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and analysis of geometric deviations of CNC Machine-Tools, through their final product. These deviations
generate direct costs that can be avoided through the use of Intelligent Manufacturing Systems (IMS),
by the application of Artificial Neural Networks (ANNs) to predict the fabrication parameters. Finally,
after the experiments, it was possible to evaluate the experimental methodology used, the equations,
the variables of data adjustment and thus enable the validation of the methodology used as a tool for
DFM with high potential return on product quality, development time and reliability of the process with
wide application in various CNC Machines.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Along with machine-tools (MT) evolution, there have been
great advances in machining processes. However, obtaining com-
plex surfaces with tolerance in the micrometric range has become
extremely difficult. At the same time, the machining manufacturing
process control has been evolving to attend the technical challenges
imposed by complex requirements of form, by narrow specification
limits and by the frequent introduction of new materials, tools and
operational variables that originate new interactions in the pro-
cesses with non-linear and non-standardized characteristics [1-4].

In the current manufacturing environment, indirect manufac-
turing operations generate direct costs that can be avoided or
reduced by using control systems [5,6]. The use of Intelligent Manu-
facture Systems (IMS) has been researched through the application
of Artificial Neural Networks (ANNs) since 1980 [7].
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In this context, an important methodology of predictive engi-
neering is the Design for Manufacturing (DFM). It incorporates, in
the project processes, information referring to the manufacture,
also allowing for the project to be adapted during each stage of
production [8].

This paper presents a study where, at first the geometric devi-
ations of a machine-tool are analyzed through the unfinished
product. Afterwards, ANNs are used to develop models to min-
imize error prediction of the milled surface. A DFM approach
is proposed to implement in the Computer-aided design (CAD)
software, through the existing Application Programming Interface
(API), the parameter soft correction/control of the geometric devi-
ations compensation, before the manufacturing of the products.
Finally, some practical experiments are discussed to evaluate the
proposed approach.

2. Literature review
2.1. Machine-tools

Machine-tools (MT), also called tooling machines, were ini-
tially defined as machines used in the manufacturing of pieces of
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Fig. 1. Geometrical errors on the trajectory of a positioner.

various materials through the mechanical movement of a tool kit.
As early as the 1970s, with the development of microprocessors
and precision technology, the computerized numerical command
(CNC) made possible the so-called CNC manufacturing [9].

A manufacturing center is a CNC machine-tool equipped with
tool magazines that allow the execution of a group of sequential
manufacturing operations. These machines have automatic sys-
tems of tool changes and a set of indexed axes. The displacements
of these axes are based on the definition of the coordinates of the
points to be covered. This axes system is defined by DIN 66217
standard, according to ISO R841 recommendation. However, CNC
programming starts by the geometric elements definition (dimen-
sions, solids, 3D, etc.) in a Computer-aided manufacturing (CAM)
system. Based on this information, the elaboration program takes
place. The designer can opt for the following methods: (a) manual
programming; (b) interactive graphic programming; (c) CAD/CAM
systems [10].

2.2. Geometric errors or beat deviations (runouts) in
machine-tools

According to Schwenke et al. [11] and Tian et al. [12] there are
three main geometric errors sources for machine-tools, namely: (1)
errors due to geometric deviations, (2) errors due to heat effects and
(3) errors due to forces.

Adding to the above, geometrical errors are a linear part (versus
angular) of the non-axial errors. That is, geometrical errors can be
characterized by two orthogonal straight components, one mea-
sured on the deviation plan (straightness) and another measured
out of the deviation plan, (flatness) [13,14], as shown Fig. 1.

Geometrical errors are originated from mechanical imperfec-
tions in the machine-tools structure and the misalignment of their
components [11]. As a result, we have a lack of parallelism and
perpendicularity in the movements of many components, caus-
ing errors of form and position [12]. Inclination and oscillation
errors (Tilt, Wobble) correspond to the angular part of geometrical
errors. They represent the deviations between the ideal straight-
ness movement and the real movement in a translation. The
inclination and oscillation problem has three orthogonal compo-
nents called Roll, Pitch and Yaw, also shown in Fig. 1. These terms
are generally used to name the global geometrical error of the posi-
tioner, since it contemplates all deviations of this kind [11].

