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Abstract: The research focused on the effects of abrasive type, grain size, and wheel structure on surface roughness during external cylindrical longitudinal grinding of D2 steel. 
Experimental research was conducted using a full factorial design. The measured surface roughness values, depending on the combination of input parameters, ranged from 0.22 
to 1.31 μm, corresponding to ISO roughness grades N4 to N7. Among the factors examined, grain size had the most significant impact on surface roughness, followed by the type 
of abrasive, while the grinding wheel structure had the least effect. The best surface roughness is obtained by utilizing corundum with the highest aluminium oxide content as an 
abrasive, along with the smallest grain size and a dense structure of the grinding wheel. Additionally, modelling of the grinding process was performed. The validity of the obtained 
regression equation for predicting surface roughness was confirmed through five additional verification experiments, which supported the accuracy of the modelling. 
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1 INTRODUCTION 
 

In manufacturing, grinding has many applications, such 
as finishing, slitting, parting, descaling, deburring, 
sharpening, etc. Grinding is a crucial finishing operation that 
ensures high dimensional accuracy and high surface quality. 
This process allows for the machining of workpieces high 
accuracy and precision [1]. However, grinding is complex, 
influenced by numerous factors and their interactions, 
including the type of grinding, the machine tools, the 
grinding wheel, fixtures, and grinding parameters [2]. For 
successful grinding, it is essential to address all these 
influencing factors [3]. Additionally, grinding can effectively 
process workpieces made from various materials, each with 
distinct mechanical, physical, and thermal properties [4]. One 
such material is D2 steel, which is known for its high wear 
resistance and good corrosion resistance. However, it 
presents challenges during machining, especially after heat 
treatment, as it becomes significantly harder. 

In recent years, the grinding of D2 steel has been 
examined from various perspectives. Karabelchtchikova et 
al. [5] developed a mathematical model to describe the 
effects of multipass grinding on residual stress distribution. 
This model aids in predicting grinding dynamics and the 
impact of grinding on material characteristics. 
Mohanasundararaju et al. [6] utilized response surface 
methodology to predict surface roughness. Their 
experiments, conducted on a transverse grinding machine, 
revealed that surface roughness improves with increasing 
wheel speed, work speed, and dress depth. In contrast, 
surface roughness decreases with lower traverse speed and 
feed rate. Yan et al. [7] explored how grinding parameters 
and wheel grain size influence the formation of white layers. 
They found that a finer grain size of the wheel makes it more 
likely for both white and dark layers to form. Additionally, 
the occurrence of these layers is more probable with 
increased wheel rotation speed, workpiece speed, and depth 
of cut. Prabhu and Vinayagam [8] analysed changes in fractal 
dimension based on the smoothness of the ground surface. 

