
1 

 

Investigation of Machining Process Parameters in 

the context of Geometric Dimensioning and 

Tolerancing (GD & T) 

 
A Synopsis submitted to Gujarat Technological University 

 

in 
 

Mechanical Engineering 

 
by 

 

Saurin Mukundbhai Sheth 
Enrollment No. 129990919014 

 

under the supervision of 

Dr. P M George 

Professor and Head, Mechanical Engineering Department 

BVM Engineering College, Vallabh Vidyanagar 

 

 

 

GUJARAT TECHNOLOGICAL UNIVERSITY 

AHMEDABAD 

 



2 

 

Index 
 
1  Abstract 3 

2  Brief description of the state of the art of the research topic 3 

3  Definition of the problem 4 

4  Objectives and scope of the problem 6 

5  Original contribution by the thesis 6 

 5.1 Case of face milling operation 6 

 5.2 Case of drilling operation 8 

6  Methodology of research and Result analysis 9 

 6.1 Analysis of variance (ANOVA) 9 

 6.2 Regression modeling 10 

 6.3 Grey Relational Analysis (GRA) 12 

 6.4 Fuzzy Logic Based Modeling 13 

7  Achievements with respect to objectives 16 

8  Conclusions 17 

9  Copies of papers published and a list of all publications arising from 

the thesis 

18 

10  Patent/Copyright (If any) 18 

11  Acknowledgment  19 

12  Partial List of References 19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 

 

1. Abstract  

Machining attributes to a major channel of manufactured goods. The machined component 

manufactured should be able to achieve both the geometrical and dimensional requirements. 

To apply the concept of design for manufacturability, the designer specifies tolerance on the 

parts in order to meet the functional requirement as well as for cost effective manufacturing. 

For cost effective manufacturing predictive models need to be developed, which in turn 

could be used to decide the optimum value of input process parameters. These parameters in 

the right combination help to achieve the desired output, i.e. to optimize geometrical error 

on machined components, vis-à-vis functional requirements.  

Machining is carried out on a vertical machining center. A case study of dual plate check 

valve and nozzle check valve is analyzed in the context of GD & T. The range of input 

parameters such as Cutting Speed, Feed and Depth of Cut are decided by standards and 

process capability. The response parameters are flatness & surface roughness in face milling 

operation, while cylindricity & perpendicularity in drilling of WCB (Wrought Cast Steel -

Grade B) material. Reliable experiments on the basis of Design of Experiments (DOE) were 

performed, as DOE is a useful method in identifying the significant parameters and in 

studying the possible effect of the variables during the machining trials. The parameters 

related to dimensions and geometry has been measured using Coordinate Measuring 

Machine (CMM), while surface roughness is measured using surface roughness tester.  

The ANOVA was performed to know the significance of the process parameters and its 

influence on the responses. The data is used to develop predictive models, which in turn 

helps in deciding the best process parameters for optimizing geometrical error. The models’ 

adequacy has been checked by calculating correlation coefficient. It shows that the 

developed models are well fitted for the prediction of responses within the specific range of 

input variables. The soft computing technique fuzzy logic is used to predict the responses 

and it shows that the predicted and experimental values are very close. This shows the 

validity of the fuzzy model for further use.  Thus the developed models will be very useful 

to the practicing engineers.  

2. Brief description of the state of the art of the research topic 

Rigorous work has been carried out by the researchers for the modelling of surface 

roughness by varying machining and other parameters. Even though the surface roughness is 
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better and within limit; there still exists assembly problems occurring due to various 

geometrical errors present in the mating parts. Few researchers have reported the reasons of 

these geometrical error sources in high speed milling by considering machine geometry, 

thermally induced error, path trajectory planning, clamping force and cutting force etc [10, 

39, 48]. Various compensation strategies for these errors have been developed, but it 

becomes insignificant at different spindle speeds. So, machining parameters plays a vital 

role in deciding the geometrical tolerances. These geometrical errors must be quantified at 

the design stage itself to meet the functional requirements and to ensure assembly of mating 

parts in the most economical manner. For taking such decisions the designer must be aware 

of the machine capabilities, optimal parameters and the customer specifications. But the 

machine tool capabilities in the context of geometric tolerances are little investigated.  So, 

here an attempt is made to develop a procedure and later on models of few geometrical 

errors, which would help in predicting geometric tolerances in context of its machining 

process parameters.  