Gangwei et al. [14] and Ramesh et al. [15] cite other sources
of possible errors, among them: radial error, tilt error around an-
axis, errors due to heat effects, errors due to forces, kinematic
errors, errors due to material instability, instrumentation errors,
cut tool wear, fixation errors and servo-position errors (movement
and interpolation errors). In Okafor and Yalcin [16], Chana and Par-
nichkun [17] and Chen et al. [18], 21 different geometrical errors
are cited, being possible to occur in a 3-axis vertical machining.

2.3. Design for Manufacture

According to Bogue [19], Design for Manufacture (DFM) orig-
inated in 1960 in the General Electric Corporation. In the 1970s,
Boothroyd and Dewhurst presented studies which brought many
productive factors to the product development using the assem-
bling time as a parameter for the product analysis. For Bralha
[20] and Boothroyd et al. [8] DFM today tries to conciliate simul-
taneously the project goals with the manufacturing limitations,
emphasizes manufacturing and processes aspects avoiding manu-
facturing problems in future stages. DMF is therefore a systematic
approach that allows the engineers to foresee production problems
at the beginning of the conception process.

According to Hoque et al. [21] the difficulties found in the imple-
mentation of this technique are directly related to the need to work
in a Computer-Integrated Manufacturing (CIM) environment and
the availability in the market of few CAD, CAM and computer-
aided process planning (CAPP) systems that offer the possibility
of estimating manufacturing costs and processes optimization.

2.4. ANN and machining processes

The use of Manufacturing Intelligent Systems (MIS) by apply-
ing artificial neural networks (ANNs) has been researched since
the 1980s. Several researchers have proposed the use of machin-
ing models as a solution to many problems using Computational
Intelligence (CI) techniques [1-7].

In this context, ANNs are been employed and applied with the
objective of controlling and optimizing of cutting conditions [22].
Tandon and El-Mounayri [23] studied the cutting force for devel-
oped a model to predict parameters for end milling. On the other
hand, Panda et al. [24] and Yang et al. [25] used ANN for prediction
of drills wear out through data capturing by sensors, measuring
and controlling of machining forces. Briceno et al. [26] developed
an ANN with back-propagation (BP) training to estimate milling
parameters, Zuperl and Cus [27] applied a similar network to pre-
dict the three cutting forces (Fx, Fy, and Fz) in the machining of
molds. Similarly, Zuperl et al. [28] developed two supervised net-
work models to control the three components of forces using many
parameters of entries, such as, cutting fluids, hardness, material,
etc. Leite et al. [29] studied and developed ANN models for evalu-
ating the influence in the geometry and surface finish of different
milling strategies, thus generating a set of maps/answers of analysis
and prediction.

In his work on machinability of reinforced polyamide composite,
Karnik et al. [30] studied the drilling of composite plates through
ANN to develop a prediction model for the drilling effects under
different conditions. For its part, Mishra et al. [31] developed a
predictive model of the residual resistance to traction to perforate
plastic reinforced fibers (FRP) using ANN.

Finally, the surface quality, mainly characterized by the surface
roughness, is an area for which the machinability models using CI
techniques have also been investigated, for example, in the predic-
tion of surface roughness in high-torque face milling operations,
combining multilayer perceptrons (MPL) with genetic algorithms
[32-35]. However, ANN uses for control of roughness statistical are
characterized by a great variability in the adopted techniques, as
described both in Correa et al. [36] as Caydas and Hascalik [37].

3. Methods

This paper uses the DFM methodology described by Gupta and
Nau [38] to evaluate machining capability during the initial phase
of a work-piece’s project, based upon its geometry and on the tol-
erance of each operation involved in its fabrication to generate
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Fig. 2. Flow chart of the idealized compensation process.

an operational plan. The implementation of such a plan includes
the manufacturing equipment, the auxiliary equipment and acces-
sories used in the project, CAD, CAM, Computer-aided inspection
(CAI), DOE (Minitab™), and the ANN (Matlab™). Fig. 2 shows the
flow chart of the idealized compensation process.

