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Abstract: The implementation of three-dimensional (3D)
printing technology has culminated in a notable rise in

productivity and operational effectiveness for manufac-
turers. Additive manufacturing (AM) is a manufacturing
technology that implies an alteration from the conven-
tional approach of material removal. The fundamental
idea underlying the AM technique is the gradual buildup
of layers (layer-on-layer accumulation). In conventional
approaches, every component can have detrimental impli-
cations due to the direct interaction between the tool and
the workpiece, leading to the loss of heat through friction.
The utilisation of 3D printing as a way to surpass conven-
tional processing methods signifies a novel development in
several sectors. This method involves the utilisation of
unconventional techniques for the fabrication of compo-
nents. The primary objective of this research is to investi-
gate the chemical vapour jet drilling technique specifically
applied to acrylonitrile butadiene styrene (ABS) materials.
The intent is to enhance the surface characteristics, or sur-
face finish (SF), and the dimensional accuracy (DA) of ABS
workpieces. An evaluation regarding the reliability, repeat-
ability, as well as preciseness of the vapour jet drilling
(VJD) process is conducted via the utilisation of experiment
and data analysis. The study employed a Taguchi L9 design
of experiments to carry out a series of tests aimed at ana-
lysing the implications of three independent variables:
pressure, flow rate, and standoff distance. The researchers
employed a multiresponse optimisation approach to attain
an optimal combination of parameters that resulted in a
superior SF with DA. Consequently, the overall appeal of
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the outcome was reached. The process’s capabilities and
dependability were assessed by conducting tests on the
substrates at their optimal settings. Surface roughness
and circularity were measured at numerous locations on
the substrates. The study determined that the process cap-
ability indices (Cp and Cpk) had values over 1.33 for each of
the response parameters, with Cpk values also exceeding 1.
The analysis of histograms and capability indices demon-
strates that the VJDmethod, when conducted under optimised
conditions, may be categorised as statistically controlled for
the processing of ABS materials.

Keywords: 3D printing, chemical vapour jet drilling, ABS,
Taguchi L9 DOE, surface roughness, circularity

1 Introduction

In today’s world, additive manufacturing (AM), also known
as rapid prototyping, is widely employed in various tech-
nical applications. AM produces a wide range of complex
objects from numerous materials using the layer-by-layer
manufacturing technology, which may also be produced
using other processes such as fused deposition modelling
(FDM), an extensively used process for creating 3D products
[1]. Layers are formed in the FDM process by extruding a
thermoplastic material via a nozzle to produce a single cross-
section of a component, which is subsequently repeated as
layers until the component creation is finished [2]. Nowadays,
the FDM technology, when paired with specialised 3D printers,
enables the manufacturing of exact components with compli-
cated forms and voids. Small production machines based on
the FDM technique are now relatively inexpensive and are
being used in academic institutions, enterprises, and even resi-
dences [3]. The FDMmethod is a quick, low-cost, clean, and safe
technique for producing a product through layer-by-layer
deposition [4]. In FDM, the material of choice is softened and
inserted into a liquefier, which melts it and then drives the
molten material out of the nozzle resulting in the end product
(Figure 1). The machine moves, and the extruded material is
deposited to achieve the desired shape [5].

With the enormous increase of interest in the last few
decades for massmanufacturing and the necessity to produce
high-quality goods in a shorter time and at a cheaper cost,
FDM utilisation has also increased [7]. The most common
FDM materials are polylactic acid (PLA), acrylonitrile buta-
diene styrene (ABS), polyethylene terephthalate, nylon, ther-
moplastic polyurethane, and polycarbonates. Due to its
exceptional characteristics, such as resistance to corro-
sion, superior strength, resistance to thermal and corro-
sive moisture, and high recommendation for machining

operations, ABS is among the most commonly used mate-
rials in the market at present [8].

Post-production activities for FDM products involve
the use of a few non-traditional machining techniques.
Less waste and materials wear and tear result from non-
traditional processing since it avoids point-to-point inter-
action among tools and components. These procedures
signify the commencement of the machining of intricate
shapes with excellent surface finish (SF) at a reasonable
price, satisfying the needs of efficient and enhanced man-
ufacturing in material deformation [9]. ABS parts’ surface
and finish can be damaged by conventional tools when
they are handled via conventional techniques, including
milling, turning, boring, drilling, and grinding. ABS is sub-
ject to point-to-point interactions in traditional methods,
due to the friction between the instrument and the work-
piece, causing the material to melt further [10].