In today’s era of competition GD & T technology has become handy for designers of 

products to instill right quality through finer geometrical details meant to ensure assembly of 

parts without compromising the functional requirements. The quest for better quality 

products and GD & T go hand in hand. These developments prompted in the selection of 

this topic for research. Automobile industries in variably use GD & T to roll out vehicles 

with improved satisfaction of customers both functionally and economically. In line with 

that this work is proposed to be carried out for quality improvement and to fulfill the 

functional requirement of the customers during valve manufacturing, by incorporating the 

GD & T concepts. Designs without GD & T are same as the diabetic patient without insulin. 

 

3. Definition of the problem 

In the present work the case studies of dual plate check valve and nozzle check valve are 

considered. The geometrical tolerances of the mating part impact a lot on the assembly and 

performance of these valves. These tolerances are ensured on machined components through 

various machine tools according to the process sequence. In order to achieve these 

capabilities of machine tools vis- a vis tolerance need to be experimentally indentified. 

Though the designers specify the tolerance to meet functions, the machining parameter 



5 

 

values to achieve that tolerance need to be derived. So, predictive models of these 

geometrical tolerances are derived in the context of machining parameters, which in turn 

helps to optimize the geometrical error on the machined part. The valves are made of 

different materials like WCB, CF8, CF8M, CF3, CF3M, INCONEL and Aluminum bronze. 

But around 80% of the valves are manufactured using WCB due to its low cost along with 

its functionality, and the same is selected as base material for experimentation.      

The flatness on the milling components is of prime importance in dual plate check valve as 

shown in Fig. 1. Here two matting planar surfaces together create metal to metal seal, for a 

dual plate check valve. A perfect metal to metal seal without significant rocking can be 

achieved by desired flatness and proper surface roughness.  Researchers have developed a 

fuzzy logic & regression based model to predict surface roughness during face milling 

operation [14, 22, 23, 40, 43, 49].  It seems that the investigation of geometrical features 

along with the surface roughness needs to be addressed to meet the functional requirement 

of such kind of products produced with face milling operation, as surface roughness and 

flatness control helps in reduction of leakage and subsequently it helps in meeting the 

functional requirement of an assembly. So, the investigation of flatness and surface 

roughness of WCB material creates new scientific domain in the machining. The selection 

of proper cutting parameters for milling process becomes a vital requirement for reduction 

of rework and to increase the productivity. Few main parameters like Spindle speed, Feed 

rate, Depth of Cut are considered for the present investigation. Their right selection may 

optimize the flatness error and surface roughness during machining.   

  
 

FIGURE 1 Conceptual Sketch of Dual Plate Check Valve 
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Fig. 2 (a) shows the exploded view of nozzle check valve with different parts. Here part 3, i.e. 

disc stem, has to slide in the part 2, i.e. diffuser. It seems that the geometry of mating parts 

play a vital role in assembly, leakage and fluttering at high pressure. So, these two parts have 

to be produced carefully with proper tolerances for fulfilling the functional requirements. 

Cylindricity and perpendicularity tolerances are playing vital role in reducing the fluttering at 

high pressure which can be seen in Fig. 2 (b). 

 

 

FIGURE 2 (a) Exploded View of Nozzle Ckeck 

Valve 

FIGURE 2 (b) Sketch of Mating 

Geometry 

4. Objectives and scope of the problem 

• To develop empirical models of geometrical errors for the specific range of input 

parameters.  

• To identify the optimum value (Multi Objective Optimization) of input process 

parameters in the right combination for the desired output, this in turn minimizes 

geometrical error on machined components.  

• To use the artificial intelligence (Fuzzy logic) in modeling.   