3.1. Multi-layers ANN models

The multi-layer artificial neural networks, referred to as Multi-
layer Perception (MLP), will be implemented with Back-Propagation
(BP) and Levenberg-Marquardt (LM) training algorithms [29]. These
models for the modeling of the milling process are shown in Fig. 3a.

Basically, MLP consists of neurons divided into entrance layer,
exit layer and one or two other hidden layers. The neurons between
the layers are connected by links with synapses (weights) that store
the knowledge about the related entrance and exit [39].

Fig. 3b represents the MLP architecture employed, which con-
sists of two (02) neurons in the entrance layer (X and Y axes), “j”
neurons in the hidden layers and one (01) neuron in the exit layer
(deviation in Z-axis).

The activation of the “net” entrance for the j neurons in t he main,
hidden and exit layers, is given by Eq. (1).

net’ Z{ ]l(p)*X,--i-Gj} (1)

where “W” is the weight vector of the links of the j neuron and “X”
is the vector or matrix of the entrance and “n” is the number of
patterns shown to the net (entrances of this neuron).

Among the functions of possible activation, if we assume the
unipolar sigmoid, the exit of this neuron is given by Eq. (2):
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where, A is a scalar factor.

The algorithm trying to minimize the SSE for the jth neurons in
the layer of each time, may be calculated by Eq. (3):

1 ol 2
SSEjp) = 52( ¢ i) (3)

Therefore, the net is trained for all training patterns and the
Mean Square Error (MSE) is calculated for all patterns, Eq. (4):
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The training process is over when the MSE reaches an error
equal or inferior to the one specified or when the number of epochs
reaches its maximum determined value.

In all interactions, the updating of link weights is determined
for the jth neurons, by Eq. (5):

w!
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where p is the training interactions, « is the learning rate and
mu is the momentum constant.

The error propagation term (j(p)) or error gradient is defined
by Eq. (6), for the exit layer and by Eq. (7) for the hidden layer [30].

iy =Di =Y} o)+ (1 =Y, ) j=1,..,K (6)
! 1 Iy
‘Sj,i(p) = Yj,i(p) * (] - Yj,i(p)) * ((Sj,k(p)) * (ij,i(p))' i=1,...,n (7)

On the other hand, the Levenberg-Marquardt (LM) algorithm
adopted by Hagan and Menhaj [41] for the neural nets training, and
later implemented by Demuth and Beale [42] for the MATLAB™,
provides a numerical solution for the problem of minimizing the
non-linear function through the calculation of the Jacobian Matrices,
based on the Gauss-Newton method and the Gradient Descent Algo-
rithm [43].

So, mathematically can be conclude that the entrance activation
“net” for the j neurons on the first layer (1¢) is:

net! = Z{W *X; + 6o} (8)

where, X; are the ith entrances of the j neurons pondered by
the respective weights Wj} from 1 ton, n being the entrance and
weight number of patterns. The over-index “1” means the first layer
(entrance layer), and the j indicates which neuron of the layer we
are working on and 91 is the bias of j neuron of the first layer.

The processing of entrles X; and exit Y; of j neuron in the inter-

[Tt

action “p” is given by equation
Yj}p) - g01'1 {netjl} (9)

where Yj) is the exit sign or value of j neuron and ¢; the function
of activating this neuron.

The calculation of the derivatives of the activation function in
the p interaction for the j neurons of the first layer is defined as:

1
1 8('01‘

Sitp) = onet] (10)
j
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Fig. 3. (a) Neuronal Network MLP with BP or LMB algorithms; (b) architecture MLP used.

Admitting the neurons exit from the current layer (1st) as an
entrance to the [th subsequent layers of the net, Egs. (8)-(10) are
adopted for the net} , \/]?peS}p calculation of all layers of the net.
Therefore, we have all the “Y” and “S” matrices’ points (cells) for the
j neurons of the net necessary for the error, gradient and weight
nets.