The cost of tool changing and production has increased
many folds as a result of traditional processes, raising the
production cost. The examination of chips reveals that the
material has been deformed plastically [11]. Recently, a
study has been carried out to create a better machining
method in the context of such imperfections. Among all the
feasible machining techniques, the unconventional proce-
dure is one of the more effective ones.

Parts made from 3D printing typically go wasted during
standard machining due to the wasting and unmanageability
of plastic components; this entails the need of an unconven-
tional method to reuse the components. Recycling processes
can be handled chemically or mechanically [12]. In non-con-
ventional-type machining, innovative machining procedures,
including electrodischarge machining, laser cutting, abrasive
water jet, and vapour finishing, are employed [13]. In
machining, chemical vapour processes are used. SF is

Figure 1: FDM apparatus setup [6].
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improved by processes, which employ methods such as
chemical treatment and coating [14]. Drilling operations
and other machining processes are performed on 3D-
printed materials. These processes are performed uti-
lising unconventional techniques, including abrasive jet
machining, and so on. To employ parts as jigs, fixtures,
and tools, acetone vapour jet drilling (AVJD) is carried out
on the components. Acetone facilitates SF during drilling
and resulting in more circular drill holes [15]. Recycled
plastic is a better way to use ABS material for a better
environmental impact because ABS material is non-bio-
degradable, which increases the plastic waste and leads to
advancements in recycling [16,17].

Moreover, to enhance the surface, chemical dipping is
one such technique [15] that employs chemical treatments
and coatings. SF and machining of components are enhanced
by acetone solvents [16]. Surgical instruments, bone implants,
tissue implants, and prosthetics are among the medical
devices and implants that FDM can produce. One significant
issue that necessitates attention is the considerable amount
of ABS material that is wasted throughout the manufac-
turing as well as post-processing stages, pertaining to both
traditional and non-traditional methods. Due to the non-
biodegradability of ABS/PLA materials, the primary chal-
lenge is the disposal of waste ABS material [17]. In an
attempt to address this matter, multiple studies have been
initiated in the recycling of materials. Further study as well
as utilisation of recycled ABS within numerous areas of
contemporary life is crucial to mitigating environmental
consequences [18]. In addition, recycling is necessary to
avert environmental and human health risks [19] owing to
the non-biodegradable characteristics of the material.

In addition, drilling along with water-jet machining,
abrasive jet, and laser machining constituted a significant
proportion of prior attempts. The aforementioned techni-
ques had replaced the conventional machining process.
ABS material recycling is the aim of the current investiga-
tion, which has focused on non-traditional machining and
drilling techniques. The implications of drilling 3D-printed
components with acetone vapour were examined in this
research. Vapour jet drilling (VJD) employing acetone has
been employed to perform the process on ABS.

Within machining, chemical vapour processes were
additionally employed. These methods contributed to the
enhancement of SF, employing methods, including che-
mical processing as well as coating [16]. Materials that
have been 3D-printed were subject to machining processes
including drilling. Abrasive jet machining is one of the non-
conventional techniques employed for completing these dril-
ling processes. The components undergo AVJD in order to
prepare them for subsequent applications such as fixtures,

tools, moulds, and so forth. Enhanced circularity of the drill
holes is accomplished with the aid of acetone throughout the
SF phase of drilling [17].

Acetone exhibits superior performance as a liquid solvent
for treating ABS components, including vapour smoothing,
polishing, and adhering, when compared with methyl ethyl
ketone as well as tetrahydrofuran. Tetrahydrofuran melts at a
higher temperature and evaporates at a slower rate [18,19],
despite the fact that its solvent characteristics are identical to
those of acetone.

The “non-biodegradable” character of ABS material
contributes to a rise in plastic waste, which in turn resulted
in developments in ABS material recycling. Consequently,
recycling this material is a more efficient technique in
terms of the environment’s impact [20–22].

To analyse the data, the response surface methodology
and genetic algorithm (GA) were utilised, and finally process
capability indices were utilised to validate the results. The
Pareto front was concluded to supply adequate optimum com-
binations of input parameters to achieve the best output out-
comes that satisfy the demands. In practice, the method may
be applied to various multilevel, multifactor design problems.
The model was developed to determine the most optimum
input parameters or the best combination of input parameters
to acquire the nominal output parameters in 3D-printed items.

