shows a typical case 
study which is used for the RP for assembly training and validation purposes. In this
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(a) Water splash cross-sections of 3D model (b) SLS fabricated water splash model 

(c) Space frame construction 

(d) Visualisation of flow patterns (e) Thermo elastic tension analysis 

(f)Photoelastic stress analysis 

Fig. 5 Applications of RP in a, b Art, c Architecture and d–f Engineering analysis [7]

case, any surface irregularities or poor surface quality issue significantly influences 
parts functionality or assembly.

Low-cost AM/3D printers along with friendly CAD applications facilities have 
made inroads into the classroom. Students around the globe in different schools and 
colleges are able to design and produce prototypes which they can observe and study 
for educational purposes. The use of AM process allows students to enhance their
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(a) AM fabricated assembly components (b) Reciprocating gizmo 
mechanism 

Fig. 6 AM prototypes for assembly training and validation [9]

learning abilities. Kroll and Artzi [10], for example, have used 3D-printed wind-
tunnel models for improving learning skills of aerospace engineering students. They 
also found that the application of AM in prototype development is very economical 
for educational purposes. 

Different studies on the impact of AM on engineering education have been 
performed by Minetola et al. [11]. Different study groups of students worked at 
Politecnico di Torino University, Italy. The projects on the AM of a downhill bike 
were also demonstrated. Figure 7 shows the FDM fabricated braking systems. The 
AM costs for the downhill bike are also estimated for the educational purposes which 
include CMAT (material cost), CPRE (pre-processing cost), CBUILD (building cost) and 
CPOST (post-processing cost) and presented as follows: 

CTOT = CMAT + CPRE + CBUILD + CPOST. (1) 

They found highly positive feedbacks from students and suggested that the educa-
tion of AM will empower people to extend products lifecycle and durability. In this

(a) Rear wheel structure (b) Detail of the transmission 
Fig. 7 AM prototype of a downhill bike [11] 



190 M. Taufik and P. K. Jain

(a) Time compression engineering (b) Compliant mechanism 

Fig. 8 AM/3D printing in rapid product development [7, 12] 

work, a pre-processing cost is included which shows it possible to reduce total cost 
if surface quality of fabricated prototype is sufficient. 

Moreover, need for fast-paced market and consumer goods demands rapid product 
development cycles. This led to AM being used in product design process for quick 
conceptualisation of idea into a physical prototype and design iteration. Proof-of-
concept models can be easily made using AM processes. Pham and Dimov [7] graph-
ically presented the benefits of product development (PD) process. The application 
of AM in prototype development has been used for time compression engineering 
to decrease the time to market. It can be observed from Fig. 8a that the prototyping 
provides significant time compression in product development. 

Meisel et al. [12] have presented a case study for the design of optimised, multi-
material compliant mechanism. With the added advantages of multi-material polyjet 
printing, such as geometric design freedoms and multi-material capability, compliant 
mechanisms were fabricated easily with optimised design as shown in Fig. 8b. 

The above-presented different applications of AM prototypes provide motivation 
to study surface quality. Providing sufficient information about surface quality in 
prototypes will benefit prototype applications with a greater impact. 

2.2 Application in Rapid Tooling 

Rapid tooling is a unique application of AM for pre-production models. The term 
rapid tooling is normally utilised to define a process that either uses an AM built pat 
as a pattern to create moulds or uses the AM technique to fabricate tools directly for 
a limited volume of prototypes [3]. RT also refers to mould cavities that are either 
indirectly or directly fabricated using the AM process.
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Fig. 9 Comparison among polymer components for cost versus quantity

RT is very important application of AM as it helps in enhancing market time 
rapidly, dropping investment and producing greater quality moulds and patterns. As 
a result of this nowadays there are many examples associated with RT as shown 
in Fig. 10. For tooling requirements, polymer-based AM processes overcoming the 
fixed cost obstacle as it delivers a nearly uniform cost-quantity connection. However, 
based on utilisation of AM machines its process parameters as well as corresponding 
post-treatment techniques and its factors may influence precise cost-volume trend 
for AM [1] as shown in Fig. 9. Rapid tooling process such as laser engineered net 
shaping (LENS) (please refer Fig. 11a) can be utilised for short-run manufacturing, 
repairing, rebuilding and functional prototyping. The complex features of a piece of 
jewellery can be precisely manufactured with RP pattern (please refer Fig. 11b). 

