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Abstract  

In industry, the search for reducing energy consumption directly impacts the manufacturing sectors due to 

the high power consumption required for their processes. Thus, studies on machining centers that identify 

factors impacting this demand, while maintaining the quality of the surface finish on manufactured parts, are 

essential. The objective of this paper is to statistically analyze the influence of cutting parameters on energy 

consumption and surface finish on a Leadwell V40 iT machining center. A design of experiments (DOE) was 

developed using Minitab® software, with the depth of cut, spindle speed, and feed rate as input parameters. 

Each experiment was programmed using SprutCAM, measuring energy consumption and surface finish. The 

data obtained were statistically analyzed to determine the influence of the cutting parameters on the response 

variables, individually and in combination. The results show that the most critical factor for both responses is 

the depth of cut, with an F-value of 93.71 for surface finish and 36.20 for energy consumption, both presenting 

a P-value near zero. The composite analysis, aimed at optimizing the cutting parameters, shows an accuracy of 

96.49% in minimizing these parameters 
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1. INTRODUCTION  

 

The Computerized Numerical Control (CNC), 

has established as a fundamental tool in the 

manufacturing industry, due to its high efficiency 

and quality parameterization that allows continuous 

processes; in turn, the cost-time relationship, which 

are now totally inherent in the production processes 

that are carried out. In an environment where 

computer-aided design/manufacturing (CAD/CAM) 

has taken precedence over conventional machines 

(1). 

As the manufacturing sector accounts for 

approximately 33% of primary energy use, and 38% 

of CO2 emissions worldwide according to figures 

presented by the EIA (2,3), due to the increase in 

global energy demand, it is necessary to propose 

optimization strategies for consumption in the 

industrial sector. In the case of CNC manufacturing, 

being a material removal process, it translates into 

high energy consumption, materials and services 

with low efficiency, which are also responsible for a 

considerable part of the total energy consumption in 

this field (4), which is why the reduced CNC 

machining processes can have a significant impact 
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on the reduction of the environmental impact. In this 

way, promoting sustainability and efficiency in this 

type of processes would help reduce the carbon 

impact related to manufacturing processes (5).  

The classification of energy consumption 

represented in the profile of a conventional 

machining process can be seen in Figure 1, which is 

divided into three stages: Stand-by stage, air cutting 

stage (when no load is applied to the tool) and cutting 

stage (when the tool movement results in material 

removal). As such, the number of variables that are 

involved in the process of optimizing energy 

consumption, which are not only associated with the 

process of cutting, create great opportunities for 

research in both academic and industrial sectors. 

Among the different optimization parameters, 

which control the operations carried out in the 

machining centers, that lead the research to the 

construction of reliable predictive models, are the 

main cutting variables which are: feed rate, spindle 

speed, radial and axial depth of cut. (4,7); where, 

according to Newman (8), the energy consumption 

of machining processes focused on optimizing these 

parameters can differ significantly, by at least 6% at 

low cutting powers and up to 40% at high cutting 
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powers. On the other side, studies where the 

optimization of cutting parameters and trajectories is 

developed, it is possible to reduce the energy 

consumption of the machine by 16%, as well as the 

machining time (9).  

 
Fig. 1. Instantaneous power plot during the 

CNC cutting process. Source (6) 

 

Studies aimed at optimizing cutting parameters 

have shown a tendency to reduce energy 

consumption, but these parameters have a direct 

impact on the surface finish of the machined part, a 

fundamental aspect both in terms of product quality 

and in terms of the process carried out, in which 

observation and measurement are neglected. 

Monitoring surface finish is essential for product 

quality control, and the mean deviation parameter of 

the evaluated profile (Ra) is widely used in surface 

finish control. (10,11), being an indicator of the 

correct performance of the cutting process since it is 

directly related to machining aspects such as cutting 

parameters, tool geometry, tool wear, vibration, 

among others (12). The measurement of Ra is 

complicated by the heterogeneity of experimental 

designs, sources of information, and sample sizes for 

model construction and validation. (13).    