2 Experimental methodology

For this research, an optimal control study is carried out in
order to determine the utmost appropriate factors for the
outcomes. This study complies with the GA, and the results
are validated using Process capability indices. Acetone is
used as a surface enhancer, increasing the efficiency and
smoothness. Acetone drilling demands a parametric ana-
lysis of the end output. The results of the present study
shed light on the impact of AVJD on the circularity and
surface quality of 3D-printed materials. The major concern
behind the selection of AVJD for the ABS substrate is the
recycling of the ABS material to reduce the wastage of
material and improve the efficiency of the manufacturing
or finishing process. The methodology adopted for the pre-
sent research work is presented in Figure 2.

2.1 Experimental setup

Experiments are carried out on a CVJ machine setup
designed in-house for this study for the current research
work. Parts used in the investigation are described in Table 1.

Multiresponse optimisation and process capability analysis of chemical vapour jet machining  3



The machine is partitioned into two primary segments, as
depicted in Figure 3(a–c). The first portion is the control
flow subsection, which contains the compressor, mixing
chamber, and gauges. The workstation part, which is the
second component, consists of a reservoir, a nozzle, as
well as control valves. A high-pressured vapour of air and
acetone are ejected through the assistance of a flow control
valve, and the amount that is expelled depends on the oper-
ating circumstances of the specific experiment. An adjus-
table worktable allows for the standoff distance adjustment,
and a pressure valve allows for the compressed air pressure
adjustment. Three parametric groups are employed as input
parameters for chemical vapour jet machining, including
the compressed air pressure, acetone vapour flow rate,
and the gap between the workpiece and the nozzle, in addi-
tion to cutting at three distinct levels. Although the screws
are used to regulate the standoff distance, or the gap

between the nozzle and the workpiece, a nozzle holding
setup is provided directly above the workpiece holding fix-
tures. Utilising the flow regulating valves, the compressed
air pressure and acetone vapour flow rate are maintained.

2.2 Work material

ABS is a thermoplastic polymer commonly employed in the
fabrication of lightweight and structurally durable components.
The superior character of the ABS material enhances its utilisa-
tion and optimal performance. The practicality and long-term
viability of thematerial have been enhanced by its resistance to
corrosion, superior strength, excellent machinability, resistance
to heat and chemical moisture, as well as the accessibility of a
broader colour spectrum. Impact resistance and toughness
have been regarded as the key criterion for assessing ABS

Figure 2: Flow chart representing the methodology of research work.

Table 1: Comprehensive overview of the components utilised in the setup for the experiment

S.No. Materials Summary/analysis

1 Compressor To achieve a maximal optimum pressure up to 12 bar
2 Pressure gauge This component efficiently regulates and manages the pressure
3 Inlet pipe and outlet pipe Pipes meant for compressed air routes/pathways/passages
4 T-joint For joining pipes, inlet-channel pathways, and outlet passageways
5 Mixing chamber For blending the gaseous vapour and the acetone solvent to produce a homogenous solution
6 Flow-control valve Regulates the fluid’s flow rate
7 Nozzle The term “outlet” refers to the point of discharge and usually associated with the release comprising a high-

pressure stream flow of liquids
8 Workpiece holder The workpiece serves as a fixture for holding the sample throughout the experimental process
9 Reservoir A storage facility designed for collecting and recycling excessive gaseous vapour wastes
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material. The temperature of ABS materials ranges from −40
to 100°C, rendering them favourable for a diverse array of
methods and applications. ABS materials discover applications
in an extensive variety of industries, encompassing automotive,
aerospace, toy manufacturing, electrical housing, household
appliances, and several other areas.

2.3 Experimentation

In this investigation, an optimisation analysis is conducted to
ascertain the optimal parameters for the desired outcomes.
This study employs the Taguchi approach for designing or
formulating the experimental layout plan. Acetone serves
as a surface enhancer, enhancing the effectiveness, texture,
and polish of the material. Utilisation of acetone during dril-
ling operations requires a comprehensive assessment of
eventual outcomes through parametric analysis. The out-
comes acquired from this experimental study offer valuable
insights into the implications of AVJD on the circularity and
SF for 3D-printed materials.