For the last layer neurons, we have:

ejtp) = (Dijip) — Yjp)) (11)
1 _cl
8ip) = Sitp) (12)

where, ejp) is the error calculated for the j neuron in time p, by the
respective ith item desired from the objective vector (8}’.@)) and by
the neuron exit value Yj,). Furthermore, the error auto-propagation
term (5]’“))) is defined by Eq. (12), only for the exit layer.

For the hidden layers until the entrance ones we have:

n(l)
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I _ sl
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where 8}1,(;]) is the entrances’ error gradient of the current layer
(1) for the outputs of the previous layer (1 — 1) and (Sj’.(p) is the output
error propagation term (self-propagation).
In all epochs, the updating of the weight links is determined for
the jth neuron of each layer by Eq. (15):

1 1 -1
Wity = Wiy = (Hipy + 105 1)7" Gy (15)
where
T
Hp) =Jipy *Jip) (16)
Gp :](Tp) * SSE(p) (17)

where H() is the Hessian matrix approximation and Gp is the
Descent Algorithm solution in time p for the n net entrance patterns.
Where, Hpp) is a n x n matrix, Gp is a vector of the n elements col-
umn, the termIis the identity matrix n x nand u is the combination
coefficient [43].

The Hessian matrix and the error gradient approximation are
calculated by the numerical solutions of the system formed by the
Jacobian matrix J of a m x n size, where m is the amount of data for
a pattern X;; of the X matrix and J7 its transpose. J, is defined by
Eq. (18):

861’1 N 861,1
owq owp
.’(p)= (18)
861.m E)el’m(p)
W) MWn(p)

Finally, for both cases, this research adopted the Mean Absolute
Error (MAE) with the performance of the studied nets parameters to

best represent the real deviations (absolutes) among the collected
and trained data. Eq. (19) describes the MAE calculations:

K n(l)

In=Tv=
MAEG) = 2D 2> 1 i) (19)
j=1 =1

Therefore, the error (1 wm) will be considered on the same pre-
cision range of the CAl machining equipment.

4. Experimentation
4.1. Computational equipment and tools used

A Discovery 560 ROMI™ Machining Center and a Micro-Hite 3D
TESA™ 3D Coordinate Measuring Machine (CMM 3D) were used.

A commercial Personal Computer (PC) to integrate the net
system, software and equipment was used. Software were cho-
sen so that information could be shared, the main ones used
were SolidWorks™ 2008, GibbsCAM by SolidWorks™, Volcomps™,
MiniTab16™ and MATLAB™ R2011a, on the MS Windows XP
Professional™ SP3 PT-BR.

4.2. Experimental work

Initially, the zero position of the machine (x=0, y=0 and z=0)
and the directions of the displacements of the axes are set up. Also,
the coordinates which would be machined in the samples were
determined (conversion of the measured data versus real data).
After this phase, the position to set the samples with the table mark-
ing was planned. To have this accomplished, guide blocks were used
to position the samples being aligned using a comparative clock.

The cutting tool was a MITSUBISHI milling cutter with 50 mm
diameter and three teeth. Two cemented carbide inserts had geom-
etry of SEGT13T3AGFN-JP (with chip breaker) and one special wiper
cemented carbide insert WEEW13T3AGERS8 C, which were clamped
in a milling cutter code ASX445-050A03R (see Fig. 4a). The geo-
metric combination of the insert and the tool holder resulted in
45° cutting edge angle and 20° rake angle (see Fig. 4b). In these
end milling experiments, only one set insert was used, which
would eliminate the influence of the tool tip run out on tool wear.
The experiments were conducted at a constant cutting speed of
400 m/min, which would eliminate the influence of the built-up
edge.

Once fixed the work piece was machined (milled) with the fol-
lowing cutting parameters: cutting speed (V) =400 m/min, spindle
speed (S)=2546 rpm, feed rate (f;) = 0.1 mm/rev/tooth, depth of cut
(ap)=0.5mm, width of cut (a.)=17 mm, up-milling with cutting
fluid.