The application of RT usually classified into two major types, namely indirect 
RT and direct RT. Indirect RT shows the fabrication of pattern by RP technique, 
which is further used as a model for die and mould making. Direct RT shows the 
fabrication of moulding and casting inserts directly from 3D CAD models. Indirect 
method for RT can be classified as room temperature vulcanizing silicone rubber 
moulds, spray metal tooling, sprayed steel, cast aluminium and zinc kirksite tooling, 
three-dimensional keltool, vacuum casting, reaction injection moulding, spin casting, 
cast resin tooling, rapid solidification process, plaster moulds, electroforming and 
investment cast tooling. 

Mun et al. [21] presented a typical example of indirect rapid tooling processes 
which is used to produce ceramic mould by using sacrificial pattern as shown in 
Fig. 12a, b. In this process, two master patterns were assembled with a gating system 
which was attached to a system of gates, runners, sprue and pouring cup as shown 
in Fig. 12c. Ceramic slurry containing colloidal silica and zircon was used to dip
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(a) (b) 

(c) (d) 

(e) (f) 

Fig. 10 AM application in rapid tooling for a water carrier: FIFA 2014 [13], b digital multimeter 
[14], c housings and the exterior cover [15], d hydroformed Diamond [13], e thermoformed aligners 
[16], f vacuum mould [17], g injection moulds [18], h paper pulp mould [19], i jigs and fixtures 
[20] and  j investment casting [13]

pattern assembly as shown in Fig. 12d. Fine-grained zircon was used further for 
coating purpose after slurry was completely drained. Then pattern assembly was dry 
at room temperature as shown in Fig. 12e, after finishing of dipping and drying cycles 
dewaxing was completed as shown in Fig. 12f. The master pattern assembly was 
evacuated from the ceramic mould for forming the tool cavity. The ceramic mould 
was then moved to a vacuum chamber where it was filled by molten aluminium alloy
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(g) (h) 

(i) 

(j) 

Fig. 10 (continued)

(AC4C). The material was poured under a vacuum condition to avoid any air-induced 
void asperities in final cast part as shown in Fig. 12g. After casting the material into 
the ceramic mould, it was solidified and cooled for the removal of ceramic mould 
which surrounded the casting as shown in Fig. 12h. Then casting part was used 
as a final rapid tool as shown in Fig. 12i which can be utilised further to produce 
multiple parts. But, due to the presence of one intermediate replication process in 
indirect RT process, tool has low accuracy, strength and requires higher build time. 
However, indirect RT process shows a better alternative to utilise AM process for the 
fabrication of tool to make few hundred parts. On the other hand, in direct RT process, 
when this one intermediate replication process is eliminated, the accuracy issues and 
build time decreases sharply. Direct method for RT can be classified as: direct aces 
injection moulding tooling, copper polyamide tooling, selective laser sintering rapid
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(a) Parts produced by LENS and SL (b) Ring produced by RP pattern 

Fig. 11 AM application in rapid tooling [7]

steel, laminated tooling, laser engineered net shaping, topographic shape formation, 
direct metal tooling using 3DP™, controlled metal build up and prometal. Direct 
methods for RT cab also be classified into two types by the use of binder-coated 
powder approach and binderless material approach.

Petrovic et al. [22] presented the use of AM in mould making. In a simple mould 
fabrication process, a series of straight cooling channels are provided to provide 
adequate cooling. Moreover, in a mould-making process, warping, contraction and 
overall quality of part depends on the cooling. For example, in a simple mould fabri-
cation process, if the direction of cooling channels is straight as shown in Fig. 13a, 
then it is not effective for homogeneous heat transfer. In other words, it does not 
provide the adaptive cooling to the mould’s walls. On the other hand, in an AM 
fabricated cooling channels as shown in Fig. 13b, free-form features are provided 
so that it provides homogeneous heat transfer which helps to improve the quality of 
injected parts. Therefore, AM enables adaptive cooling and the injection cycle time 
reduces sharply. As compared to the conventional process, AM can also make mould 
inserts over manufactured mould blocks saving time and cost. Typical hybrid moulds 
are generally fabricated through electron beam or laser-based AM processes.