They measured surface roughness for carbon nanotube-based 
nanofluids during the grinding process. Kamely et al. [9] 
modelled the surface roughness of the grinding process based 
on feed and working speed. Surface roughness improves as 
both feed and working speed decrease. Yan et al. [10] 
developed a finite element simulation model to analyse 
grinding with alumina abrasive grit. The model assessed 
material deformation, forces, critical depth of cut, 
temperature, and material removal rate. Sethuramalingam & 
Vinayagam [11] studied the effects of grinding parameters 
using a carbon nanotube-based grinding wheel on surface 
roughness. They found that cutting speed had the most 
significant impact on surface roughness, while the depth of 
cut had the least influence. Babu et al. [12] studied the impact 
of grinding parameters on surface roughness when carbon 
nanotubes were added to oil, using the Taguchi method. The 
findings showed that surface roughness improved with an 
increase in feed and a decrease in the depth of cut. Khan et 
al. [13] conducted a comparison of surface quality, surface 
temperature, and normal force after grinding under three 
different conditions: dry, wet cooling, and minimum quantity 
lubrication (MQL). Their findings indicated that MQL 
outperformed both dry and wet conditions due to its superior 
penetration ability and enhanced heat dissipation properties. 
Kannan and Arunachalam [14] examined the relationship 
between grinding forces and the surface images of ground 
materials during the dressing process. Their results indicated 
a strong correlation between the signals from grinding forces 
and the images of ground surfaces, which can be used to 
assess the level of wear deterioration. Isti Nugroho et al. [15] 
examined the characteristics of chips and surface roughness. 
The results indicated that increasing the feed rate led to 
greater chip width and higher surface roughness values. 
Hood et al. [16] studied the performance of electroplated 
CBN grinding points with varying grit sizes. The most 
significant factors impacting surface roughness were the 
number of effective cutting grits and the active area. Gopan 
et al. [17] examined the effects of table speed, cross-feed, and 
depth of cut on surface roughness and cutting force. To 
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reduce surface roughness and cutting force, they utilized 
artificial neural networks and particle swarm optimization. 
Ben Fathallah et al. [18] investigated the effects of a sol-gel 
abrasive wheel and cryogenic cooling on surface integrity. 
Their study revealed that using a combination of an Al2O3 
abrasive wheel and soluble oil as a cooling method improved 
fatigue life when controlled grinding was employed. 
Chaudhari et al. [19] compared the surface integrity of 
conventional dry grinding with ultrasonic vibration-assisted 
dry grinding. The ultrasonic vibration-assisted dry grinding 
produced less variation in microhardness and resulted in a 
lower surface roughness. Azami et al. [20] studied the cutting 
forces and surface roughness during MQL grinding by 
incorporating MoS2 and CuO nanoparticles into vegetable-
based oils. The addition of these nanoparticles reduced 
cutting forces and improved surface quality. Chaudhari et al. 
[21] studied the effect of worktable feed and ultrasonic 
vibration amplitude on grinding outcomes. A decrease in 
worktable feed and an increase in ultrasonic vibration lead to 
reductions in grinding forces, surface roughness, and 
grinding temperature. Sharma et al. [22] studied grinding 
forces, specific grinding energy, and surface roughness under 
dry, wet, and cryogenic conditions. The cryogenic 
environment reduces grinding forces, lowers specific energy, 
and improves surface roughness. Mouralova et al. [23] 
analysed chips after grinding using an Al2O3 grinding wheel. 
They detected four different types of chips post-grinding. 
Zhang et al. [24] examined how grinding parameters affect 
surface roughness. Their findings revealed that the surface 
roughness measured perpendicular to the grinding direction 
was significantly greater than that measured parallel to it. 
They also found that increasing the grinding speed or 
reducing the grinding depth led to a decrease in surface 
roughness.  

The grinding process and its output parameters are 
influenced by a variety of parameters, many of which are 
non-linear. Consequently, the success of the grinding process 
often depends on the operator's experience and expertise. 
Previous research has typically focused on a few key 
parameters, including grinding parameters, grinding wheel 
characteristics, and dressing parameters. To enhance the 
grinding process, it is essential to model and optimize it by 
considering as many parameters as possible. This can be 
achieved by developing appropriate analytical models and 
identifying optimal grinding conditions. 

The objective of this research, unlike previous studies, is 
to model the process of external cylindrical longitudinal 
grinding using a straight grinding wheel. Specifically, we aim 
to develop a mathematical model that includes factors such 
as abrasive type, grain size, and the structure (porosity) of the 
grinding wheel. This model will help predict the surface 
roughness after the grinding operation. Additionally, the 
study will examine how the grinding wheel factors interact 
with surface roughness. We also aim to evaluate the impact 
of each factor and their interactions on the surface roughness. 
Furthermore, this research seeks to identify and validate, 
through confirmation experiments, the optimal parameters 
for the grinding process in order to minimize surface 
roughness and ensure its repeatability. 

2 METHODOLOGY 
 

The methodology according to which the research was 
conducted consists of several steps (Fig. 1). 
 