Analysis of the AVJD process is done following the
investigation into the efficacy of the chemical vapour jet
drilling (CVJD) method in enhancing the surface properties
and dimensional precision of ABS workpieces. This inves-
tigation assesses the impacts of three independent vari-
ables – standoff distance, flow rate, and pressure – using
a Taguchi L9 design of experiments (DOE). Furthermore,
optimisation is made utilising a GA.

2.3.1 Rationale behind the usage of Taguchi and GA for
the current study

The rationale behind the usage of L9 Taguchi, GA, and
process capability is presented as follows with suitable
literary source support.

2.3.1.1 Taguchi L9 design
The Taguchi L9 experimental design is selected due to
its effectiveness in carrying out a series of experiments

Figure 3: (a–c) Components of the experimental setup.
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requiring a minimum number of trials. This arrange-
ment has facilitated the analysis of the implications
that independent variables have on the response factors,
namely, surface roughness and circularity [19–21]. By
employing the L9 design, the investigators are able to iden-
tify optimal parameter combinations while employing fewer
resources through the application of a systematic, metho-
dical, and organised approach to testing [19–21].

2.3.1.2 GA
Now, in the context of GA optimisation, the technique has
evolved in response to the processes of natural selection.
This algorithm is well-suited for obtaining optimal solu-
tions for multivariate complex problems [19–21]. To attain
the highest level of surface roughness and circularity in the
AVJD process, an optimal combination of input variables
(pressure, flow rate, and standoff distance) is determined
employing the GA in this investigation [19–21].

Suitable for the multiresponse optimisation technique
utilised in this investigation, GA is efficient in identifying
optimal solutions as well as examining an extensive solu-
tion space when multiple objectives have been available.

2.3.1.3 Process capability evaluation
In accordance with the process capability evaluation, in
order to assess the dependability and replicable nature
of the AVJD process under ideal conditions, process cap-
ability indices (Cp and Cpk) are utilised. The components
could be produced within the defined tolerance limits
when Cp and Cpk values exceed 1.33 [20–22]. This indicates
that the method is statistically controlled. Hence, the eva-
luation divulges knowledge regarding the potential of the
process to be utilised in industries as well as for additional
scholarly investigation [19–21].

3 Results and discussion

3.1 Surface roughness and circularity

The results obtained for surface roughness and circularity
studies after successful experimentation on the ABS sub-
strate using the AVJD operation employing a predefined set
of input variables are shown in Table 2. The maximum and
minimum surface roughness values obtained are 2.664 and
1.598 µm, respectively. The maximum value of surface rough-
ness has been achieved at 5 bar pressure, 19ml/min flow rate,
and 2.5mm standoff distance, whereas the minimum value of
surface roughness is obtained at 3 bar pressure, 16ml/min
flow rate, and 2.5mm standoff distance. Similarly, maximum
and minimum circularity obtained are 0.5210 and 0.3320 µm,
respectively. The maximum value of circularity has been
achieved at 5 bar pressure, 16ml/min flow rate, and 1.5mm
standoff distance, whereas the minimum value of circularity
is obtained at 3 bar pressure, 13ml/min flow rate, and 1.5mm
standoff distance. Additionally, the circularity denotes the
degree to which the geometry of an object approaches that
of a perfect circle, whereas surface roughness quantifies the
presence of irregularities on a surface. The effectiveness of
AVJD can be influenced by the pressure, rate of flow, and
standoff distance. Increased material removal may take place
as a consequence of increased pressure and flow rates, thus
impacting surface characteristics. Circularity is affected by
the standoff distance, which in turn impacts the concentra-
tion as well as focus of the acetone vapour.

3.2 GA optimisation results

It is challenging to select the best input parameters to pro-
duce the best outputs depending on the specification.
Numerous results may be poor not because the database
is disruptive or the algorithm is inefficient but simply

Table 2: L9 input parameters and output results obtained

S. no. Pressure X1 Flow rate X2 Standoff distance X3 Surface roughness (smaller is better) Circularity (smaller is better)

1 3 13 1.5 2.664 0.3320
2 3 16 2.5 1.598 0.4951
3 3 19 3.5 2.528 0.3855
4 4 13 2.5 2.560 0.3629
5 4 16 3.5 2.461 0.4960
6 4 19 1.5 4.056 0.3598
7 5 13 3.5 3.663 0.4119
8 5 16 1.5 4.095 0.5210
9 5 19 2.5 4.205 0.4631
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because the control variables are selected inaccurately. In
the current study, along with several other basic random-
based evolutionary algorithms, GA is used to discover the
ideal set of input variables for effective output results. In
this optimisation, the term X1 is ascertained to be Pressure,
X2 to be Flow Rate, and X3 to be standoff distance. Hence, by
utilising the GA method, the following two equations are
generated to evaluate the optimal combination of “input
parameters.”