 

5. Original Contribution of the research 

5.1 Case of face milling operation  
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Experiments are carried out on blocks having size of 60 mm x 60mm x 50 mm of WCB 

material. Spindle speed, Feed and Depth of cut are selected as input variables to perform 

experiments according to 2^3 full factorial with four center points experimental design. The 

levels of input variables are shown in Table 1. Machinability tests were carried out on the 3-

axis CHIRON FZ 16 L/CNC Milling having spindle motor power of 5.7kw. Miracle coated 

VP15TF insert is used. WCB block is clamped by using hydraulic vice and all six sides of 

the block is initially machined and then after that face milling process is carried out on each 

face of block to create 50 mm wide slot throughout length. Here no. of passes and coolant 

flow rate are kept constant.  

TABLE 1: Factors and levels 

 

Inspection of geometrical tolerances is a complex task, because geometric errors are related 

to three-dimensional features and estimation of this type of error is usually based on a cloud 

of points that has to be measured on the machined surface. Coordinate Measurement 

Machines (CMM) are the most common equipment for 3D measurement in the mechanical 

field, because of their accuracy and flexibility [42]. Here flatness measurement is carried out 

on hexagon make CNC co-ordinate measuring machine, with temperature compensating 

probe. Raghunandan et al [34] worked on an optimum sample size for flatness error 

estimation while using CMM. They have suggested method and strategies for accurate 

measurement of flatness error at reduced sample size in batch and mass production. For 

measuring flatness, rectangle grid extraction strategy is used to extract points from the 

surfaces [35- 37].  

Points are extracted from the surfaces having 35 mm x 35 mm cross section with 5 mm grid 

size. Surface roughness measurement is carried out on Surf test SV-2100. The cut off length 

(measuring length) is 4.8 mm with probe speed of 0.50 mm/sec. The responses in terms of 

the coded factors and treatment combinations using 2
3 

full factorial with the four center 

points are shown in Table 2.  

 

FACTORS CODED FACTORS Low (-) Center Point High (+) 

Spindle speed (rpm) A 500 850 1200 

Feed rate (mm/min) B 150 225 300 

Depth of Cut (mm) C 0.1 0.3 0.5 



8 

 

TABLE 2: Results of flatness and surface roughness for various treatment 

combinations 

Treatment 

combination 

Coded factors Responses 

A B C Flatness (mm)  Surface Roughness (µm) 

1 - - - 0.027 2.1195 

a + - - 0.019 2.1035 

b - + - 0.038 5.7466 

ab + + - 0.028 4.4532 

c - - + 0.026 2.5713 

ac + - + 0.023 1.7697 

bc - + + 0.040 6.5157 

abc + + + 0.028 2.0633 

 

center points 

0 0 0 0.021 2.8351 

0 0 0 0.018 2.8004 

0 0 0 0.020 3.0775 

0 0 0 0.018 2.4305 

 

5.2 Case of drilling operation    

The test specimen made of WCB, used for drilling operation is having 240 mm x 160 mm x 

55 mm size. Machinability tests are carried out on the 3-axis VMC VF2SS machine. The tool 

insert used is SOMX 050204 DT, which has been produced by ISCAR Ltd. The Block is 

clamped using a hydraulic vice. The bottom surface is machined to create a qualified datum 

feature, which acts as a primary datum. Then work piece is located on the qualified datum 

for further machining & the slot is created on the top surface to generate a new qualified 

surface, which will be useful for measurement. Holding the plate in the same position all the 

holes are drilled. Total 54 experimental runs are performed for various combinations of the 

input factors as 3
3
 full factorial designs with 2 replicates are selected. The factors along with 

its levels are shown in Table 3. Three plates of size 240 mm x 160 mm x 55 mm are drilled 

with each plate having 18 holes of 20mm diameter and 40mm depth (L/D ratio is 2).    