 
Figure 1 Methodology 

 
Experimental research was conducted on workpieces 

∅50 × 350 mm, which had been machined through turning to 
achieve an initial surface roughness of Ra = 8.3 μm. These 
workpieces were made from D2 tool steel, which has the 
following chemical composition: 1.50% Carbon (C), 0.60% 
Manganese (Mn), 0.60% Silicon (Si), 1.00% Cobalt (Co), 
12.00% Chromium (Cr), 1.00% Molybdenum (Mo), 1.10% 
Vanadium (V), 0.03% Phosphorus (P), 0.30% Nickel (Ni), 
0.25% Copper (Cu), 0.03% Sulfur (S), with the balance being 
Iron (Fe). The key mechanical, physical, and thermal 
characteristics of D2 tool steel are as follows: Hardness = 62 
HRC, Elastic modulus = 200 GPa, Yield strength = 1300 
MPa, Poisson’s ratio = 0.29, Thermal conductivity = 20 
W/m·K, and Thermal expansion = 10.4 × 10⁻⁶ 1/°C. 

External cylindrical longitudinal grinding was conducted 
on a grinding machine using the following parameters: a 
grinding wheel cutting speed of vc = 25 m/s, a workpiece 
speed of vw = 0.2 m/s, a longitudinal feed of f = 25 mm, and 
a depth of cut of ap = 0.01 mm. Grinding parameters and the 
characteristics of the grinding wheel should be selected 
according to the manufacturer's recommendations. 

During external cylindrical grinding, the workpieces are 
fixed between centers and rotated using the driving plate. The 
grinding wheel and workpiece rotate in the same direction. 

The experiments utilized a grinding wheel with the 
following dimensions: a diameter of D = 300 mm, a width of 
T = 50 mm, and a hole diameter of H = 127 mm. Grinding 
was performed using straight wheels characterized by soft 
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hardness (designation I) and a ceramic bond type 
(designation V). During the experimental research, three 
parameters of the grinding wheels were varied: abrasive type, 
grain size, and structure (porosity). The levels of the input 
parameters are detailed in Tab. 1. 
 

Table 1 Parameters of grinding wheels levels 
Parameter Abrasive Grain size Structure 

Le
ve

l 1
 

Designation Corundum 
21A 30 4 

Main 
characteristic 90 % Al2O3 0.710–0.590 μm Dense 

Le
ve

l 2
 Designation Corundum 

41A 46 8 

Main 
characteristic 94 % Al2O3 0.420–0.350 μm Medium 

Le
ve

l 3
 Designation Corundum 

61A 60 12 

Main 
characteristic 98 % Al2O3 0.297–0.250 μm Very open 

(porous) 
 

During machining, the synthetic cutting fluid Syntilo 
2000 was applied to enhance grinding efficiency. This fluid 
not only extends tool life but also ensures a high-quality 
surface roughness and maintains dimensional accuracy. 

The experimental research was conducted according to a 
full factorial design, which allows the investigation of all 
possible combinations of input parameters. Since all 
parameters were defined as categorical with three levels 
each, a total of 27 experimental runs (3×3×3) were 
conducted. 

After conducting experimental research, the 
measurement of surface roughness, specifically the 
arithmetical mean roughness value, was conducted using a 
Mitutoyo surface roughness measuring instrument. The 
probe tip radius was set at 2 µm, with a sampling length of 
0.8 mm and an evaluation length of 4 mm. Measurements 
were taken at ten different locations on the workpiece, and 
the average surface roughness value was calculated to aid in 
model development. 

In the final step, we performed an analysis of surface 
roughness generation and its mathematical modelling using 
multiple regression analysis. This approach quantifies the 
relationship between input parameters – such as abrasive 
type, grain size, and structure – and the response parameter, 
which is surface roughness. The research employed a full 
factorial design for the experiments. A mathematical model 
was created to best fit the measured results, represented as a 
polynomial with coefficients determined by the measured 
values of surface roughness. The resulting regression model 
can be expressed as: 
 

1 2 3( , , ),Ra f x x x=                                                              (1) 
 
where x1 is abrasive type, x2 is grain size and x3 is structure. 
This leads to the model equation: 
 

3 3 3
1 1 1 ,i i ij i ji i jRa x x xβ β β ε
= = =

= + ⋅ + ⋅ ⋅ +∑ ∑ ∑              (2) 

 
where β is coefficients and ε is residual. 

