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Wire Arc Additive Manufacturing (WAAM) enables the fabrication of large, near-net-shape stainless 
steel components, but the resulting surfaces require precision post-processing to meet industrial 
standards. In this study, Wire Electrical Discharge Machining (WEDM) was applied as a finishing 
process for WAAM-fabricated SS316L components, and a hybrid optimization–prediction framework 
was developed using Taguchi design, Grey Relational Analysis (GRA), and Adaptive Neuro-Fuzzy 
Inference System (ANFIS) modeling. In total, there were 27 experimental runs conducted at different 
pulse-on, pulse-off, and current conditions. The results showed that pulse-on time (Ton) was the 
dominant influencing factor in the case of material removal rate (MRR), dimensional deviation (DD), 
and GD&T errors, while pulse-off time (Toff) was significantly regulated to surface roughness (SR) 
and geometric stability. The experimental analysis revealed that pulse-on time (Ton) was the most 
influential parameter governing material removal, dimensional accuracy, and geometric errors, 
whereas pulse-off time (Toff) played a key role in controlling surface finish and geometric stability. This 
emphasizes the critical importance of discharge control for achieving high-quality post-processing of 
WAAM components. For multi-response optimization, GRA provided a composite performance index 
that was used to train the ANFIS model. The predictive outcomes exhibited excellent agreement with 
experiments, confirmed by very low error metrics (MAPE = 2.19%, RMSE = 0.027, MAE = 0.022) and 
a strong correlation (R² = 0.9985). Overall, the WAAM–WEDM hybrid framework not only improves 
surface quality and dimensional consistency but also establishes a scalable, intelligent manufacturing 
pathway with strong potential for aerospace, biomedical, and energy applications.

Keywords  Hybrid manufacturing, SS316L, Wire arc additive manufacturing (WAAM), Wire electrical 
discharge machining (WEDM), Adaptive neuro fuzzy inference system (ANFIS)

Additive Manufacturing (AM) is rather known by different terms named as layer manufacturing or generative 
manufacturing, rapid prototyping, desktop manufacturing, and digital manufacturing, all started in the 1980’s and 
have been under a constant evolution until now. WEDM is a well-acknowledged finishing technique employed 
for WAAM manufactured parts. Apart from parting them into structure, it is used for surface improvement and 
dimensional accurateness besides WAAM alloys1–6. AM fabricates extremely customized and sophisticated parts 
by adding them layer by layer, yielding manifold advantages over conventional production methods including 
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elimination of complex supply chains, minimal wastage of materials, low tooling requirements, shorter 
production lead times and reduced process time as a result of compressed design cycles or minimal design 
iteration before releasing for fabrication7–13.

The inbuilt direct approach and its output correlation significantly reduce total energy consumption, while 
also decreasing carbon emissions and greenhouse gas outputs, making additive manufacturing (AM) a potential 
green manufacturing technology. While AM has been viewed as a supplement to industrial manufacturing, it has 
now expanded application areas far beyond conventional processes, emphasising the transformative capability 
of modern production systems14–22. Thus, there are very wide ranges of AM methods available commercially. 
Various researchers have differed in proposing different classification schemes for AM technologies based on its 
working principles as well as applications3,8,23–25. Among these categories, Direct Energy Deposition (DED) is 
the most prominent method for effectively manufacturing components that requires significantly higher energy 
inputl2. Figure 1 shows a schematic of a general DED setup.

The heating causes a melted spot on-site, which permits the depositing of the filler material in the shape of wire, 
powder, or both26–28. Because rapid solidification of the molten pool occurs when the heat source moves away 
from the deposition point, a structure can be formed layer by layer29,30. The DED method consists of advantages 
such as increased deposition rates compared with Powder Bed Fusion (PBF), repair of existing components, and 
flexibility in fabrication of functionally graded materials31–34. Limitations to DED include the need for supports 
and that it provides relatively poor surface finish when compared with other AM processes35–39.

Although WAAM allows the rapid manufacture of large, near-net-shaped metallic components, it usually 
leads to poor surface finish, dimensional inaccuracies, and residual stresses. Wire Electrical Discharge 
Machining (WEDM) comes in as a cost-effective post-processing technique mainly focused on As-Welded or 
in-the-raw materials of titanium alloy, Inconel, stainless steels among others for WAAM. WEDM enhances 
surface finish while maintaining tight tolerances and avoiding damage to the microstructure. It, therefore, acts 
as a total complementary operation to WAAM in terms of producing top-end components for aerospace and 
biomedical applications40–45.