A further example of RT includes direct shell production casting (DSPC). In a 
DSPC, without any intermediate steps, it builds ceramic moulds from CAD file. This 
direct RT process has been promoted by Soligen Inc. and also known as 3DP™ 
process. To illustrate DSPC process, different steps are presented in Fig. 14. Further 
typical examples of 3DP™ process are shown in Fig. 15.
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(a)CAD drawing (b) 3D printed wax pattern 

(c) A bottom gate system designed 

(d) Ceramic shell coating (e) Drying (f) Dewaxing 

(g) Casting (h) Shell craking (i) Final product 

Fig. 12 Investment casting of 3D-printed cellular patterns [21]
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Fig. 13 a Conventional and b Conformal cooling channels [22]

Fig. 14 Different steps of DSPC [7]
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Fig. 15 Examples of 3DP™ process [7] 

2.3 Application in Direct Part Manufacturing 

In this section, some important applications of AM as a process to manufac-
ture direct parts are presented. Several works have been recognised for the direct 
customised application of AM parts in medical. In general, the biggest area of 
AM processes for customised medical applications include orthoses and prostheses 
implant/replacement, medical devices, tissue engineering and scaffoldings as shown 
in Fig. 16.

In last three decades, AM has been used to print patient-specific orthoses and 
prostheses (O and P) for medical purposes. The most common types of O and P 
include prosthetic sockets, ankle–foot orthoses (AFOs) and foot orthoses (FOs). 
Figure 16a, b show the comparative examples of ankle–foot orthoses (AFO) and 
foot orthoses (FO) which were fabricated through traditional and AM process. AM 
provides more suitable conditions for direct part fabrication. For the restoration of 
tissues, scaffolds were usually printed through AM processes. This is because it is 
recognised that AM has the ability to fabricate the internal structure efficiently. A 
case study on the reconstruction of a mandibular implant for the fabrication of porous 
structures in a controlled manner for tissue engineering application is also presented 
in Fig. 16c, d. Moreover, AM is frequently used for the fabrication of medical devices, 
and hence, it increases the demand of surgical guidance aids. 

Researchers are working in this direction, and they investigated the different uses 
of AM processes in surgical guides. Typical observations were documented through 
literature review. The major area of fabrication of medical devices includes hearing 
aid and dental industries implants. The significant ones are improvement in implant 
placement, surgical guides which are analogous to the optical tracking system and for 
keeping artificial replacement teeth (ART) in the oral cavity removable partial dental 
framework. Figure 16e–g shows the application of SL surgical guides to accurate 
dental implants placement. Moreover, part surface quality can play a major role in 
biomedical application area because the functionality of implant/replacement and 
scaffold surface topography are very critical in biomedical applications. 

AM processes are also used to directly fabricate high-performance microelec-
trode arrays as shown in Fig. 17a. With the added advantages of AM process, it 
is easy to build microelectrode arrays in very quick operational time along with
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(c) AM in Scaffold tissue engineering (d) Reconstruction of mandibular implant 

(e) SLA surgical guide (f) Constructed surgical guide in CAD (g) Fabricated guide 

(a) Foot orthosis (b) Ankle-foot orthosis 

Fig. 16 AM produced customised medical implants [23, 24]

low-cost and environmentally friendly conditions. However, AM surfaces have poor 
surface quality due to layer upon layer fabrication technique, which may contribute 
to variation in current per unit area in AM printed microelectrode arrays.