TABLE 3: Factors and levels 

FACTORS CODED FACTORS LOW(1) MEDIUM(2) HIGH(3) 

Spindle speed (rpm) A 1200 1400 1600 

Feed rate (mm/min) B 100 150 170 

DOC / CAN cycle  (mm) C 1 1.5 2 
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Measurement of cylindricity and Perpendicularity  

The four cylindricity measuring strategies are: a) the strategy for measurement of roundness 

profiles b) the strategy for measurement of generatrix  lines c) the bird-cage strategy  (which 

is a combination of measurement of roundness profiles & generatrix lines) d) point strategy 

[19]. Here measurement of cylindricity was carried out by moving a probe into the spiral 

fashion for 720
0
 rotation which covered 30 mm depth [20, 51]. The intermediate points 

during the measurement of one hole are measured with 15
0 

angular pitch and 30/48 mm 

linear pitch. The centre axis of the cylinder has been obtained by measuring cylindricity. 

The perpendicularity is measured in the context of top plane/ surface. As minimum three 

points on the top surface decide the datum plane, so here three distant boundary points on 

the machined surface are used to decide the datum. Table 4 show the results of the measured 

cylindricity and perpendicularity.  

TABLE 4:  Results of cylindricity and perpendicularity for various treatment 

combinations 

Run 

Order Treatment combinations 

Responses 

Cylindricity (mm) Perpendicularity (mm) 

 A B C Replicate 1 Replicate 2 Replicate 1 Replicate 2 

1 1 1 1 0.057 0.055 0.088 0.093 

2 1 1 2 0.053 0.052 0.100 0.101 

3 1 1 3 0.061 0.066 0.102 0.127 

4 1 2 1 0.055 0.060 0.093 0.125 

5 1 2 2 0.048 0.050 0.125 0.138 

6 1 2 3 0.059 0.063 0.134 0.144 

7 1 3 1 0.06 0.063 0.138 0.140 

8 1 3 2 0.056 0.057 0.147 0.150 

9 1 3 3 0.063 0.068 0.153 0.151 

10 2 1 1 0.056 0.050 0.049 0.050 

11 2 1 2 0.051 0.052 0.064 0.067 

12 2 1 3 0.067 0.061 0.079 0.080 

13 2 2 1 0.067 0.070 0.067 0.068 

14 2 2 2 0.061 0.059 0.082 0.081 

15 2 2 3 0.07 0.067 0.091 0.099 

16 2 3 1 0.082 0.083 0.075 0.080 

17 2 3 2 0.08 0.081 0.082 0.088 
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18 2 3 3 0.09 0.091 0.093 0.091 

19 3 1 1 0.059 0.057 0.025 0.035 

20 3 1 2 0.057 0.058 0.046 0.045 

21 3 1 3 0.068 0.070 0.059 0.057 

22 3 2 1 0.073 0.093 0.036 0.047 

23 3 2 2 0.078 0.080 0.052 0.054 

24 3 2 3 0.094 0.095 0.060 0.062 

25 3 3 1 0.124 0.122 0.044 0.046 

26 3 3 2 0.121 0.123 0.056 0.054 

27 3 3 3 0.132 0.134 0.062 0.060 

 

6. Methodology of research and Result analysis  

 

6.1 Analysis of variance (ANOVA) 

Analysis of variance (ANOVA) assesses the importance of one or more factors by 

comparing the response variable mean at the different factor levels. It helps to know the 

significant factors, how each individual factor affects on response and percentage 

contribution of each factor. The percentage contribution of spindle speed, feed rate and 

depth of cut/ canned cycle is summarized in Table 5 for various responses.  

Table 5:  % contribution of machining parameters on various responses 

Responses Spindle Speed Feed Rate Depth of cut/ Canned cycle (drilling) 

Surface roughness 22.95 32.06 0.52 

Flatness  20.67 50.06 1.08 

Cylindricity 37.35 35.77 4.31 

Perpendicularity 78.89 8.56 6.98 

 

The presence of curvature effect in ANOVA of surface roughness and flatness implies that a 

higher order regression model is better to represent the situation. More no of experiments in 

accordance with a rotatable central composite design are performed. This model is relatively 

more accurate in prediction of responses flatness and surface roughness.  
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6.2 Regression modeling  

The regression model for flatness (Eqn. 1), surface roughness (Eqn. 2), cylindricity (Eqn. 3) 

and perpendicularity (Eqn. 4) is developed with the help of MINITAB software. Here x1, 

x2, x3 are the predictor variables corresponding to the spindle speed, feed rate and depth of 

cut/canned cycle respectively in terms of the coded factors. 