In the non-traditional machining genre of Wire EDM, material removal occurs through a continuous of 
discrete electrical discharges interspersed amongst a continuously moving wire electrode and an electrically 
conductive work material sunken in a dielectric medium. The process is suitable for intricate profiles, high-
precision machining, and harder materials that are hard to machine conventionally. WEDM, in particular, ensures 
tighter tolerances and a better surface finish to WAAM-fabricated components46–48. Among many advantages 
for steel, WAAM offers an efficient method to fabricate complex structures, thus enhancing material properties 
therein and is deployed across energy, automotive, aerospace, and construction applications. Controlling certain 
critical process variables during WAAM is required to minimize defects and realize desirable microstructure 
and mechanical properties. Good process design thus relies on computational modelling aided by optimization 
through AI. Given the challenges of porosity and residual stresses, WAAM handles the interesting dilemma of 
being flexible, sustainable, and high-potential for the production of large-scale, complex steel components49–52.

EDM and machining have been previously studied from many angles including the micro-impression making 
on Al6061, process optimization from sustainability standpoints, performance of machining with economic 
and environmental analyses3, predictive modelling via ANN, optimization of complex features, parametric and 
multi-objective optimization, enhancement of high-speed cutting of EDM performance10, and micro-machining 

Fig. 1.  Schematic of DED method.
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error reduction. While these works present some surface finishing, economic and environmental metrics, and 
some error reduction on machining, they usually concern single-objective optimization or specific materials. In 
contrast, the present study examines hybrid WAAM-WEDM components, which are challenged greatly by layer-
induced anisotropy and recast layer formation. Taguchi-TOPSIS experimental design integrates with ANFIS-
based multi-objective prediction in optimizing material removal rate, surface roughness, and dimensional 
accuracy simultaneously. The hybrid experimental-predictive strategy describes a more integrated view of 
process performance, overcoming gaps toward sustainability, accuracy, and multi-objectives optimization for 
advanced manufacturing applications41,53–56.

Unlike the conventional finishing methods such as CNC milling and laser-based machining, WAAM-
WEDM gives better benefits than these finishing technologies. CNC milling is a very precise technology, but 
machining near-net-shape WAAM components does not offer the full potential of this machining due to the 
common access limitations shown by the tool on the surface of the workpiece together with residual stresses and 
tool wear in highly hardened or irregular geometries. Laser polishing and other laser-based finishing methods 
can improve surface smoothness, but this may be at the expense of producing thermal distortion, localized 
melting, and microstructural changes, particularly in stainless steel alloys. Unlike these processes, WEDM offers 
an ideal non-contact, thermal-electrical removal mechanism that is very suitable for complicated components 
manufactured through WAAM, allowing for high precision in dimensional controls, low mechanical stresses, 
as well as a fine surface finish, without leading to a large tool wear. These advantages of WAAM-WEDM thus 
make it a truly versatile and dependable finishing method for such complex additively manufactured parts with 
applications in aerospace, biomedical, and energy sectors. From the perspective of sustainability, the WAAM-
WEDM hybrid method has huge benefits in terms of cost and energy against all the conventional methods 
currently in use. WAAM processes nearly net shapes, and WEDM utilizes very low wear and fine remoteness 
finishing without resourcefulness. The hybrid approach uses generally less time and costly tool replacements in 
comparison with CNC milling, thereby reducing energy input and operational expenditure as sustainable for 
high-performance components in aerospace and energy applications42.

Combinations of hybrid WAAM and WEDM have some intolerable complexities for the quality and 
performance of a component. Besides other things, the WAAM surfaces were found to be often rough, porous, 
and micro-cracked, which further worsens recast layers produced during WEDM operation, deteriorating 
surface integrity and mechanical properties. Layer-by-layer deposition leads to anisotropic microstructures, 
resulting in directional variation in properties such as strength and ductility, while thermal gradients create 
residual stresses, predisposing them to distortion or dimensional inaccuracy. Completion of such hybridization 
is complicated because many interacting factors concerning material properties, deposition strategy, and 
machining parameters come into play and thus have to be modelled and predicted further to create consistent 
high-quality processes.

It is observed in existing literature that WAAM is an additive process that is recognised for producing 
highly efficient deposition rates and cost-effective, large-scale, nearly net-shaped metallic components. Among 
various materials suggested for WAAM, steel and steel alloys appear to be the most commonly used due to 
their mechanical strength and availability. However, the parts produced by a WAAM typically suffer from 
some inherent limitations, such as poor surface finish and dimensional inaccuracy that totally restrict their 
applicability in precision-critical applications. WEDM is an alternative method that has been proposed in that 
it is non-contact-based and uses thermal erosion, which allows the precision finishing of WAAM parts. In 
addition, WEDM ensures machining of high-strength steels and has the capability of processing complicated 
geometries with high accuracy and little residual stress after WEDM. It is essential to understand how WEDM 
variables impact various dependent metrics, such as material removal rate, surface roughness, dimensional 
deviation, and GD&T errors (parallelism error, perpendicularity error). This understanding reveals the exclusive 
investigational analysis and evolution of the hybrid WAAM-WEDM framework, confirming high-quality post-
processing of steel components.