At the end, using this set of experimental parameters, we 
identified the conditions that yield the minimum value of 
surface roughness. We subsequently validated this minimum 
value through additional confirmation experiments. 
 
3 RESULTS 
3.1 Experimental Results 
 

The results of the experiment are shown in Tab. 2. The 
results were randomized, which reduced the possibility of 
systematic bias and further increased the reliability of the 
data obtained. 
 

Table 2 Results of the experiments 
No. Abrasive Grain size Structures Ra (μm) 
1 21A 46 12 0.58 
2 41A 30 12 1.06 
3 61A 30 8 0.76 
4 61A 30 12 0.80 
5 21A 46 8 0.57 
6 21A 60 8 0.32 
7 61A 46 12 0.43 
8 61A 60 4 0.22 
9 41A 30 4 0.97 
10 41A 30 8 1.01 
11 61A 60 12 0.24 
12 21A 60 4 0.31 
13 61A 30 4 0.71 
14 21A 30 4 1.22 
15 21A 30 8 1.27 
16 61A 46 4 0.41 
17 41A 60 12 0.29 
18 21A 60 12 0.33 
19 41A 46 4 0.48 
20 21A 46 4 0.56 
21 41A 60 4 0.27 
22 61A 46 8 0.42 
23 61A 60 8 0.23 
24 21A 30 12 1.31 
25 41A 46 12 0.51 
26 41A 60 8 0.28 
27 41A 46 8 0.50 

 
3.2 Statistical Analysis 
 

Statistical analysis of the measured results was 
conducted using a model that incorporates main effects and 
two-factor interactions. This approach enabled the 
development of a model for a detailed investigation and 
modelling of the complex relationships between input and 
output parameters. 

Due to irregularities observed in the data distribution and 
significant deviations among individual values (as illustrated 
in Fig. 2a), a logarithmic transformation of Ra (ln (Ra)) was 
applied. This transformation facilitates a better interpretation 
of the results and the application of statistical methods. The 
data distribution after the transformation is presented in Fig. 
2b. 

The logarithmic transformation was chosen based on the 
findings of a Box-Cox analysis, which indicated an optimal 
lambda value of λ = ‒0.13 (Fig. 3). This value is close to zero, 
suggesting that a logarithmic transformation is the most 
suitable option for stabilizing variance and enhancing the 
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normality of the data. We also assessed other standard 
transformations, such as square root and reciprocal, but they 
did not yield better results regarding data distribution or 
model performance. 
 

 
Figure 2 Distribution of surface roughness: a) before transformation b) after 

transformation 
 

 
Figure 3 Box-Cox transformation 

 
The assessment of the model's summary of fit predicting 

the ln (Ra) parameter is detailed in Tab. 3. The high 
coefficient of determination (R² = 0.999685) indicates an 
excellent alignment between the actual and predicted values, 
with the model accounting for over 99.9% of the total 
variance in the response parameter. The adjusted coefficient 
of determination (Adjusted R² = 0.999489) further verifies the 
model's reliability, taking into account the number of input 
parameters used. Additionally, the low root mean square 
error (RMSE = 0.012675), when compared to the mean of the 
dependent parameter (Mean of Response = –0.67167), 
demonstrates the model's high precision and low average 
error in its predictions. 
 

Table 3 Summary of fit 
Parameter ln (Ra) 

R² 0.999685 
R² Adjusted 0.999489 
RMSE 0.012675 
Mean of Response ‒0.67167 

 

Tab. 4 provides the analysis of variance for the specified 
regression model. The F-ratio obtained is 5085.076, which 
indicates the statistical significance of the model in 
explaining the variance of the output parameter. This high F-
ratio suggests that the model's total effects are significantly 
greater than the random variations (error). Furthermore, the 
extremely low p-value (< 0.0001) confirms that there is at 
least one statistically significant effect among the 
independent parameters. The total sum of squares is 
8.1724370, with the model accounting for almost the entire 
variance (Sum of Squares Model = 8.16987), while the error 
contributes minimally (Sum of Squares Error = 0.0025706). 
This further reinforces the model's effectiveness. 
 