Flatness = 0.01925 - 0.004125  + 0.004875  + 0.000625  + 0.009375 
2
 - 0.001375 

+ 0.000375  - 0.000125  - 0.000875  (R-Sq = 98.86%)                      [1] 

Surface Roughness = 2.78587 - 0.820425  + 1.27685  - 0.18785  + 0.631975
2
 - 

0.616025  - 0.493075  - 0.21735  - 0.296675  (R-Sq = 99.18%)       [2]    

Cylindricity = 0.12413 - 0.0386667  - 0.0335  - 0.0268333  + 0.00577778
2
+ 

0.0145417  + 0.00544444
2
- 0.00125  + 0.000833333 + 0.00752778 

2 
+ 

0.0003125  (R-Sq = 98.04%)                            [3]               

Perpendicularity = 0.0797037 - 0.0615278  + 0.0514167  + 0.0245278  +                 

0.0104722
2
 - 0.008625 - 0.00386111

2 
- 0.00295833  - 4.16667e-005  -  

0.00169444
2
 + 0.000125   (R-Sq = 97.71% )                                                       [4] 

R-Sq is the co-efficient of determination, which helps to judge the adequacy of the 

developed regression model. R-Sq (adj) values for all the models is very much close to R-Sq 

value, which indicates that non-significant terms are not present in all the models. The R-Sq 

(pred) value is the variability in the data accounted by the model in percentage. The R-Sq 

(pred) value obtained for all the models is near to 1, which indicates that high correlation 

exists between experimental and predicted values.  

In order to validate the models of flatness and surface roughness, four new experiments are 

conducted at different levels with different combinations other than that used to develop the 

model. Table 6 shows the error of prediction associate with this four new experiments.  

While to validate the models of cylindricity and perpendicularity, the values predicted by the 

regression model are compared with the experimental one, which are very close to one 

another. Error between the predicted and experimental readings for each run is shown in Fig. 

3 (a) and (b) for cylindricity and perpendicularity respectively. From this it can be observed 
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that maximum error in predicting cylindricity is 6.62% and minimum error is 0.21%, while 

predicting perpendicularity maximum error is 5.88% and minimum error is 0.36%.  

Table 6: Error of flatness and surface roughness during validation experiments  

 N
o
. 
o
f 

E
x

p
er

im
en

t  

Parameters 

(Inputs)  

 

Measured 

Flatness 

(mm) 

 

Measured 

Surface 

Roughness 

(µm) 

Predicted 

Flatness  

(mm) 

Predicted  

Surface 

Roughness 

(µm) 

 

% 

Error 

Flatness 

% 

Error 

Surface 

Roughness 
A B C 

1 -1 0 1 0.032 4.112 0.033 4.5434 3.125 10.49 

2 1 0 -1 0.022 3.683 0.0235 3.2783 6.81 10.98 

3 0 1 1 0.023 3.496 0.024625 3.6575 7.06 4.62 

4 1 1 0 0.027 3.303 0.028 3.2582 3.70 1.35 

 

  

FIGURE 3(a)   Error in prediction of 

cylindricity 

FIGURE 3(b) Error in prediction of 

perpendicularity 

6.3 Grey Relational Analysis (GRA) 

GRA gives the optimum process parameters to get the desire responses in multi objective 

optimization. The steps of normalizing the data, calculating the grey relational co efficient 

and grey relational grade is followed for both the case studies. ξ is distinguishing coefficient 

and is used to adjust the difference of relational co efficient: ξ ϵ [0, 1]. ξ = 0.5 is considered 

for the present analysis. Higher grade relational grade indicates that the experimental value 

to the ideal normalized values is closer. Thus, higher grey relational grade means that the 

corresponding parameter combination is closer to the optimal. Table 7 shows the GRA 

analysis for face milling operation. It can be seen that for 2
nd

 run order one can get the 
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optimize values of process parameters for the surface roughness and flatness. While Fig. 4 

shows the run order vs. grey relational grade for drilling operation. It shows that 19
th

 run 

order gives optimum values of process parameters for the cylindricity and perpendicularity.  