Materials and methods
This study focuses on SS316L, a low-carbon austenitic stainless steel known for its exceptional resistance to 
corrosion, high strength, and superior weldability. Because of these amazing qualities, SS316L is often used 
in aerospace applications such as aircraft wing parts, where a high strength-to-weight ratio and the ability to 
last in extreme conditions are very important. Its reliability and performance also make it suitable for critical 
engineering applications in marine, biomedical, and chemical processing, where material integrity over extended 
service life is essential. The chemical composition of base metals is delineated in Table 1.

For this experimentation, a Wire Electrical Discharge Machining (WEDM) setup (Model: DK 7732, Concord 
make) equipped with a molybdenum wire electrode was utilized. The experimentation setup is illustrated in 
Fig.  2. Through all experiments of WEDM kept continuously controlled spark generation with the effective 
removal of debris by deionised water-based dielectric fluid. The dielectric was then filtered through fine filtration 
to remove the machining debris, which could otherwise alter the conductivity of the dielectric medium in the 
range of 10–20 µS/cm. Throughout the experiment, the temperature of the dielectric was maintained at 25 ± 2 °C 
to ensure thermal consistency and avoid unwelcomed variations in discharge characteristics. Clear checks 

Base Materials Fe P C Mo Si N Ni Cu Mn Cr S

SS316L Bal. 0.028 0.025 2.03 0.38 0.037 10 0.16 0.16 16.55 0.027

Table 1.  Chemical Composition of base material (wt%).
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were done to maintain fluid clarity and conductivity before every experimental run. With all these measures, 
uniform quality of dielectric was assured with stable machining condition that, in turn, aided in uniform erosion 
behaviour and preservation of surface integrity of WAAM-fabricated SS316L specimens.

The selected output responses include Material Removal Rate (MRR), Surface Roughness (SR), Dimensional 
Deviation (DD), and orientation tolerance. The work piece was machined into a square-shaped hole. MRR was 
determined based on the weight loss approach, using a ‘Contech’ digital weight balance with a precision of 
0.0001 g. Roughness of the machined surface was evaluated by a contact-type tester (Make: Mitutoyo, Model: 
Surftest SJ-310). Orientation error was assessed using a Coordinate Measuring Machine (CMM – Made by 
Helmel). Each of the three triplicates for this investigation contained all experimental work. For each parameter 
under investigation, three independent trials were conducted under the same conditions, and the average was 
considered for analysis.

The present explorative analysis examines the influence of three independent process factors: pulse duration 
(on/off time in µs), and peak current (A). The specific levels for each of these variables are detailed in Table 2. To 
evaluate the significance and interaction of these factors across multiple levels, a structured set of experiments 
was essential. The Taguchi method here comes very handy for optimizing the process variables and lessening 
in experimental effort. The factors selected, with their levels, are based on the use of the L27 Orthogonal Array 
(OA), thus allowing a systematic and good analysis of the influence of process factors on the output responses.

The SS316L material examined in this study was fabricated utilising WAAM Technology. The WAAM 
technique is a Directed Energy Deposition (DED) method capable of producing near-net-shape metallic parts. 
Parts manufactured by this technology are based on a layer-wise method whereby electric arc current acts 
as a source of heat, while metallic wire serves as feedstock. The deposition was carried out under controlled 
conditions to achieve metallurgical consistency and reduced oxidation. The SS316L samples thus fabricated 
became the subjects of the experimental investigations, especially in the tests for machinability and surface 
characteristics using a WEDM method. The use of WAAM-fabricated material enhances the relevance of this 
work to the analysis on the performance of additively manufactured stainless steel for precision machining 
applications.

SS316L specimens were fabricated using a TIG-based WAAM setup (DED, GTAW system) with 1.2 mm 
SS316L wire and high-purity argon shielding (15–18 L/min). Process parameters included 110–130 A (DCEN), 

Symbols Factors

Levels

1 2 3

A ‘Ton’ (µs) 30 35 40

B ‘Toff’ (µs) 5 10 15

C Peak Current - (A ) 2 3 4

Table 2.  WEDM variables and their levels.

 

Fig. 2.  Experimental Setup (WEDM for Machining).
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18–22 V, a deposition rate of 2.5–3.0 kg/h, and a travel speed of 200–250 mm/min. Layers averaged 1.5–2.0 mm 
thickness, with interlayer temperatures controlled at 150–200 °C. The final build was a 100 mm × 50 mm × 
10 mm rectangular block for WEDM trials.