The studies that address topics related to 

modeling, optimization, monitoring and control of 

cutting parameters do not have tools for the 

manipulation and representation of data that allow to 

expose and identify the most correlated variables in 

experimental fields, thus avoiding the gaps in the 

complexity of the variables and in the diversity of 

mechanical manufacturing processes. With Minitab 

program, such analytical processes are performed 

based on the execution of advanced statistical 

functions, while suggesting the use of matrices with 

modifications in the parameters (14), providing a 

more convenient performance in the generation of 

mathematical models, which are focused on 

regression analysis or statistical variations (15), 

Where is the relevance of these software for data 

interpretation and visualizing approximate forecast 

models, increasing the levels of significance in the 

subsequent analysis, as shown in the conclusions 

about the additive manufacturing industry by T. 

Ermergen and F. Taylan (16), the DOE model made 

by the same program provides a solid mathematical 

regression formula for future forecasts, with more 

than 90% accuracy compared to Matlab, being more 

useful for mathematical and statistical explanations. 

Lee et al. have implemented the Taguchi method 

for the estimation of surface finish in a turning 

process, where the main focus of this strategy is to 

perform the minimum number of experiments in 

order to obtain a valid result. They have found that 

by means of this strategy it is possible to find the 

appropriate cutting parameters to improve the 

quality of the machined parts (17). Nagamani 

performs a design of experiments by the Taguchi 

method for improving chip removal rate and 

minimizing surface finish along with a comparison 

with and without the use of coolant. From the 

experiments performed, they were able to validate 

the best parameter settings to obtain the best results 

(18. On the other hand, Armansyah et al, conducted 

a research focused on studying the influence of the 

main cutting variables on the surface finishing of a 

high speed machining, for this purpose they 

implemented a DoE based on Taguchi, which was 

evaluated with an ANOVA analysis, finding that for 

this type of machining the feed rate is the parameter 

that most influences the surface quality of the 

machined parts (19). 

It is for this reason that a design of experiments 

(DOE), using the Minitab program is purposed, 

based on the influence of the most commonly 

applied cutting parameters in machining processes: 

depth of cut, spindle speed and feed rate; in a 

Leadwell V-40iT five-axis CNC machining center; 

in order to perform analyses on energy consumption 

and surface finish, both individually and as 

conjunction, with the objective of comprehend the 

influence of cutting parameters in the machining 

processes variables. 

 

2. METHOD 

 

2.1.  Experiment design 

A 53 general factorial design of experiments 

(DOE), with three factors and five levels of 

measurement, was developed with the objective of 

establishing a database for the analysis of machining 

center performance in terms of energy consumption 

and surface finish. The hypothesis proposed is that 

cutting parameters such as spindle speed, feed rate 

and axial depth have an influence on energy 

consumption and surface finish derived from the 

manufacturing process. This model was chosen 

because its accuracy improves with the amount of 

data and levels that can be taken into account, 

including the intermediate points of the 

recommended operating cutting parameters. 

Minitab software was implemented to establish 

the DOE, the, which allows to make the appropriate 

combinations to establish the experiments to be 

carried out. This program allows to perform 

statistical analysis on the corresponding data, 

recognizing trends and hidden patterns, so that they 

can be interpreted in a practical and simple way.   

Table 1 shows the parameters used for the 125 

experiments, which were performed on an AISI 1045 

steel plate, with a length of 205 mm, where the radial 



DIAGNOSTYKA, Vol. 26, No. 1 (2025)  

Trujillo Burgos JD, Guevara-Muñoz AJ, Rodriguez-Cabal MA.: Statistical analysis of the impact of cutting… 

 

3 

depth of cut is 75%. This is defined to ensure the 

consistency of the experiments within the same 

geometry, as well as to set the basis for the 

programming of the cutting paths, in order to avoid 

variations that affect the results of the surface finish 

and energy consumption. 

Also, using a ½" MasterCut® cylindrical milling 

cutter, where following the cutting parameters 

recommended by the tool manufacturer. In turn, to 

assure the accuracy of the surface finish and energy 

consumption measurements, at the end of each of the 

experiments the tool is checked for wear, being 

exchanged for a new one when necessary. This 

procedure eliminates possible noise in the results, 

which directly affects the uniformity of the 

measurements and the reliability of subsequent 

analyses (20,21).  