The AM printed microelectrode arrays (MA) can be used directly as an elec-
trochemical platform. It can also be utilised for direct applications, namely biofuel 
cells, biosensors and other electrochemical devices. In this direction, Yang et al. 
[25] provide a novel work. In their work, 3D printing was performed with aerosol 
jet (AJ) technology for the fabrication of silver microelectrode arrays. Fabrications 
were performed with three different electrodes spacing. A schematic presentation for 
microelectrode arrays fabrication process is shown in Fig. 17. In their work, UV light 
source was used to instantaneously cure polymer ink during the fabrication process. 
AutoCAD modelling software was used to make polymer traces. To fulfil the need of 
sensing regions creation at different segments, polymer traces were fabricated with
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(a) Microelectrode arrays fabrication 
by AJ printer 

(b) Schematic of microelectrode array 

(c) AJ printed microelectrode array images at different magnifications 

Fig. 17 AM printed microelectrode arrays [25]

a finite distance apart from each other as shown in Fig. 17a–c. For their developed 
work, Yang et al. [25] performed the comparative study and found good agreement 
between predicted and existing model. 

The use of AM in micro-manufacturing technique has been presented by Farré-
Lladós et al. [26] as shown in Fig. 18. Their developed process shows that AM can 
manufacture micro-channels much faster than previous micro-manufacturing tech-
niques. Hence, this attempt takes advantage of RP feature of AM process. Their 
research provides a new insight to manufacture micron-sized channels using AM 
technique along with UV-curable glue. In micro-channels, knowledge of surface 
finish is highly desirable to understand the effect of flow behaviour. The main advan-
tage of their developed micron-sized channels was that it can hold out pressures 
greater than 5 MPa. The main limitation of AM in micro-manufacturing is the 
machine resolution. Minimum cross-sections of micron-sized channels were usually 
based on the capacity of machine resolution. A schematic of the micro-channel and 
whole topography is shown in Fig. 18a–f which includes micro-channel assembly, 
3D view of the micro-channel and a histogram of the different heights.

With the initiation of direction application of AM process in cold spray as shown 
in Fig. 19 [27], since then, use of AM technology been significantly altered and 
promotes the direct deposition of material in a solid state for repairing of damage 
component. Further, dense deposition of relatively high hardness metals such as 
superalloy as well as processing of oxide-free metallic parts in open air has been made 
much easier with the help of the direct application AM in cold spray (CS) technology 
[28]. Luo et al. [28] have been demonstrated mechanical properties, microstructure 
and deposition behaviour of cold sprayed built parts. By using their developed in-situ
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(b) RPT part top view (c) RPT part bottom view 

(d) Assembly detail of the gap between the RPT part 
and the glass 

(f) Histogram of the micro-channel 

(a) View of the micro-channel assembly (e) 3D view of the micro-channel 

Fig. 18 Use of AM in micro-manufacturing technique [26]

micro-forging-assisted CS approach they are able to improve porosity as compared to 
conventional CS by virtue of which they were able to improve mechanical properties 
as shown in Fig. 20.

Klein et al. [29] have demonstrated the application of AM in the layer-by-layer 
fabrication of optically transparent glass as shown in Fig. 21. They have suggested 
that glass printing offered a completely new application sector for AM as it can 
provide customised control of light and optical properties.

Borges et al. [30] have presented the use of AM technology for the production of 
biofuel, and it brings one of the novel and good solutions in heterogeneous reusable 
catalyst productions along with high mechanical strength, product separation as well 
as used as a basis to scale up a continuous operation in batch mode. It shows suitable 
alternative to homogeneous catalysts-based traditional biodiesel production process 
and shows high activity for the biodiesel production reaction. In their research work, 
they utilised AM technology for the fabrication of micro structured catalytic mate-
rial which resembles the stirring system shape as shown in Fig. 22a–f. FDM process
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Fig. 19 Direct application of additive manufacturing concept in cold spray 

Fig. 20 In-situ micro-forging-assisted cold spray enabled additively manufactured

has been used to complete negative moulds 3D-fabrication process. With the devel-
oped system rate, differences in the reactions were found non-significant as well as 
it controls the mechanical damage of the catalyst significantly during continuous 
stirring operation induced through slurry reactor. Depending on the percentage of 
catalyst quantity associated with oil reactive/methanol, the yield of biodiesel or fatty 
acid methyl ester (FAME) found from the transesterification response was improved 
as shown in Fig. 22g.