Results and discussions
These experimentations have been done in continuation with L27 OA and now the results are used to evaluate the 
importance of the input factors in the WEDM process of SS316L manufactured by WAAM. A systematic effort 
has been made to identify the critical parameters necessary for developing a proficient and effective WEDM 
process. Different output variables are thus reflected in this exploratory study, which is designed to introduce 
variations regarding the possible effect of process factors in the WEDM process. The favourable performance 
measures included maximum material-reduction ratio, minimum roughness, variation in dimension and form/
orientation error.

Ascendency of variables on MRR
In WEDM, for WAAM components made of SS316L, the MRR increased significantly with a rise in the pulse-on 
time (Ton) and applied current. This behaviour can be attributed to an increase in thermal energy and discharge 
characteristics. As shown in Fig. 3, if the pulse-on duration is increased, there is a greater interval provided for 
energy transfer per electrical discharge, and this results in larger craters formed on the work piece surface due to 
more localized melting and vaporization. Therefore, this increases the rate of material erosion. Meanwhile, more 
extended pulse-off time (Toff) will ensure adequate dielectric recovery and efficient debris removal from the 
spark gap. This is crucial for WAAM-made designs, characterized by inter-layer porosity and surface roughness, 
since an efficient dielectric recovery guarantees a sustained spark and, hence, effective machining.

An increase in applied current also increases the discharge energy per pulse, resulting in higher localized 
temperature and hence more aggressive material removal. The specific features of WAAM-formed SS316L, such 
as its layered microstructure, possible anisotropy, and variation in thermal conductivity, also involve the heat-
affected zone and the dynamics of spark propagation, making the material much more susceptible to mechanisms 
of thermal erosion. Ultimately, all the above factors help in making the trend MRR increase with an increase 
in ‘Ton’, ‘Toff’, and current and establish the interrelationship between electrical parameters and metallurgical 
properties in additively manufactured SS316L.

Collectively, these factors result in a noticeable rise in MRR with increased values of pulse duration and peak 
current during WEDM of WAAM-fabricated SS316L. It is noticed that the optimal variable combinations for 
attaining enhanced MRR is A3B3C3 which means higher levels of process variables.

Ascendency of variables on SR
Figure 4 reflects the influence of WEDM process parameters on surface roughness (SR). With increasing values 
of pulse-on time (Ton) and applied current, the degree of surface roughness diminishes, which results from the 
increase in discharge energy that allows for much more efficient localized melting and vaporization of work 
piece material. This leads to the deposition of smoother craters, thus giving a general better surface finish.

WAAM-fabricated SS316L material typically has a layered microstructure with possible microscopic in-
homogeneities such as fusion boundaries, interlayer porosity, and directional grain growth. Higher energy 
input associated with longer ‘Ton’ and increased current have made it possible to more effectively remove the 
irregularities and, thereby, reduces surface asperities improving the quality of the machined surface. Higher 
discharge current emits an even greater amount of energy per pulse and this increases the depth and consistency 
of material removal and contributes to smoothness. On the contrary, the extended pulse-off time (Toff) 
lengthens the duration between consecutive discharges, thereby decreasing average energy input per unit time 
and could probably result in non-uniform distribution of the sparks, leading to irregular material erosion and 

Fig. 3.  Response plot for MRR.
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ineffective flushing of molten debris, especially on the heterogeneous and porous surfaces, like those of WAAM 
components, thus degrading surface quality. This means that the combination of high thermal input (Ton and 
current) and a well-controlled spark interval (Toff) is paramount to achieving optimal surface quality in WAAM 
SS316L component WEDM.

Ascendency of factors on dimensional deviation
Dimensional deviation in the WEDM machining of WAAM-fabricated SS316L was found to be strongly 
dependent on process parameters, as depicted in Fig. 5. Increased dimensional deviations were seen with an 
increase in pulse-on time (Ton) and applied current, while longer pulse-off times (Toff) helped to decrease the 
dimensional deviations.

Increasing ‘Ton’ prolongs the electrical discharge, putting greater thermal energy into the work piece and, 
therefore, into developing larger and deeper craters with consequence overcut, where the material removal 
beyond the intended dimension is increased. Likewise, a higher applied current increases the energy per pulse, 
enlarging the effective spark impact zone, further contributing to localized thermal damage, wire deflection, 
and irregular erosion along the cutting path. The effect is even more pronounced in WAAM-fabricated SS316L 
since it is fabricated in a layer-by-layer manner that causes microstructural anisotropy, residual stresses, and 
spatial variation in thermal conductivity, which aggravate thermal dilation and dimensional inaccuracies. 
Higher ‘Toff’, on the contrary, allows enough time for the dielectric to recover its insulating properties and 
effectively flush borne molten debris away from the spark gap, resulting in stable and uniform spark generation 
and comparatively lower wire vibration with no short circuiting, thus enhancing the machining precision and 
reducing the dimensional deviations. Hence, ‘Ton’ and current pair producing excessive thermal input and ‘Toff’ 

Fig. 5.  Response plot for DD.