 
Table 1.  Parameters of the factorial design. Authors' own 

work 

Factors 

(Cutting 

parameters) 

Levels 

1 2 3 4 5 

Spindle 

speed (rpm) 
950 1187.5 1425 1662.5 1900 

Feed rate 

(mm/min) 
134 167.5 201 234.5 268 

Cutting 

depth (mm) 
1 1.5 2 2.5 3 

 

2.2. Instrumentation 

As mentioned above, the objective of the study is 

to analyze the variables related to the energy 

consumption and surface finishing during the cutting 

process. For this, the elements used for the 

measurement of each of these variables and the 

procedure for taking them are explained below. 

 

2.2.1. Energy consumption 

To obtain the energy consumption derived from 

the roughing process, the cutting power must be 

calculated, for which a Fluke 1735 power analyzer 

was used to obtain the values of electrical power 

consumed during the cutting operation, allowing to 

find the energy consumed during the cutting time. In 

Figure 2 the instrument used, along with the 

recommended single-phase connection, is presented 

to perform the correct measurement of the variable, 

considering only the energy consumed during the 

cutting stage.  

In this way, it should be taken into account that 

this device has the function of measuring the 

instantaneous electrical power during each of the 

experiments, and by integrating the time, the 

instrument automatically averages the energy 

consumed in kilowatt-hours (kWh), considering the 

duration interval established during the previously 

mentioned stage. 

2.2.2 Surface finish 

To measure the surface finish resulting from the 

machining process, a Mitech Surface Roughness 

Tester MR200 was used, which slides over the 

surface of the material, obtaining the measurement 

in microns (µm) of the roughness obtained from the 

continuous cutting operations (Fig. 3). When directly 

delivering the average surface finish measurement, 

and in order to reduce noise in the final 

measurements, each of the data is the result of 

performing this process three times, and the final 

value corresponds to the average of these values.   

 
Fig. 2. Fluke 1735. Source (22)  

 
Fig. 3. MR200. Source (23) 

 

2.3. Test trajectories programming 

These experiments were conducted on a 

Leadwell V40 iT machining center (Fig. 4) with 

Heidenhein control. The SprutCAM X16 software 

(Fig. 5) was used to program the tool paths, by 

performing the variations corresponding to the three 

cutting parameters under study in each 

measurement. 

 
Fig. 4. 5-axis CNC Leadwell V40 iT. Authors' own work 

 

3. RESULTS AND DISCUSSIONS 

 

In this study, the purpose is to obtain the 

responses, in terms of the measured variables such 

as energy consumed and surface finish, derived from 

a DOE. The measurement of the response parameters 
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is fundamental in the accuracy of the analysis that 

was subsequently carried out, this due to the fact that 

the aim is to minimize the noise in the calculations 

with the objective of having a real comprehension of 

the system, where subsequently a statistical analysis 

was carried out in Minitab®, for each of the 

variables analyzed. 

 

Fig. 5. Programming of the trajectories using SprutCAM 

XVI. Authors' own work 

 

3.1. Analysis of surface finish 

Table 2 presents the analysis of variance 

(ANOVA) for surface finish, highlighting the 

specific effects evaluated in the experiment. The 

Degrees of Freedom (DF), Adjusted Sum of Squares 

(Adj SS) and Adjusted Mean Squares (Adj MS) 

provide an insight into how the variability is 

attributed to different factors. The P values for feed 

rate and depth of cut are well below the standard 

significance threshold of 0.05, indicating that both 

factors have a statistically significant effect on 

surface finish, while spindle speed fails to meet the 

hypothesis. This makes it possible to show the 

significant and independent occurrence of the factors 

in the corresponding analysis of the surface finish of 

the material, in operations such as those of the 

experiment. 

The F value, which is the ratio of the explained 

variance to the residual variance, further confirms 

the importance of these factors. High F values for 

feed and depth of cut show that they account for a 

significant proportion of the total variance, 

highlighting their influence. In contrast, spindle 

speed, with a low F value and a P value above 0.05, 

contributes minimally to the variance, suggesting 

that it has little effect on surface finish under the 

conditions of this experiment. 