Table 4 Analysis of variance 

Source DF Sum of 
Squares 

Mean 
Square F Ratio Prob > F 

Model 10 8.1698664 0.816987 5085.076 <0.0001* 
Error 16 0.0025706 0.000161   
C. Total 26 8.1724370    
Legend: * - statistically significant (p < 0.05, significance threshold) 

 
Tab. 5 shows the estimated input parameters of the 

model, ranked based on their LogWorth values. LogWorth 
represents a measure of the statistical significance of each 
parameter, with higher values indicating a greater impact of 
the parameter on the model. 
 

Table 5 Effect summary 
Source LogWorth p-value 

Grain size 27.693 0.00000 
Abrasive 19.331 0.00000 
Abrasive×Grain size 8.832 0.00000 
Structures 7.988 0.00000 

 
Fig. 4 presents a visual assessment of the model's fit by 

comparing actual and predicted output parameters. The 
analysis of this plot reveals a strong alignment between the 
actual and predicted values, as the points are closely clustered 
around the diagonal line. This diagonal line signifies the ideal 
scenario in which predicted values match the actual values, 
showcasing the model's precision in its predictions. 
 

 
Figure 4 Actual by predicted plot 

 
Fig. 5 displays the residuals plotted against the predicted 

values. The residuals are evenly distributed around the 
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horizontal line at zero, showing no obvious patterns. This 
suggests that the model fits the data well and that there are no 
systematic trends in the predictions. 
 

 
Figure 5 Residual by predicted plot 

 
The normality of the residuals in the model was 

evaluated using the residuals' normal quantile plot, shown in 
Fig. 6. The residuals fall within the confidence interval (CI) 
and align with the diagonal line, suggesting that they are 
normally distributed. Since the points remain within the 
interval, we can conclude that there are no outliers indicating 
any irregularities in the data. This plot indicates that the 
model meets the assumption of normality for the residuals, 
confirming its validity and ensuring the reliability of the 
results obtained. 
 

 
Figure 6 Residual normal quantile plot 

 
Tab. 6 presents the standardized estimates of the 

regression coefficients regarding the influence of various 
input parameters on surface roughness. Standardized 
parameter estimates indicate the relative impact of different 
input parameters on the dependent parameter, facilitating 
comparisons irrespective of unit differences. The Prob>|t| 
value reflects the statistical significance of each input 
parameter, with a value less than 0.005 indicating statistical 
significance. The t-ratio values demonstrate the relationship 
between the parameter estimate and its standard error; higher 
t-ratios signify a stronger influence of the predictor in the 
model. 

Positive and negative estimate values reveal the extent 
and direction of the effects of individual parameters and their 
interactions on the output. Positive values for the following 
parameters - Abrasive [21A], Abrasive [41A], Grit Size [30], 
Structures [8], Structures [12], Abrasive [21A] × Grain Size 
[30], Abrasive [41A] × Grain Size [30], Abrasive [41A] × 
Grain Size [60], Abrasive [61A] × Grain Size [46], and 

Abrasive [61A] × Grain Size [60] - indicate that applying 
these parameters increases the ln (Ra) value, which 
corresponds to a negative effect on the quality of the 
machined surface. 
 

