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1. Introduction 
Fiber reinforced polymers (FRP) are widely used in the transportation, aerospace and chemical industries. 

In rare instances these materials are produced net-shape, and secondary processing such as machining and assembly 
may be required to produce a finished product. Because fiber reinforced polymers are heterogeneous materials, they 
do not machine in a similar way to metals. Thus, the theory of metal machining is not valid for the analysis of 
machining of fiber-reinforced composites. Only a few researchers have attempted to model the chip formation 
process in orthogonal machining of unidirectional FRPs [1]. Hence, an effective cutting model is needed to 
determine the cutting forces developed during machining of FRP composite materials. The predicted forces can be 
used to identify machining quality and can help to determine and reduce the desired effects on the workpiece as well 
as the cutting tool. The goal of this study is to generate a model for predicting cutting forces using specific cutting 
energy function. Toward that goal, two empirically based nonlinear prediction models of cutting energy are 
described and compared. The first is the traditional approach taken to empirical modeling, nonlinear ordinary least 
squares regression. The second is a special form of artificial neural networks, committee neural networks (CN). 
2. Research Methodology 

Cutting experiments were conducted on unidirectional CFRP laminates in order to collect cutting force data 
for developing and verifying the force prediction model. All cutting experiments were conducted on a vertical 
milling machine at a constant spindle speed of 380 rpm and constant feed speed of 217 mm/min. The cutting tool 
has a diameter of 19 mm and was fitted with a single carbide cutting edge. The rake and clearance angles of the 
cutting edge were 15o and 20o, respectively. e composite laminate blanks used for cutting were 50 mm long, 35 mm 
wide and 2.5 mm thick. The cutting forces from each experiment were sampled at a sampling rate of 5000 Hz.  The 
specific cutting energy for all four laminate configurations used in the experiments was calculated from the 
measured cutting forces. The specific cutting energy data is fitted to a mathematical function by regression analysis. 
Nonlinear regression is used to fit a mathematical function to the data. A reasonable fit to a function of the form in 
Eq. (1) was found by trial and error [2]: 
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Where b, c, d, e, f and n are regression coefficients and are given in Table 1. Also shown in the table are 
values for R2

adj, indicating reasonable adequacy of the regression models. 
Table 1: Regression coefficients for Eq. (1) [2]. 

Coefficient 
for: 

Kc Kt 

b 1937.78 5794.49 

c -14110.63 -40205.51 

d 38271.35 104332.42 

e -43630.38 -114984.17 

f 17660.03 45313.98 

n 0.22 0.10 

R2
adj 0.83 0.89 
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A subset of the data used to construct the regression models was used to build and test the CN (n = 326). The total 
sample was randomly divided into CN training data (70%, n= 235) and test data (30%, n=91).  Separate CN were 
built to predict Kc and Kt. The multi-layer perceptron trained by backpropagation was the basis of the Committee 
Networks. For both models Kt and Kc all committee members were trained with the identical architecture and 
training parameters.  The results for both regression and CN prediction models of Kc and Kt are provided in Table 2.  
For comparison purposes the regression model results are based on data that was used in building and testing the 
CN. Based upon the MSE and standard deviation of test set 1 where n=91, the regression model MSE is 58 times 
higher than the CN model in predicting Kc, and 31.9 times higher in predicting Kt.  It is also apparent that the CN 
prediction of Kc is to some extent worse than Kt when compared to the regression model.   

Figures (1) and (2) show comparisons between the experimental and prediction model cutting forces for the 900 
laminate configurations machined at a depth of cut of approximately 0.9 mm. The plots indicate that both the CN 
force prediction model provides more reasonable agreement with experimental results than the regression model. 
The CN models tend to more closely follow the inherent non-linearity of the data while the regression model tends 
to deviate at exit points. The present specific cutting energy prediction models encompass the entire range of fiber 
orientations possible (0o to 180o) and hence, force analysis can be performed for any composite laminate, whether 
unidirectional or multidirectional. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

3. Conclusions 
A mechanistic force prediction model based on CN and regression models of specific cutting energy functions 

for unidirectional composites was developed for milling unidirectional.  The specific cutting energy functions 
utilized in this model encompass the entire range of fiber orientations possible in a composite laminate, and hence 
the model can be widely applicable. The CN model was shown to outperform the standard form of regression 
modeling by smoothing the noisy data and capturing the inherent non-linearity.    
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Mean Square Error (Std.) 

  
Prediction 

Model 
Full Data Set  

(n = 326) 
Training Data  

(n = 235) 
Test Set 1 
(n = 91) 

Test Set 2 
(n = 199) 

Regression 789.61(1438.22)  772.84 (1433.25) 265.69 (606.60) Kc 
CN 14.21 (25.51) 14.44 (26.64) 13.39 (22.46) 122.32 (451.01) 
Regression 5959.84 (393.86)  5640.01(9747.91) 2143.69 (7152.38) Kt 
CN 201.92 (562.23) 211.70 (619.17) 176.62 (383.33) 869.07 (3164.56) 
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Fig. 1 Comparison between experimental Fx and 
predicted forces for 90o laminate at depth of cut of 

approximately 0.9 mm.
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Fig. 2 Comparison between experimental Fy and 
predicted forces for 90o laminate at depth of cut of 

approximately 0.9 mm.

Table 2: MSE and standard deviation for prediction models of Kc and Kt 
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