= − −

− + ×
+ ×
+ ×
+ ×
+ ×

X X

X X X

X X

X X

X X

X X

Surface roughness 18.33 0.07128 1 1.809 2

2.832 3 0.09983 1 1

0.05989 2 2

0.4590 3 3

0.001444 1 2

0.04467 1 3.

(1)

= − − +

+ + ×
− × − ×
+ × − ×

X X

X X X

X X X X

X X X X

Circularity 2.601 0.2387 1 0.4133 2

0.1140 3 0.02853 1 1

0.01308 2 2 0.01862 3 3

0.002700 1 2 0.000867 1 3.

(2)

Using Eqs. (1) and (2), it is determined that the max-
imum surface roughness is achieved at 3 bar pressure,
15.0665 ml/min flow rate, and 2.9390 mm standoff dis-
tance. Second, the maximum circularity is obtained at
3.5909 bar pressure, 13 ml/min flow rate, and 1.5 mm
standoff distance.

As demonstrated by the equation, an increase in the
rate of flow and pressure is conducive to a corresponding
increase in roughness, whereas an increase in standoff
distance yields a corresponding reduction in roughness.

The equation suggests that in order to attain optimal
circularity, specific purposes must be accomplished by pres-
sure, rate of flow, and standoff distance; this emphasises the
significance of attaining an optimal balance among these
factors.

This research has employed numerous combinations
of input variables to attain the maximal output outcomes
for each individual case. However, an evolutionary GA
method has been used as a multiobjective optimisation
approach to identify the unique combination of input
variables that yields the maximal output. The weight

set formula is employed for determining the multiobjec-
tive optimisation utilising the equation presented as
follows.

(

(

)

= − − −
+ × + ×
+ × + ×
+ × + − −
+ + + ×
− × − ×
+ × − ×

Z X X X

X X X X

X X X X

X X X

X X X X

X X X X

X X X X

0.5 18.33 0.07128 1 1.809 2 2.832 3

0.09983 1 1 0.05989 2 2

0.4590 3 3 0.001444 1 2

0.04467 1 3 0.5 2.601 0.2387 1

0.4133 2 0.1140 3 0.02853 1 1

0.01308 2 2 0.01862 3 3

0.002700 1 2 0.000867 1 3 .

min

(3)

Employing the input parameter combinations as a
foundation, the maximum output results are obtained
from Eq. (3), under the conditions of “3 bar pressure,”
“14.7405 ml/min flow rate,” and “1.5 mm standoff distance.”
The optimisation results are presented in Table 3.

The best and mean fitness values are 2.07191 and
2.07192, respectively, and the best worst and mean scores
subsequent to optimisation and function selection are
depicted in Figure 4.

3.3 Process capability assessment

Confirmatory tests are necessary to validate the multi-
response optimisation tool’s efficacy. Twenty ABS sub-
strates were subject to processing under optimal conditions.
Table 4 shows the final results of 20 operations performed
on workpieces under optimal processing conditions. Under
optimal conditions, particularly at 3 bar pressure, 15ml/min
flow rate, 3 mm standoff distance or gap between the work-
piece and the nozzle for surface roughness and under con-
ditions of 3.5 bar pressure, 13ml/min flow rate, and 1.5 mm
standoff distance or gap between the workpiece and the
nozzle for circularity, considerable enhancement in surface
roughness and circularity is realised. However, by ensuring
reliability as well as repeatability, histograms confirm the
normal distribution of data points.

The AVJD process has been conducted for evaluating
the process capability which will aid in establishing the
process capability to fabricate components under toler-
ance limits. In order to determine the process capability

Table 3: Optimisation results

Pressure (bar) Flow rate (ml/min) Standoff distance (mm) Objective function value

Single objective 3.0000 15.0665 2.9390 1.4550
Single objective 3.5909 13.0000 1.5000 0.3226
Multiobjective 3.0000 14.7405 1.5000 2.0719

Multiresponse optimisation and process capability analysis of chemical vapour jet machining  7



indices (Cp, Cpk), the response data from confirmatory
experimental studies are employed [18,19]. The two process
capability indices, Cp and Cpk, are determined as follows:

=
−

C
σ

USL LSL

6
,p

Figure 4: Optimisation graphs.