Table 7: Values associated with Grey Relational Analysis for flatness and surface 

roughness 

Run 

Order 

Normalized Values Grey relational coefficients 
Grey relational 

grade Surface roughness 

smaller the better 

Flatness smaller 

the better 

Surface 

Roughness 
Flatness 

1 0.926295828 0.5909 0.871529 0.55 0.710765 

2 0.929667088 0.9545 0.876681 0.916667 0.896674 

3 0.162052255 0.0909 0.373707 0.354839 0.364273 

4 0.434576485 0.5455 0.469297 0.52381 0.496553 

5 0.831099874 0.6364 0.747496 0.578947 0.663222 

6 1 0.7727 1 0.6875 0.84375 

7 0 0.0000 0.333333 0.333333 0.333333 

8 0.938137379 0.5455 0.889897 0.52381 0.706853 

9 0.775516224 0.8636 0.690147 0.785714 0.73793 

10 0.782827644 1.0000 0.697182 1 0.848591 

11 0.724441635 0.9091 0.644697 0.846154 0.745425 

12 0.860766962 1.0000 0.782187 1 0.891094 

 

 

FIGURE 4 Run order vs. Grey Relational Grade 
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6.4 Fuzzy Logic Based Modeling  

Mathematical and empirical modeling are generally used for predicting machining 

parameters, however, these techniques are time-consuming and complicated. So, here an 

artificial intelligence based method called fuzzy logic is applied for modeling task. Fuzzy 

logic is a mathematical theory of imprecise reasoning, which allows modeling of the human 

thinking by using linguistic terms. MAMDANI type Fuzzy Inference System (FIS) is used 

for modeling using MATLAB. Triangular membership is used for input and output 

parameters. Measured values are used to generate the fuzzy “IF- THEN” Rules. 

Defuzzyfication is required to convert the fuzzy quantity into the real value. Here centroid of 

area (COA) method of defuzzyfication is used, due to its wide acceptability.  

Fuzzy modeling for surface roughness and flatness  

Figure 5 and 6 show the triangular membership functions for speed, feed and depth of cut as 

input and surface roughness and flatness as output. A set of 8 rules have been constructed 

based on the actual measured results of flatness and surface roughness in face milling 

operation.  

   
 

FIGURE 5 Membership function for spindle speed, feed and depth of cut 

  

  
 

FIGURE 6  Membership Function for flatness and surface roughness 
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Defuzzyfication for flatness and Surface roughness is done using centroid of area (COA) 

method and various fuzzy surfaces are shown in Fig. 7. Four new experiments are conducted 

to check the accuracy of the developed model. The experimental and predicted values are 

close to each other, which justifies the use of developed model.  

 

  

  

  

FIGURE 7 Fuzzy surfaces for flatness and surface roughness 
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Fuzzy modeling for cylindricity and perpendicularity: By using the same method fuzzy 

modeling is done for cylindricity and perpendicularity. Fig. 8 shows the fuzzy surfaces after 

defuzzyfication for cylindricity and perpendicularity.  To validate the model fuzzy predicted 

values are compared with the experimental one for each run. Table 9 shows the comparison 

of values along with the errors.  

  

  

  

FIGURE 8 Fuzzy surfaces for cylindricity and perpendicularity 
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TABLE 9: Comparison of experimental and fuzzy predicted values of cylindricity and 

perpendicularity along with the % error 

Treatment 

combinations 
Cylindricity Perpendicularity 

A B C 
Experimental 

(Avg. of 2 

replicates) 

Fuzzy % Error 
Experimental 

(Avg. of 2 

replicates) 