Table 6 Estimates 
Term Estimate Std Error t Ratio Prob>|t| 

Intercept -0.671666 0.002439 -275.34 <0.0001* 
Abrasive [21A] 0.1829939 0.00345 53.05 <0.0001* 
Abrasive [41A] 0.0180134 0.00345 5.22 <0.0001* 
Abrasive [61A] -0.201007 0.00345 -58.27 <0.0001* 
Grain size [30] 0.6611754 0.00345 191.66 <0.0001* 
Grain size [46] -0.038356 0.00345 -11.12 <0.0001* 
Grain size [60] -0.62282 0.00345 -180.54 <0.0001* 
Structures [4] -0.03657 0.00345 -10.60 <0.0001* 
Structures [8] 0.0016314 0.00345 0.47 0.6427 
Structures [12] 0.0349391 0.00345 10.13 <0.0001* 
Abrasive [21A]×Grain size [30] 0.0634617 0.004879 13.01 <0.0001* 
Abrasive [21A]×Grain size [46] -0.035194 0.004879 -7.21 <0.0001* 
Abrasive [21A]×Grain size [60] -0.028268 0.004879 -5.79 <0.0001* 
Abrasive [41A]×Grain size [30] 0.005064 0.004879 1.04 0.3147 
Abrasive [41A]×Grain size [46] -0.008145 0.004879 -1.67 0.1144 
Abrasive [41A]×Grain size [60] 0.0030814 0.004879 0.63 0.5366 
Abrasive [61A]×Grain size [30] -0.068526 0.004879 -14.05 <0.0001* 
Abrasive [61A]×Grain size [46] 0.0433392 0.004879 8.88 <0.0001* 
Abrasive [61A]×Grain size [60] 0.0251865 0.004879 5.16 <0.0001* 
Legend: * - statistically significant (p < 0.05, significance threshold) 
 

Through statistical analysis of the chosen model, a 
regression equation was derived to describe the surface 
roughness of the machined surface: 
 

ln (𝑅𝑅𝑅𝑅)

= −0.671666049 +  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)�
“21A” → 0.18299
”41A” → 0.01801
“61A”
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

→
→

−0.20101
.

�

+ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴)

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
“21A” → 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)�

“30” → 0.06346
”46” → −0.01352
“60”
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

→
→

−0.02827
.

�

”41A” → 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)�
“30” → 0.00506
”46” → −0.00814
“60”
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

→
→

0.00308
.

�

”61A” → 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)�
“30” → −0.06852
”46” → 0.04334
“60”
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

→
→

0.02519
.

�
⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

+ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)�
“30” → 0.66117
”46” → −0.03835
“60”
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

→
→

−0.62282
.

�

+ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)�
“4” → −0.03657
”8” → 0.00163

“12”
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

→
→

0.03494
.

� 

(3) 

 
Fig. 7 shows a statistically significant interaction 

between abrasive type and grain size in relation to ln (Ra). 
The interaction analysis indicates that the effect of one factor 
on Ra depends on the value of the other factor. 
 

 
Figure 7 Interaction profiles 
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Fig. 8 presents the prediction profiler, which illustrates 
the influence of each input parameter on the predicted surface 
roughness. The prediction profiler provides insight into how 
variations in the input parameters affect the output of the 
regression model. 
 

 
Figure 8 Prediction profiler 

 
3.3 Confirmation Experiments 
 

The regression model was confirmed by 5 additional 
experiments carried out at the point in the experimental space 
where the model predicts the lowest Ra, i.e. the highest 
quality of the machined surface. The confirmation 
experiments were carried out with the following input 
parameters: abrasive 61A, grain size 60 and structure 4. The 
experiments were repeated ten times to evaluate the stability 
and repeatability of the process, and the results obtained were 
compared with the values predicted by the regression model. 

The results of the confirmation experiments are shown in 
Fig. 9 as box plots. The red horizontal line represents the 
predicted surface roughness value Ra = 0.2216, while the 
green lines indicate the boundaries of the 95% CI (lower CI 
= 0.2178, upper CI = 0.2254). The blue line within the box 
plots connects the mean values of the measurements for each 
experiment. The obtained results show that both the median 
and mean fall within the CI (95%), indicating the high 
accuracy and reliability of the developed model, as well as 
the stability and repeatability of the process. The presence of 
minor deviations in individual measurements, i.e., 
statistically acceptable outliers outside the CI, can be 
considered a result of inherent data variability. Based on the 
obtained results, it can be concluded that the regression 
model was successfully validated through additional, 
independent experiments. 
 

 
Figure 9 Results of the confirmation experiments 

4 DISCUSSION 
 

The results of the statistical analysis and the analysis of 
variance show a high precision and statistical significance of 
the developed model. Based on the evaluation of the input 
parameters, it can be concluded that all main effects as well 
as the interaction between abrasive type and grain size are 
statistically significant, while other two-factor interactions 
are not. The parameter estimation of the developed model 
showed that grain size and abrasive type are the most 
influential factors affecting surface roughness. 