Table 3 provides a summary of the model 

performance metrics, highlighting its ability to 

explain and predict surface finish variability. The 

standard error (S) of 0.334 indicates the mean 

deviation between the observed and predicted 

values, the R-squared (R-sq) value of 90.26% 

indicates that the model explains a high percentage 

of the surface finish variability. However, the 

adjusted R-squared (R-sq adj), which indicates the 

number of predictors, drops to 81.13%, 

demonstrating some loss of explanatory power when 

adjusting for model complexity. The predicted R-sq 

pred is 62.84%, reflecting the model’s ability to 

predict new data. Although lower than the other R-

squared values, it still shows moderate predictive 

power, although it suggests the potential for 

improved generalizability. 

 
Table 2.  Analysis of variance for surface finish. Authors' 

own work 

Source DF Adj SS Adj MS F-

Value 

P-

Value 

Model 60 66,316 1,105 9,88 0,000 

Linear 12 48,093 4,008 35,84 0,000 

Spindle rate 4 0,583 0,146 1,30 0,278 

Feed rate 4 5,595 1,399 12,51 0,000 

Depth  4 41,914 10,479 93,71 0,000 

2-Way 

Interactions 

48 18,223 0,379 3,40 0,000 

Spindle 

rate* Feed 

rate 

16 3,263 0,204 1,82 0,047 

Spindle 

rate* Depth 

16 3,527 0,221 1,97 0,029 

Feed rate 

*Depth 

16 11,432 0,715 6,39 0,000 

Error 64 7,156 0,112       

Total 124 73,473          

 
Table 3.  Model Summary. Authors' own work 

S R-sq R-sq(adj) R-sq(pred) 

0,334 90,26% 81,13% 62,84% 

In addition, in order to verify the assumptions of 

independence of the residuals, normality and 

constant variance for the surface finish, Figure 6 

shows different residual plots, which determine 

whether the above assumptions are met without any 

kind of bias. With this, the normal probability plot 

shows a trend of the points towards the straight line, 

thus approximating the normal distribution. Also, the 

residuals vs. adjustments plot indicates that these are 

randomly distributed, proving to have a constant 

variance. In the histogram of the residuals, most of 

the residuals are concentrated near zero, which is 

consistent  with  a  normal  distribution.  Finally, the  

 
Fig. 6. Residue analysis plots with respect to surface 

finish. Authors' own work 
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plot of residuals vs. order allows us to observe the 

independence of each one of them from each other, 

due to the existence of some kind of pattern. 

In the same way, the Pareto chart of standardized 

effects confirms the critical incidence of the 

parameters named in the analysis of variance as the 

most significant, and where the depth of cut is the 

most influential factor. In turn, the interaction 

between the factors (BC) seen in Figure 7, reflects 

the second-highest critical incidence in the study; 

coinciding theoretically the process of finishing is 

performed, that is done with low depth and low feed 

rate. 

 
Fig. 7. Pareto chart of the effects for surface finish. 

Authors' own work 

 

In Figure 8, the main effects plot is presented, 

where the Y-axis represents the average surface 

finish, and the X-axis shows each of the levels per 

factor. This plot allows us to observe which are the 

best operating points. With respect to feed rate and 

spindle speed, the operation points where the lowest 

energy consumption could be obtained are the 

minimum values of the levels. With respect to the 

depth of cut, it is observed that there is no linear 

relationship between the selected levels, showing 

that this factor is the one that has the greatest impact 

on the surface finish, reaffirming the analysis in 

Figure 7. 

Figure 9 details the interaction between the 

parameters as a function of the roughness of the 

material. where a relationship between points or 

central values of each of the parameters can be 

observed, which confirms the correlation with 

respect to the mean value. Additionally, it can be 

observed that, when working with cutting depths of 

1.5 mm and 3 mm, the surface finish will tend to be 

of lower quality; it is recommended to apply the 

values between 2 and 2.5 mm, of this parameter, in 

operations similar to those considered in the study, 

because, throughout the experiment, it is the 

parameter of greater significant importance and 

criticality. 

3.2. Analysis of Energy Consumption 

Table 4 shows the analysis of variance, the P 

value of each of the specific effects is below 

significance (α < 0.05), that is, all of them have an 

influence on the response variable, in this case 

energy consumption, with cutting depth being the 

most influential factor, presenting the highest F 

value (36.20). 