Table 4: Confirmatory results

S. no. Surface roughness Circularity

1 1.342 0.3108
2 1.369 0.3151
3 1.48 0.3022
4 1.454 0.3032
5 1.406 0.3313
6 1.395 0.3296
7 1.394 0.3265
8 1.396 0.3325
9 1.422 0.328
10 1.432 0.3304
11 1.381 0.3246
12 1.373 0.3196
13 1.425 0.3123
14 1.447 0.3151
15 1.412 0.3201
16 1.386 0.3133
17 1.399 0.3058
18 1.388 0.3156
19 1.432 0.3183
20 1.45 0.3031

Table 5: Evaluation of process capabilities for distinct responses

Surface roughness Circularity

Observations 20 20
USL 1.51 0.3425
Target (mean value) 1.41 0.318
LSL 1.312 0.2922
Maximum value 1.48 0.3325
Average 1.40915 0.31787
Minimum value 1.342 0.3022
Range 0.02552893 0.0061544
Standard deviation 0.0033655 0.0099115
Cp 1.35 1.36
Cpk 1.28 1.31
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= ⎡
⎣

− − ⎤
⎦C

x

σ

x

σ
Minimum of

LSL

3
,

USL

3
,pk

where USL is the upper specification limit, LSL is the lower
specification limit, x is the process mean, and σ is the
process standard deviation.

For each of the two responses, Table 5 shows the find-
ings of the process capability analysis. Cp levels across each
response variable are higher than 1.33, whereas Cpk values
are more than 1. These process capability indices are com-
monly used as industry benchmarks.

Histograms for two-response parameters are devel-
oped in order to affirm or validate the “normal distribu-
tion” hypothesis. Figure 5 shows the histograms for surface
roughness and circularity. According to histogram analysis,

the data are normally distributed and appear in both the
upper and lower levels. The data points for surface roughness
and circularity lie exactly between lower and upper limits.
Surface roughness and circularity are achieved by generating
the sharp and tall bell-shaped curves. The maximal accuracy
and repeatability are apparent in the circularity of the drilling
surface of substrates after VJD, whereas the surface rough-
ness varies in a very small range.

3.4 Surface morphology

It is convenient to examine the modifications, surface rough-
ness, and circularity of the investigated findings from SEM

Figure 5: Histograms: (a) surface roughness and (b) circularity.

Figure 6: SEM micrographs of AVJ treatment under different conditions: (a) under condition A and (b) under condition B [20].

Multiresponse optimisation and process capability analysis of chemical vapour jet machining  9



micrographs, which depict the image of the substance in a
highly magnified scale (40×) . The micrographs from SEM
analysis during AVJD and our current study are shown in
Figure 6(a and b). Moreover, the surface morphology analysis
shows the characteristics and structure of the surface of a
material. Themechanisms underlying the impacts of AVJD on
surface roughness and circularity are visually depicted in
SEM micrographs. The surface morphology is impacted by
factors, including pressure, flow rate, and standoff distance
variations. SEM images reveal a discernible reduction in sur-
face roughness and an increase in circularity.

Additionally, Figure 6a displays the substrate SEM pic-
ture obtained at 3 bar pressure, 15 ml/min flow rate, and
3mm gap between the workpiece and the nozzle, showing
a noticeable reduction in surface roughness. Figure 6b
shows the SEM image of the substrate treated at 3 bar
pressure, 15 ml/min flow, and 1.5 mm gap between the
workpiece and the nozzle, exhibiting a slight enhancement
in circularity. To recapitulate, it is evident and obvious that
the circularity and SF have been enhanced.

All in all, a localised environment produced by the
high-pressure vapour induces material removal from the
ABS surface via chemical means. Influencing the SF and
dimensional accuracy (DA), the intensity and emphasis of
the chemical reactions are controlled by the tunable para-
meters (pressure, rate of flow, and standoff distance) [19–21].