Middelkoop et al. [31] have demonstrated an auspicious alternative which shows 
a great adsorption capacity and firm kinetics for adsorbents which were fabricated 
through AM process and prepared to do assembly or gas sweetening units. They have 
conducted packed bed reactor experiments along with 3D-printed monolith struc-
tures and commercially available 13X beads. AM fabricated monolithic sorbents 
along with breakthrough curves are shown in Fig. 23a. In their experiments, they 
have fabricated monolith structures through AM process and then loaded onto a 
thermocouple which is further place into the tubular reactor as shown in Fig. 23b–d. 
They have found desorption, and adsorption rates of monoliths are significantly faster
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Fig. 21 LED-assisted 
caustic patterns

than those for beads. For 13X zeolite beads, they have found maximum H2S adsorp-
tion capacity of 3.5 mmol g−1. Further, they have also demonstrated that under the 
measured situations breakthrough tests validate that AM fabricated 13X-SU three-
dimensional networks show fairly lower cyclic working capacity for H2S than 13X-
SU beads as shown in Fig. 23e. Thus, from their experimental study they suggested 
that as compared to the conventional adsorption and desorption rates of beads; AM 
fabricated three-dimensional network structures were found faster. Adsorbent beds 
fabricated through AM process have highly defined 3D networks which provides 
pressure swing adsorption and temperature swing and hence tolerating for improved 
mass as well as lower pressure drop and efficiency for heat transfer.

Rajasegar et al. [32] have utilized direct metal laser sintering (DMLS) for additive 
manufacturing of mesoscale burner array. Through DMLS they fabricated mesoscale 
burner by fusing GP1 stainless steel metal powder layer-by-layer technique along 
with 40 µm thick slice thickness. Figure 24a shows DMLS printed mesoscale burner 
array ready along with burner housing which is direct utilised for supply of air–fuel 
mixture. To demonstrate the effectiveness of the direct part fabrication through addi-
tive manufacturing process over the traditional process is also compared through 
Fig. 24b and its shows the importance of part fabrication through AM process. 
Figure 24c shows the DMLS fabricated three different designs of mesoscale burner 
array and shows their operation under a premixed configuration of methane (CH4) 
air mixture that shows uniform flames which is compact and well distributed due to 
the fabrication through AM process.

AM/3D printing of food is being developed by controlling the amount of printing 
material and nutrition content [33]. Different AM/3D food printing technologies,
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Fig. 22 AM fabricated microstructured catalytic material a mould design, b AM fabricated mould, 
c–f microstructured material g biodiesel yields

namely selective laser sintering/hot air sintering, hot–melt extrusion/room temper-
ature extrusion, binder jetting and inkjet printing, were developed and shown in 
Fig. 25a–f, respectively. Three types of printing materials, namely natively printable 
materials, nonprintable traditional food materials and alternative ingredients, usually 
used for customised food fabrication purpose. Also, two types of recipes, namely
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(a) 

(b)                            (c)                   (d)                              (e) 

Fig. 23 AM fabricated: a monolithic sorbents along with their breakthrough curves, b, c 13X-SU 
d carbon monolith structures placed onto thermocouple and e Different sorbent materials for cyclic 
working capacities for H2S

element-based recipe and traditional recipe, are often used. AM provides experi-
mental freedom with a large variety of foods, textures and shapes where creativity 
is endless. The possibility of customised food printing also presented the feasibility 
of printing food in space. It can be used for mass production. However, food surface 
texture or surface finish produced by AM is one of the major issues because foods 
that can easily be filed are not suitable for 3D printing.