 

Fig. 4.  Response plot for SR.
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recovering from that cooling effect shall harmoniously dictate the dimensional accuracy in WEDM of WAAM-
fabricated SS316L, which warrants the careful optimization of discharge parameters for precise material removal.

Ascendency of factors on parallelism error
Evidently the resultant parallelism error in the WEDM machining of SS316L made from WAAM depended 
purely on the process parameters which was shown graphically in Fig. 6. Higher time in pulse-on (Ton) as well 
as higher current used increased parallelism errors. However, longer ‘Toff’ effectively reduced these errors. The 
major reason for parallelism error is a non-uniform removal of material, wire deflections, and thermal distortion 
on machined surfaces. In every electrical discharge, prolonging the time ‘Ton’ means higher heat accumulation in 
the work piece, leading to the formation of a zone of localized melting or uneven erosion through the thickness 
of the component.

This effect is most notable for WAAM SS316L due to anisotropic thermal response as well as uneven material 
removal because of their layered structure, directional grain orientation, and residual stresses that lead to 
anisotropic thermal response. Furthermore, higher current yields increased energy per pulse, further aggravating 
the problem of non-uniform erosion and causing deflection of the wire due to different spark force distributions, 
and worsening the attained dimension and geometric accuracy. On the other hand, a longer ‘Toff’ gives the time 
for dielectric medium to regain its insulating properties and ensures effective flushing of molten debris from the 
spark gap; this stabilizes the sparking process and reduces wire vibration, hence achieving greater efficiency in 
removing materials uniformly, thus resulting in better geometric accuracy.

The optimum parameter combination (A1B3C1) holds a kind of ‘Ton’ that is lower, a ‘Toff’ that is high, along 
with little current applied, therefore giving rise to the least thermal distortions and sparking stable conditions 
with reduced deflection from the wire itself, resulting in the lowest parallelism error. This trend highlights 
the importance of limiting excessive thermal input and maintaining discharge stability when aiming for high 
geometric precision in the WEDM machining of WAAM-fabricated components.

Ascendency of factors on perpendicularity error
WEDM machining of WAAM-fabricated SS316L showed strong dependence of the perpendicularity error 
on process parameters, as depicted in Fig.  7. While higher perpendicularity errors were associated with 
increased pulse-on time (Ton) and applied current, such errors reduced with increasing pulse-off time (Toff). The 
perpendicularity error arises when respective surfaces fail to maintain an identical angle between them, mainly 
due to the in-homogeneous removal of material by thermal distortion and wire deflection during machining.

The longer the ‘Ton’ is, the longer the time for electrical discharge runs, applying that much more thermal 
energy to the work piece and creating a deeper crater, or aggressively destroying the material. This process can 
overcut and cause lateral thermal damage to WAAM-fabricated SS316L, which is anisotropic with respect to the 
layers, residual stresses, and microstructural heterogeneities. These properties then magnify localized thermal 
expansion and deviate from the true perpendicularity.

Similarly, the applied current raises the energy per discharge, hence increasing the material removal and 
thermal load, but this energy in turn leads to instability in the sparking process. This enhances wire deflection 
and reduces angular precision along machined edges, thereby causing higher perpendicularity error. ‘Toff’ 
intervals on the other hand favour dielectric recovery and efficient debris removal from the spark gap, providing 
stabilization of the sparking process, reducing wire vibration, and uniform material erosion. This kind of 
controlled material removal becomes paramount in the case of WAAM-fabricated components, which suffer 
surface roughness, interlayer porosity, and microstructural inconsistency. Therefore, an optimum combination 
of lesser ‘Ton’, current, and longer ‘Toff’ time will reduce perpendicularity errors to achieve more excellent angular 
precision during WEDM machining of WAAM-fabricated SS316L.

Fig. 6.  Response plot for Parallelism Error.
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The optimal combinations of A1B3C1 lower ‘Ton’, high ‘Toff’, and low applied current minimizes thermal stress, 
wire deflection, and spark-induced asymmetry, thereby reducing perpendicularity error. This trend confirms 
that controlled energy input and sufficient spark recovery time are crucial for achieving precise angular geometry 
when machining WAAM-fabricated SS316L using WEDM.