 
Fig. 8. Main effects plot for surface finish.  

Authors' own work 

 
Fig. 9. Interaction plot for surface finish. Authors'  

own work 

 

Table 5 shows a summary of the model 

performance metrics, where the variability in the 

training data (R-sq) is 80.33%, indicating a strong fit 

for the data used in development. However, its 

predictive ability, reflected by a predicted R-sq of 

24.97%, indicates problems in generalizing to new 

data. The adjusted R-sq of 61.89% suggests that 

some variables may be unnecessary, and the standard 

error (S) of 158.984 reflects some inaccuracy in the 

predictions. This is an indication of possible 

overfitting and the need to optimize the model to 

improve its predictive accuracy.  

Equally, to verify the assumptions of 

independence of the residuals, normality and 

constant variance in energy consumption, Figure 10 

shows different residual plots, which allow us to 

corroborate the above assumptions. The normal 

probability plot shows a trend of the points towards 

the straight line, approximating a normal 

distribution. On the other hand, the residuals vs.  

adjustments shows that the residuals are randomly 

distributed, proving the constant variance. In the 

histogram of the residuals, the concentration of the 

residuals is close to zero, thus showing a normal 

distribution. Finally, the residuals vs. order plot 

shows that there is no correlation between the 

residuals, confirming their independence. 
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Table 4.  Analysis of variance for energy consumption. 

Authors' own work 

Source DF Adj SS Adj 

MS 

F-

Value 

P-

Value 

Model 60 6606419 110107 4,36 0,000 

Linear 12 5614945 467912 18,51 0,000 

Spindle rate 4 839313 209828 8,30 0,000 

Feed rate 4 1115431 278858 11,03 0,000 

Depth 4 3660202 915050 36,20 0,000 

  2-Way 

Interactions 

48 991474 20656 0,82 0,766 

Spindle rate* 

Feed rate 

16 448738 28046 1,11 0,366 

Spindle rate* 

Depth 

16 128504 8032 0,32 0,993 

Feed rate 

*Depth 

16 414231 25889 1,02 0,444 

Error 64 1617659 25276       

Total 124 8224079          

 
Table 5. Model Summary. Authors' own work 

S R-sq R-sq(adj) R-sq(pred) 

158,984 80,33% 61,89% 24,97% 

 

 
Fig 10. Residue analysis plots with respect to energy 

consumption. Authors' own work 

 

In turn, Figure 11 shows the Pareto plot of 

standardized effects, where it can be seen that the 

interactions between them do not represent any 

relevance. On the other hand, the critical incidence 

of the selected factors is confirmed, where the depth 

of cut is the most significant factor. This coincides 

with the physical phenomena, given that the greater 

the depth of cut, the more power is required to 

perform the operation. 

The main effects are shown in Figure 12, where 

the Y-axis represents the average energy 

consumption, and the X-axis shows each of the 

levels per factor. This plot allows to observe which 

are the best operating points. Thus, with respect to 

the feed rate and spindle speed, the operation points 

where the lowest energy consumption could be 

obtained, are the minimum values of the levels. With 

respect to the depth of cut, it is observed that there is 

no linear relationship between the selected levels, 

showing that this factor has the greatest impact on 

energy consumption. Confirming what was shown in 

Figure 11. 

 
Fig. 11. Pareto chart of the effects for energy 

consumption. Authors' own work 

 
Fig. 12. Main effects plot for energy consumption. 

Authors' own work 
 

The interaction between the parameters as a 

function of the energy consumed is shown in Figure 

13. where a relationship between the central points 

or values of each of the parameters is observed, 

confirming the correlation with respect to the mean, 

previously exposed. Additionally, it can be observed 

that, when working with high cutting depths, energy 

consumption rises substantially, so it is 

recommended to apply values below the average of 

this factor, in operations like those considered in the 

study, because, throughout the experiment, it is the 

parameter of greater significant importance and 

criticality. 