Work piece samples (51 mm x 51 mm x 460 mm) were pre-
pared in aluminum (ASTM 6351 T6) to be submitted to milling tests
along the X-axis and Y-axis in order to check for errors in both direc-
tions according to Fig. 1. Their two upper faces of the samples were
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Fig. 4. (a) Cutting tool details; (b) milling cutter and insert geometric details.

Fig. 5. (a) Milling along the X-axis; (b) milling along the Y-axis; (c) MMC 3D measurement.

milled: one along the X-axis and another along the Y-axis, see Fig. 5a
and b for details.

After milling, the work pieces were measured (CAl) according to
the principles presented by Nakazawa [44]. The Z measures were
taken through touches in the direction Z (compensation) along the
X-axis and keeping Y constant (MMC 3D coordinate system) mini-
mizing parallax errors (the Abbe’s principle) (see Fig. 5¢).

Ten points were randomly probed in each surface. Each point
was measured three times and the average value Z was used. Fig. 6
shows the errors (deviations in Z) of these points collected in a

tridimensional space (3D scatter plot) along the X (Fig. 6a) axis and
Y (Fig. 6b), with respect to the work-piece’s nominal dimensions.

A set of Zversus X and Z versus Y displacements points for both
machined samples were acquired. Table 1 shows the variations
found on Z-axis along the X-axis. It is possible to observe that, as the
mill moves toward a negative direction of X (X——), (see Fig. 5a), Z
values increase (Z—+). Likewise, in Table 2 it is possible to observe
the Z-axis variation along the Y-axis. Displacements in the negative
direction of Y(Y— —) cause Z values to decrease (Z<—), (see Fig. 5b).
Ideally, Z should be constant along X- and Y-axes.

Fig. 6. (a) deviations in Z (mm) versus X (mm) 3-D scatter plot, acquired data; (b) deviations in Z (mm) versus Y (mm) 3-D scatter plot, acquired data.



Table 1
Measured data: displacement “Z” versus surface “X” axis.