Fuzzy % Error 

1 1 1 0.056 0.056 0.00 0.091 0.091 0.55 

1 1 2 0.053 0.053 0.00 0.101 0.105 4.48 

1 1 3 0.064 0.065 1.89 0.115 0.115 0.44 

1 2 1 0.058 0.058 0.87 0.109 0.105 3.67 

1 2 2 0.049 0.049 0.20 0.132 0.132 0.38 

1 2 3 0.061 0.061 0.00 0.139 0.140 0.72 

1 3 1 0.062 0.061 0.81 0.139 0.140 0.72 

1 3 2 0.057 0.058 2.65 0.149 0.149 0.34 

1 3 3 0.066 0.065 1.22 0.152 0.154 1.32 

2 1 1 0.053 0.053 0.94 0.050 0.050 1.01 

2 1 2 0.052 0.053 1.94 0.066 0.068 3.36 

2 1 3 0.064 0.065 1.09 0.080 0.081 2.01 

2 2 1 0.069 0.069 0.73 0.068 0.068 0.30 

2 2 2 0.060 0.061 1.67 0.082 0.081 0.49 

2 2 3 0.069 0.069 0.73 0.095 0.095 0.32 

2 3 1 0.083 0.082 0.61 0.078 0.078 0.65 

2 3 2 0.081 0.082 1.86 0.085 0.085 0.00 

2 3 3 0.091 0.091 0.55 0.092 0.091 1.09 

3 1 1 0.058 0.058 0.00 0.030 0.030 0.33 

3 1 2 0.058 0.058 0.87 0.046 0.046 1.10 

3 1 3 0.069 0.069 0.00 0.058 0.058 0.00 

3 2 1 0.083 0.082 1.20 0.042 0.042 1.20 

3 2 2 0.079 0.082 3.80 0.053 0.054 1.89 

3 2 3 0.095 0.095 0.53 0.061 0.061 0.00 

3 3 1 0.123 0.123 0.00 0.045 0.046 2.22 

3 3 2 0.122 0.123 0.82 0.055 0.054 1.82 

3 3 3 0.133 0.134 0.75 0.061 0.061 0.00 

Average Error in Prediction  0.89  1.15 

 

7. Achievement with respect to objective 

The developed predictive models of flatness and surface roughness during face milling will 

be helpful to the practicing engineers. Same way the predictive models of cylindricity and 

perpendicularity may be helpful. These models will help designers in selecting appropriate 

geometric tolerances on the machined component. Same approach can be extended for other 

materials and components.   
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8. Conclusions 

• From the fuzzy surfaces it seems that to achieve good surface roughness high spindle 

speed, high depth of cut and lower feed rate is desirable. While for reducing the 

flatness error high spindle speed, lower depth of cut and lower feed rate is desirable. 

To validate the models developed by fuzzy logic and regression four more 

experiments are performed. The error in predicting surface roughness by fuzzy logic 

is 8.56% and by regression 10.98%. The error in predicting flatness by fuzzy logic is 

3.12% and by regression 7.06%. The presence of curvature in the analysis of flatness 

and surface roughness, leads to second order regression models, hence rotatable 

central composite design is used.    

• The GRA shows 2nd run order as optimize one, with speed 1200 rpm, feed 150 

mm/min and depth of cut 0.1 mm.  So, this set of combination optimizes flatness and 

surface roughness, which are 0.019 mm and 2.1035 µm respectively.  

• Spindle speed, feed, depth of cut and interaction between spindle speed and feed are 

significant parameters (p < 0.05) for cylindricity and perpendicularity.  

• Minimal cylindricity on WCB material can be achieved by lower spindle speed, 

lower feed and moderate depth of cut. While minimal perpendicularity can be 

achieved by higher spindle speed, lower feed and lower depth of cut.  

• The predicted and experimental results are fairly close to each other. The average 

prediction errors for cylindricity and perpendicularity are 2.34% and 2.39% 

respectively. This justifies the use of model for further prediction with more than 

95% confidence level.   

• The average prediction errors for cylindricity and perpendicularity using fuzzy 

modelling are 0.89% and 1.15% respectively.  

• The largest value of GRA is achieved at the 19
th

 run order with spindle speed of 

1600 rpm, feed rate of 100 mm/min and depth of cut of 1 mm. Thus machining at 

this combination optimizes cylindricity and perpendicularity.   

Future Scope:  

The pareto optimality or genetic algorithm can be used to further optimize the process 

parameters.  The same approach can be used for other materials also. Artificial neural 

network (ANN) can also be used for modelling. 
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