A comparative evaluation revealed that while milling and laser polishing enhance WAAM part quality, 
both face limitations—milling suffers from tool access, wear, and mechanical distortion, while laser polishing 
risks thermal distortion and microstructural alteration [1,2,48]. In contrast, optimized WEDM achieved a low 
surface roughness with minimal thermal impact and superior geometric precision on WAAM SS316L. This 
demonstrates WEDM’s capability as a precise, non-contact finishing technique ideal for intricate geometries 
where conventional methods are constrained, aligning with prior findings on hybrid manufacturing and WAAM 
post-processing performance [1, 2, 48, 4].

Analysing the WEDM-processed WAAM fabricated sample
The SEM image of the WEDM-machined WAAM-fabricated stainless steel 316 L presents a surface showing 
recast layers, micro-cracks, and partial debris characteristic of the localized strong thermal energy and rapid 
cooling generated in the WEDM process as shown in Fig. 8 (a&b).

The bright contrast regions correspond to re-solidified molten material (recast layer), while darker zones 
represent the base substrate, showing localized micro-cracks induced by rapid quenching. Spherical to 
irregular particles are signs of partial reattachment of molten debris most likely due to inadequate flushing 
in the discharge cycle. Nevertheless, the morphology suggests that WEDM can successfully machine WAAM-
fabricated components and serve as an effective post-processing tool. With optimized input parameters, WEDM 

Fig. 8.  SEM micrographs showing surface morphology of WAAM-fabricated SS316L after WEDM: (a) recast 
layer and micro-cracks at high magnification, (b) debris re-solidification and surface texture under optimized 
Ton = 35 µs, Toff = 10 µs, and current = 3 A conditions.

 

Fig. 7.  Response plot for Perpendicularity Error.
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reduces recast layer formation and thermal impact significantly, thus improving surface quality and dimensional 
accuracy of additively manufactured stainless steel components. Overall, the SEM results reveal high promise of 
this hybrid manufacturing process combining the geometrical flexibility of WAAM with the finishing precision 
of WEDM for advanced industrial applications.

The quantitative assessment of the SEM micrographs reflected a recast layer thickness of 8–15 μm, micro-
crack widths of 0.8–2.4  μm, and debris particle size of 3–12  μm, indicating their strong dependency upon 
pulse-on time, pulse-off time, and discharge current. In the SEM micrograph, the regions of interest have been 
highlighted for the distribution of recast layer formation and micro cracks. The variation of recast features is 
closely related to the machining parameters: longer pulse-on time (Ton), increasing thermal load, produces 
thicker and greater uneven recast layers, and a shorter pulse-off time (Toff) inhibits dielectric recovery, thereby 
leading to unstable discharges and irregular recast deposition; maximum intensity of discharge current leads to 
localized melting in a more controlled manner that thickens re-solidified regions on existing surface defects. All 
of these observations illustrate strong interdependencies between the morphology of recast layer and ‘Ton’, ‘Toff’, 
and current.

Evolution of ANFIS structure for WEDM of WAAM fabricated SS material
The MATLAB toolbox was used to build and refine ANFIS models that forecast the proposed GRG. In this work, 
the ANFIS model was built with three input and one output. The model was trained using experimental data and 
then tested to predict target performance metrics. The training configurations and parameters adopted in this 
exploration are depicted in Table 3.

The ANFIS model was created using ‘trimf ’ (triangular membership function) and operates on a set of 27 
rules generated automatically through processing the input data given to the system. A comparative approach 
initiated under the framework Multi-Criteria Decision Making (MCDM) is the method called Grey Relational 
Analysis (GRA) to assess the Grey Relational Grade (GRG) values. The ANFIS editor corresponding to the 
developed model is shown in Fig. 9. The trained model is now being used to predict the multi-performance 
index called ANFIS-GRG.

Interpretation on outcomes of ANFIS analysis for GRG
The ANFIS surface plots derived from the WEDM experimentation on WAAM-fabricated stainless steel reveal 
the complex nonlinear relationships between process responses and their combined effect on the predicted GRG 
as depicted in Fig. 10 (a–d).

The model effectively captures the interactive influence of input parameters such as MRR, SR, DD, Parallelism 
Error (PRL_ERR), and Perpendicularity Error (PERP_ERR). An overall increase in GRG is observed with 
higher MRR and improved surface quality, while dimensional accuracy parameters like DD, PRL_ERR, and 
PERP_ERR show a significant impact on performance, indicating their sensitivity and importance. The plots 
definitely prove that maximum productivity and minimum geometrical deviations shall produce a workable 
result toward establishing the strength and predictive capability of the evolved ANFIS model for WEDM of 
WAAM-fabricated stainless steel.

The surface plot in Fig.  11(a) depicts the interaction between GRC_DD and GRC_PERP_ERR 
(Perpendicularity Error) in predicting the ANFIS-based Grey Relational Grade (GRG). It is apparent that GRG 
presents a steep change with change in both parameters, indicating that the model is very sensitive to even slight 
changes in dimensional and geometrical accuracy.