Furthermore, acetone, functioning as a surface enhancer,
is engaged in interaction with the ABS material, which has
the potential to modify as well as soften its surface. The
parameters determines the optimum combination of rate
of flow, standoff distance, and pressure that yields superior
surface roughness and circularity [19–21].

4 Conclusions

This research employed AVJD for conducting experiments
on ABS substrates. The investigation assessed the implica-
tions of three autonomous factors – pressure, flow rate, and
standoff distance – on the surface characteristics and
dimensional precision of ABS materials generated through
CVJD by employing a Taguchi L9 DOE. Systematically ana-
lysing the process parameters was made possible by the
experimental design. With the objective of determining a
particularly favourable parameter combination that would
yield an exceptional SF while retaining DA, the research
employed a multiresponse optimising method. Validating
the reliability, repeatability, and accuracy of the VJD method,
the researchers employed the process capability indices (Cp
and Cpk). Maximising surface irregularity as well as circularity

was considered a goal when optimising the input variables
employing the GA. In order to ascertain the optimum para-
meter combination that yields maximal outcomes, equa-
tions were formulated. Optimal input parameters were
determined through the implementation of multiobjective
optimisation.

Circularity was exhibited in a range of 0.3320–0.5210,
whereas surface roughness varied from 1.598 to 2.664 µm.
The implications of pressure, rate of flow, and standoff
distance on the surface characteristics were demonstrated
in order to ascertain the optimum AVJD conditions. The
research affirms the effectiveness of the process under
optimal circumstances. By computing Cp and Cpk values,
the capability of a process for producing components within
the limits of tolerance can be determined. Statistical control
as well as adherence to industry benchmarks are evidence
of Cp levels exceeding 1.33 and Cpk values exceeding 1. A
normal distribution of data is validated by histograms
depicting surface irregularity and circularity. A discernible
reduction in surface irregularity and an enhancement in
circularity have been noticed in microscope images at the
optimum setting of parameters. The research findings illu-
strated how circularity and SF could be effectively enhanced
through optimised AVJD conditions.

By utilising acetone as a surface enhancer, AVJD was
developed with the intention of further enhancing the dril-
ling process efficacy and fluidity. Concerning the recycling
of the ABS material to mitigate waste while strengthening
the manufacturing efficiency, this study underlined the
implications of AVJD on the surface quality as well as cir-
cularity of 3D-printed ABS materials.

At optimum process parameters, the process capability
of ABS substrates processed with the AVJD method has
been successfully investigated. For industrial purposes,
the process of drilling ABS workpieces under optimised con-
ditions can be defined as statistically controlled. The optimal
parameter configurations could be useful for future research
into the possibilities of VJD for FDM parts.

5 Societal benefits from the
research

The research findings have contributed to the following
societal benefits:
a) Increased efficiency and productivity: AVJD has the

potential to substantially strengthen the efficacy and
productivity of the 3D-printing technique, according to
the research findings. Enhanced surface characteristics
are the outcomes of optimised conditions, which greatly
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contribute towards the aesthetic appeal of finished pro-
ducts manufactured through 3D printing.

b) Reduced material waste and material recycling for
sustainability: The choice of AVJD for ABS substrates
corresponds with the goals of recycling ABS materials,
thereby minimising the waste of materials during the
production phase.

This initiative promotes responsibility for the envir-
onment within the realm of 3D printing, thereby sup-
porting sustainable practices.

c) Applications across industries: ABS materials posses-
sing enhanced characteristics have been utilised in an
array of sectors, including automobile, aviation, electric
housing, and household appliances, among others.

This study demonstrates the versatility of the tech-
nology by offering opportunities for the application of
AVJD across various industries.

d) Optimised manufacturing processes: The controlled
and accurate drilling of ABS workpieces is made pos-
sible through the implementation of optimised factors
determined by the study.

A thorough comprehension of process capabilities
can be favourable to industries as it ensures the man-
ufacturing of components of superior quality.

e) Prospects for future research: The settings of optimal
parameters delineated in this investigation establish a
fundamental basis for subsequent scholarly inquiries
concerning the potential of VJD in the context of FDM
components.

This phenomenon presents opportunities for ongoing
enhancement and novel approaches in the realm of AM.

To summarise, this research not only enhances the
comprehension of AVJD on ABS materials but also makes
a contribution to the wider domain of 3D printing by high-
lighting the significance of sustainability, efficiency, and
the potential for AM technology advancements.
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