As a sociocultural system can be affected by the natural resources. Therefore, 
application of AM machine was also explored by researchers for sustainable devel-
opment. Gwamuri et al. [34] developed a high-efficiency solar-powered 3D printer 
for sustainable development. In this work, they developed a system which consists 
of a solar photovoltaic (PV) stand-alone power/battery charging system integrated 
to an MOST-delta 3D printer as shown in Fig. 26a. They suggested that developed 
system has a great potential to control the depletion of natural resources and to 
increase employment, also providing a new opportunity for isolated communities by 
ensuring a continuous supply of rare products.
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(a)                                                                        (b) 

(c) 

Fig. 24 a DMLS printed mesoscale burner array, b effectiveness of additive manufacturing over 
the traditional process and c DMLS fabricated three different designs of mesoscale burner array 
and its operation

Breddermann et al. [35] demonstrated the possibility to build pressure housings 
for underwater applications through the AM process. In their work, titanium hemi-
sphere manufactured from Ti6Al4V powder through electron beam melting (EBM) 
process was presented as shown in Fig. 26b. From an ocean engineer’s point of view, 
it was demonstrated that fabrication of housings for underwater applications could 
be explored with AM process. With AM different possibilities can be explored such 
as tailoring material properties [36], extraordinary geometry fabrication. Hence, AM 
provides a new picture of manufacturing in future [37–40]. Besides the above appli-
cations, there are some breakthrough and iconic applications of AM. Atala et al.
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(a) Overview of 3D food printing process (b) SLS 

(c) Selective hot air sintering (d) Hot-melt extrusion 

(e) Powder bed binder jetting (f) Inkjet printing 

Fig. 25 3D printing technologies for food fabrication [33]

[41] of wake forest institute of regenerative medicine have pioneered the use of bio-
printing organs. He has developed a process for printing human kidney which is 
still in experimental phase. General Electric has used laser sintering process to print 
fuel nozzles for their LEAP® engines. They have also produced parts (please refer 
Fig. 26c) of GEnxt engine using direct metal laser sintering process. Also, they are 
using AM extensively in R and D activities. Researchers team at Monash University 
[42] had successfully build world’s first 3D-printed small jet engine (please refer 
Fig. 26d). It was a breakthrough in the aerospace industry. 

Some typical applications of AM in the fabrication of electromechanical devices 
are also presented in Fig. 26e–h. Moreover, from the above-presented studies, it 
has also been observed that the part surface quality can affect the different AM 
applications such as prototyping, rapid tooling and direct parts.
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(a) Solar-powered 3D printer [33] (b) Pressure housing [34] 

(c) GEnxt engine [36] (d) 3D printed small jet engine [35] 

(e) Printed Pneuflex actuator [37] (f) Bitblox printed Infrared remote controller 
[38] 

(g) 3D Printed Li-Ion battery [39] (h) Soft robot built by 3D printing [40] 

Fig. 26 List of distinguished AM/3D printing applications

3 Conclusions 

In the present work, a review of interdisciplinary types of AM applications has 
been summarised, followed by a detail explanation and critical observations of each 
research work. The AM applications have been classified based on their interdis-
ciplinary works and use in prototyping, rapid tooling and direct part production 
rather than on the type of AM process used, although this has also not been totally 
neglected. The classification was made in a way that it can easily correlate the appli-
cation and use of additive manufacturing in different sectors in the current scenario.
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Subsequently, application and use of AM processes in the past and future trends 
were presented and explained, based not only on the prototyping but also on the 
rapid tooling and direct part production. As the most frequent application of AM 
process is prototyping, followed by the rapid tooling and direct part production. In 
past, most authors deal with prototyping and rapid tooling; however, in the current 
scenario trend has been changed nowadays quite a few others deal with and direct part 
production. The most challenging thing with AM to explore its application and use 
in new sectors such as adsorption and adsorbents, biofuel, mesoscale burner array. 
Complex and quick part fabrication is usually preferred by AM process. However, 
maximum studies present either an application and use of AM process in similar 
types of sectors, but the application and uses of AM in more innovative field and its 
application in the replacement of some of the conventional manufacturing processes 
with proper break-even point reasoning are not explored, requiring further research. 
The AM application sectors could significantly explore by the use of this technology 
in manufacturing, industry and sociocultural sectors. 
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