Higher GRG is attained at lower values of both DD and PERP_ERR, indicating that tight tolerances in 
dimensional and perpendicular accuracy are essential for enhancing the performance of machining. In Fig. 11 
(b), the interaction between GRC_DD and GRC_PRL_ERR is illustrated. The surface indicates a strong 
influence of profile accuracy on the GRG, with performance improving significantly when both profile error 
and dimensional deviation are minimized. The steep rise in GRG over a narrow band of values suggests a sharp 
threshold for optimal machining conditions, reinforcing the need for precise control of these error metrics 
during the WEDM process.

The surface plot in Fig. 12(a) illustrates the interaction between GRC_SR (Surface Roughness) and GRC_
DD (Dimensional Deviation) on the ANFIS-predicted GRG. It is evident that a higher GRG is achieved when 
both surface roughness and dimensional deviation are minimized, indicating their significant contribution 
to overall machining performance. In Fig.  12(b), the correlation amongst GRC_SR and GRC_PERP_ERR 
(Perpendicularity Error) is depicted. The GRG increases with decreasing perpendicularity error, especially 
in regions of moderate surface roughness. This highlights the combined importance of geometric precision 
and surface integrity. Figure 12(c) presents the interaction of GRC_SR with GRC_PRL_ERR (Profile Error). 

No. of membership functions 3 3 3 3 3

Input ‘mf ’ opted trimf

Output ‘mf ’ opted constant

Optimizing Approach Back propagation

Tolerance of Error level 0

Epochs numbers opted 500

Table 3.  ANFIS Training variables for WEDM of HMMC.
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The GRG sharply rises as both surface roughness and profile error decrease, emphasizing that profile accuracy 
significantly influences the overall performance when surface finish is within acceptable limits.

In Fig. 12(d), the combined effect of GRC_PERP_ERR and GRC_PRL_ERR on GRG is shown. A complex, 
non-linear surface is observed, with GRG peaking when both error metrics are at their lowest, revealing a critical 
zone where machining precision in geometry directly enhances the performance index. Surface plots portray that 
minimizing surface roughness, dimensional, profile, and perpendicularity errors is critical to chambering the 
work piece into an optimal condition. The successful interdependence captured by the ANFIS model guarantees 
that it is a valid tool for multi-performance prediction in WEDM of WAAM-fabricated stainless steel.

Analysing performance of evolved ANFIS model
The discrepancy between the experimentation data and the envisaged data developed by the evolved model 
is referred to as the error. To assess the model, numerous statistical measures are computed, containing Mean 
Absolute Percentage Error (MAPE), Root Mean Square Error (RMSE), and the coefficient of correlation. These 
metrics are calculated using the Eq. (1) to (3).

	
Mean Absolute P ercentage Error MAPE (%) = 1

n

∑
n
i=1

EV − PV

EV
*100� (1)

 

	
Root Mean Square Error RMSE =

√
1
n

∑ n

i=1
(Ev − Pv)2� (2)

	
Correlation coefficient R2 = 1 −

∑ n
m=1(Pv − Ev)2

∑ n
m=1(Ev)2 � (3)

 

Where,
‘EV’ – experimental values.
‘PV’ - forecasted values.
‘n’ - no. of trials.
The results of the ANFIS model for the WEDM of WAAM-fabricated stainless steel (SS) were analyzed and 

compared with the corresponding experimental data. A strong correlation has been observed between the actual 
and the predicted results that shows the reliability of the model in consideration. The performance was assessed 
on the basis of statistical parameters according to Eq. (1) to (3), with detailed values presented in Table 4. The 
RMSE and MAE are shown in Fig. 13, while Fig. 14 displays the MAPE and correlation coefficient, thereby 
supporting the predictive capability of the model.

ANOVA on performance measures
The ANOVA analysis has been performed to reveal the significance of independent variables on opted 
performance measures and it is represented in Table 5. The outcomes of the ANOVA analysis shows that, among 
the parameters affecting essentially all machining responses, pulse-on time (Ton) is the most dominant factor. Its 

Fig. 9.  ANFIS Editor.
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effect on MRR (Material Removal Rate), dimensional deviation, and GD&T errors is quite strong due to its direct 
influence on both discharge energy and crater morphology, which in turn control material erosion and thermal 
distortion. Pulse-off time (Toff) also exerts notable influence, especially in the control of surface roughness and 
geometric precision, since a proper off time ensures dielectric recovery, stable discharge conditions, and efficient 
removal of debris. On the other hand, the current significantly affects MRR and surface roughness by increasing 
energy per spark of discharge, although its influence on dimensional and geometric errors is quite limited. In 
general, the ANOVA defines ‘Ton’ and ‘Toff’ as the necessary process variables for precision and consistency in 
WEDM of WAAM-fabricated SS316L, while current is mainly responsible for productivity and surface quality.