The greatest effect on Ra is attributed to grain size, with 
a smaller grain size leading to a better surface roughness. 
Coarse abrasives, which are characterized by larger grain 
sizes, generate more heat and a rougher surface on the 
workpiece. In contrast, finer abrasives with smaller grain 
sizes create multiple contact between the grinding wheel and 
the workpiece. This results in a more uniform scratch pattern, 
reduces the peak-to-valley height and ultimately improves 
the surface roughness.  

The best surface quality was achieved with the abrasive 
61A, which contains the highest proportion of aluminium 
oxide, while the poorest quality was achieved with the 
abrasive 21A, which has the lowest aluminium oxide content. 
As the aluminium oxide content in abrasives increases, the 
hardness of the abrasive also increases. This leads to slower 
wear, which ultimately improves the surface roughness. In 
addition, abrasives with a higher aluminium oxide content 
are more resistant to stress, which ensures more even wear 
and further improves the quality of the machined surface. 

The grinding wheel with dense structure showed a better 
surface quality compared to medium and porous structure. 
Reducing the porosity of the grinding wheel (fewer pores) 
increases the contact area between the wheel and the 
workpiece. This can lead to higher contact pressures and 
forces as well as insufficient heat dissipation in the cutting 
zone, which can result in poorer surface roughness. However, 
careful selection of grinding parameters combined with 
adequate cooling and lubrication can mitigate these negative 
effects. In addition, grinding wheels with lower porosity 
provide less space for the accumulation of chips (dust 
particles), which can further hinder the achievement of the 
desired surface roughness. Nevertheless, properly aligned 
coolant nozzles and adequate coolant pressure can effectively 
flush the cutting zone and remove chips. Grinding wheels 
with lower porosity also tend to wear more slowly. 
Therefore, a wheel with lower porosity can only slightly 
improve the surface roughness. 

The statistically significant interaction between abrasive 
type and grain size revealed that smaller grain sizes result in 
reduced surface roughness, regardless of the abrasive used. 
However, the extent of this improvement varies depending 
on the abrasive type. The highest surface roughness was 
recorded for the combination of 21A abrasive and grain size 
30, while the lowest roughness was achieved using 61A 
abrasive with grain size 60. 

Visual evaluation of model performance through actual 
by predicted, residual by predicted, and residual normal 
quantile plots showed no presence of systematic errors, 
improper residual distribution, or deviation from normality. 
The results of confirmation experiments demonstrated high 
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model accuracy. The predicted and actual values match 
within the 95% CI, further confirming the validity of the 
developed model and its capability to reliably predict surface 
roughness. 
 
5 CONCLUSION 
 

The results of the experimental research indicated that 
the input parameters significantly influence surface 
roughness. Specifically, surface roughness values varied 
from 0.22 μm to 1.31 μm. Among the factors studied, grain 
size had the most substantial effect on surface roughness, 
while the structure of the grinding wheel had the least impact. 
Additionally, the interaction between abrasive type and grain 
size also significantly affected surface roughness. 

The results from the statistical analysis and confirmation 
experiments demonstrated that it is indeed possible to model 
surface roughness accurately and precisely based on the type 
of abrasive, grain size, and structure. This conclusion is 
supported by the fitting parameters obtained and the residuals 
that were analysed. 

The conducted research has certain limitations that can 
guide future studies. The results obtained are applicable only 
within the specific conditions under which the experiments 
were conducted. To enhance the generalizability of the 
developed model, we plan to conduct experimental research 
on specimens with varying mechanical, physical, and thermal 
properties, as well as tools that have different geometric and 
technological characteristics. Additionally, future research 
will focus on modelling and optimizing a greater number of 
variables. This includes incorporating a wider range of input 
parameters, such as wheel speed, workpiece speed, feed rate, 
total depth of cut, and the number of passes, along with 
various output process parameters like dimensional accuracy, 
material removal rate, hardness, and residual stresses. We 
also intend to explore other modelling and optimization 
methods. Finally, future research will investigate wear 
mechanisms, chip morphology, and related factors. 
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