3.3. Multiple response optimization 

The experiment was designed for two purposes: 

to measure the amount of energy consumed during 

each completed cutting path, and to evaluate the 

surface finish of the material at the end of the cutting 

path. Also, a multiple response analysis can be 

carried out to establish the relationships and 

interactions of the parameters under study. With this, 

the importance of the Minitab program, to perform 

the analysis of the proposed DOE, with the data 

obtained. This process makes it possible to optimize 

the factor, determining the minimum possible 
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resultant between the correlation of factors and 

responses, which were confirmed by means of a 

variance ratio test with a significance level of 5%. 

The following hypothesis was proposed for this case: 

cutting parameters such as spindle speed, feed rate 

and depth, influence energy consumption and 

surface finish, derived from the manufacturing 

process. 

 
Fig. 13. Interaction plot for energy consumption. Authors' 

own work 

 

In view of this hypothesis, the multiple response 

optimization plot is observed, which shows, first, the 

cohesion between energy consumption and surface 

finish, for the evaluation of the hypothesis proposed; 

and second, it shows the optimal or minimum 

operating values of the associated cutting parameters 

throughout the study (spindle speed, feed rate and 

depth of cut), generating the projected theoretical 

combined desirability, both for the reduction of the 

energy consumed in industrial processes similar to 

the study, and in turn, a better surface finish in the 

production of components. 

So, with respect to the statistical analysis of 

optimization in Figure 14, the following values are 

evident for the processes under study: spindle speed 

950 rpm, feed rate 167.5 mm/min, depth of cut 1 mm 

(Fig. 12). Likewise, these configurations allow 

predicting an optimum or initial probability of 

96.49% for any of the two responses under study. 

The results presented allow to understand the 

behavior of this particular CNC machining center, 

the main objective of this work was to find the 

incidence of cutting parameters on energy 

consumption and surface finish, where it was found 

that although the depth of cut is the parameter that 

most affects both aspects, the proper combination of 

this along with the selection of the correct feed rate, 

is the one that would allow to establish the best 

finishing with the lowest energy consumption. In 

industrial processes the main objective is to reduce 

production times, which is reflected in higher 

profitability, so the proper selection of the 

parameters should not negatively affect the 

production processes, which is why the findings in 

the analysis of multiple response supports the fact of 

being able to present the parameters that would 

reduce energy consumption, resulting in parts with 

better finishing and in turn be competitive at the 

industrial level.  

 
Fig. 14. Multiple response optimization plot. Authors' 

own work 

 

4. CONCLUSIONS 

 

In the course of the research, are presented in a 

descriptive analysis the results obtained from the 

study of the influence of the most commonly used 

cutting parameters in machining processes (depth of 

cut, spindle speed and feed rate) on the response 

variables (surface finish and energy consumption), 

in individual and composite terms. 

Considering this as a starting point, the analyses 

developed from the surface finish indicate that there 

is a pairwise interaction effect between the depth of 

cut and the feed rate, particularly with greater 

incidence in the first of these, fully intervening in the 

measurement by means of the roughness parameters 

(Ra). With this, it is reflected that theoretically the 

study performs the analysis of the interdependent 

effects of the factors involved, so often marginalized 

in statistical analysis models. 

In the same way, relevant interaction effects were 

found independently in the energy consumption of 

the three factors under study, the most influential 

being the depth of cut, confirming the physical 

phenomena related to the projection of power in 

axial or radial cuts below 1.5 mm. 

With this, the three factors considered in the 

study interact in the response variables, facilitating 

the objective of the study: perform a composite 

optimization analysis on the measurement of energy 

consumed by the machine and the evaluation of the 

surface finish of the material at the end of the tests. 

The multiple response optimization, conducted 

by the Minitab program, revealed that the values that 

minimize energy consumption and in turn reflect the 

best surface finishes of a CNC machining center are: 

depth of cut 1mm, feed rate 167.5 mm/min, spindle 

speed 950 rpm. These values allow initially giving a 
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composite confidence level of 96.49%, considering 

similar operations of the study. 

The analysis of variance in Minitab, based on the 

composite analysis of the responses, to determine the 

relationships and interactions of the parameters in 

the study, are fundamental for descriptive and 

predictive interpretations throughout the study. In 

future studies, second order models should be 

considered, with which they can probably present 

complex mathematical behaviors, which finally 

obtain equations or predictive models. 
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