Conclusions
The exploratory analysis discusses the experimental assessment of WEDM conducted on WAAM-fabricated 
stainless steel (SS316L). An intelligent decision-making system based on hybrid ANFIS was developed to 
conceive the required multi-performance index. Some major findings of this exploration include:

•	 The integration of WAAM for near-net-shape fabrication and WEDM for precision finishing proved effective 
in improving surface quality, dimensional accuracy, and geometric tolerance of SS316L components.

•	 The stainless steel samples that were fabricated using WAAM were subjected to the WEDM process. It was 
found that the critical process variables, pulse length, and peak current, directly affected performance metrics 
such as MRR, SR, DD and GD&T errors.

•	 Pulse-on time (Ton) was confirmed as the most influential parameter affecting MRR, dimensional deviation, 
and GD&T errors, while pulse-off time (Toff) strongly influenced surface roughness and geometric stability.

Fig. 10.  (a) Surface plot for ANFIS-GRG vs. GRC of MRR and SR (b) Surface plot for ANFIS-GRG vs. GRC of 
MRR and GRC of DD (c) Surface plot for ANFIS-GRG vs. GRC of MRR and GRC of PRL Err (d) Surface plot 
for ANFIS-GRG vs. GRC of MRR and GRC of PERP Err.
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•	 The combined Taguchi–GRA–ANFIS framework provided a robust multi-objective optimization and pre-
dictive tool, with very high accuracy (R² = 0.9985, MAPE = 2.19%), confirming its suitability for modelling 
nonlinear machining interactions.

•	 The predictions made by an ANFIS model were based on experimental GRG values to calculate the overall 
effectiveness of the WEDM method. The predictive GRG value of 0.8756 was very close to being validated 
experimentally and shows the model’s robustness and ability for generalization.

•	 The ANFIS model also achieved the very high correlation coefficient of 0.9985, implying high predictive accu-
racy and strong association with experimental details. Thus, the results put further evidence on the reliability 
and applicability of the model in predicting multi-performance outcomes in WAAM manufactured stainless 
steel parts on WEDM.

•	 The demonstrated WAAM–WEDM hybrid strategy shows strong scalability potential for aerospace, biomed-
ical, and energy applications, where large, complex, and precision-critical components are required.

•	 The present work is limited to SS316L, without in-situ monitoring or direct recast layer quantification, which 
constrains microstructural insights and generalization across materials.

•	 Real-time adaptive WAAM–WEDM integration, supported by AI-driven sensing and control, along with 
extension to multi-material and functionally graded systems, offers significant opportunities for industrial 
deployment.

•	 Future research may focus on developing a real-time AI-driven integration of the WAAM–WEDM hybrid 
system to further enhance process accuracy and adaptability. Key sensing parameters such as spark gap volt-
age, discharge current, and pulse frequency (in WEDM), along with arc voltage, current, and melt-pool tem-
perature (in WAAM), can provide valuable feedback for closed-loop control. Advanced algorithms including 
Model Predictive Control (MPC), Adaptive Neuro-Fuzzy Inference System (ANFIS), fuzzy logic, and rein-
forcement learning can be utilized to intelligently regulate parameters like pulse on/off time, wire feed rate, 
and arc current. Such an approach would enable autonomous correction of deviations, ensuring improved di-
mensional accuracy, reduced surface errors, and enhanced overall process stability in future WAAM–WEDM 
hybrid manufacturing systems.

Fig. 11.  (a) Surface plot for ANFIS-GRG vs. GRC of DD and PERP Err. (b) Surface plot for ANFIS-GRG vs. 
GRC of DD and PRL Err.
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Model - ANFIS

Errors/Metrics Error Values

MAPE 2.192

RMSE 0.0274

MAE 0.0219

Correlation Coefficient 0.9985

Table 4.  Performance Metrics of ANFIS model.

 

Fig. 12.  (a) Surface plot for ANFIS-GRG vs. GRC of SR and GRC of DD (b) Surface plot for ANFIS-GRG vs. 
GRC of SR and GRC of PERP Err (c) Surface plot for ANFIS-GRG vs. GRC of SR and GRC of PRL Error (d) 
Surface plot for ANFIS-GRG vs. GRC of PERP Err and GRC of PRL Err.

 

Scientific Reports |        (2026) 16:15169 13| https://doi.org/10.1038/s41598-026-45952-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 14.  Error Analysis of ANFIS model.

 

Fig. 13.  Performance analysis of evolved ANFIS model.
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