Values?
No. (1st) sequence points (2st) sequence points (3st) sequence points (4st) sequence points (4st) sequence points
X Y z X Y z X Y VA X Y VA X Y V4
1 —-50.000 —144.850 0.010 —-50.000 -134.913 0.012 —-50.000 -124.975 0.015 —50.000 —115.038 0.017 —50.000 —105.100 0.019
2 —52.801 —144.850 0.011 —58.004 -134.913 0.015 —-63.206 -124.975 0.020 —68.409 —115.038 0.024 -73.611 —105.100 0.028
3 -78.317 —144.850 0.018 -81.387 —134.913 0.022 —84.458 —124.975 0.027 —87.528 -115.038 0.032 -90.598 —105.100 0.036
4 —103.397 —144.850 0.030 —-103.015 —134.913 0.032 -102.634 -124.975 0.033 —102.252 —115.038 0.035 —101.870 —105.100 0.037
5 -123.175 —144.850 0.037 —125.347 -134.913 0.040 -127.518 —124.975 0.043 —129.690 -115.038 0.047 -131.861 —105.100 0.050
6 —151.684 —144.850 0.050 —152.485 -134.913 0.052 —153.286 -124.975 0.053 —154.087 —115.038 0.055 —154.888 —105.100 0.056
7 —169.020 —144.850 0.054 —174.300 —134.913 0.058 —179.581 —124.975 0.061 —184.861 —115.038 0.065 —190.142 —105.100 0.069
8 —198.687 —144.850 0.066 —202.220 -134.913 0.068 —205.752 —124.975 0.071 —209.285 -115.038 0.073 -212.817 —105.100 0.076
9 —218.582 —144.850 0.072 —223.584 -134.913 0.075 —228.586 -124.975 0.079 —233.588 —115.038 0.082 —238.590 —105.100 0.085
10 —260.685 —144.850 0.087 —262.480 —134.913 0.088 —264.275 —124.975 0.090 —266.069 —115.038 0.091 —267.864 —105.100 0.093
11 —289.079 —144.850 0.097 —292.660 -134.913 0.099 —296.240 -124.975 0.101 —299.821 —115.038 0.103 —303.401 —105.100 0.105
12 —304.695 —144.850 0.100 —308.784 -134.913 0.103 -312.873 -124.975 0.105 —316.962 —115.038 0.107 —321.051 —105.100 0.110
13 -337.192 —144.850 0.107 —336.504 -134.913 0.109 —335.816 —124.975 0.111 —335.128 -115.038 0.112 —334.440 —105.100 0.114
14 —360.496 —144.850 0.115 —360.198 —134.913 0.116 —359.899 —124.975 0.118 —359.601 -115.038 0.119 —359.302 —105.100 0.120
15 —385.216 —144.850 0.123 —383.426 -134.913 0.124 —381.637 —124.975 0.125 —379.847 -115.038 0.125 —378.057 —105.100 0.126
16 —407.300 —144.850 0.127 —405.538 -134.913 0.128 —403.777 -124.975 0.128 —402.015 —115.038 0.128 —400.254 —105.100 0.129
17 —433.779 —144.850 0.133 —432.081 —134.913 0.134 —430.383 —124.975 0.135 —428.684 —115.038 0.136 —426.986 —105.100 0.137
18 —457.408 —144.850 0.140 —456.855 -134.913 0.141 —456.303 -124.975 0.142 —455.750 -115.038 0.143 —455.197 —105.100 0.144
19 —494.795 —144.850 0.146 —491.680 -134.913 0.147 —488.566 -124.975 0.148 —485.452 —115.038 0.149 —482.338 —105.100 0.150
20 -510.781 —144.850 0.151 -510.794 —134.913 0.153 —-510.807 —124.975 0.154 -510.819 —115.038 0.156 —510.832 —105.100 0.157
2 Points with coordinates (X, Y and Z) converted to actual placement of the Machining Center.
Table 2
Measured data: displacement “Z” versus surface “Y” axis.
Values®
No. (1st) sequence points (2nd) sequence points (3rd) sequence points (4th) sequence points (4th) sequence points
X Y V4 X Y V4 X Y V4 X Y V4 X Y V4
1 -5.100 —28.000 0.000 -15.138 —28.000 0.006 -25.175 —28.000 0.012 -35.213 —28.000 0.017 —45.250 —28.000 0.023
2 —-5.100 —29.691 0.000 -15.138 —32.567 0.006 —25.175 —35.443 0.012 —35.213 -38.319 0.017 —45.250 -41.195 0.023
3 —-5.100 —47.816 —0.004 -15.138 —48.524 0.002 -25.175 —49.231 0.008 -35.213 —49.939 0.015 —45.250 —50.646 0.021
4 -5.100 —65.056 —0.004 -15.138 -66.807 0.002 -25.175 —68.558 0.007 -35.213 —-70.308 0.013 —45.250 -72.059 0.019
5 -5.100 -74.318 —-0.006 -15.138 -77.163 0.000 -25.175 —80.008 0.006 -35.213 —82.853 0.011 —45.250 —85.698 0.017
6 —-5.100 —104.702 —-0.010 -15.138 -104.844 —0.003 -25.175 —104.986 0.003 -35.213 -105.127 0.010 —45.250 —105.269 0.016
7 —-5.100 —115.301 -0.013 -15.138 -118.439 —0.007 -25.175 -121.578 0.000 —35.213 -124.716 0.006 —45.250 -127.854 0.012
8 -5.100 —140.073 -0.015 -15.138 -141.512 —-0.009 -25.175 -142.951 —-0.003 -35.213 —144.389 0.003 —45.250 —145.828 0.009
9 -5.100 —158.697 —-0.020 -15.138 -161.843 -0.014 -25.175 —164.989 —0.008 -35.213 -168.134 —-0.003 —45.250 -171.280 0.003
10 —5.100 -176.435 —-0.021 -15.138 —179.783 -0.016 -25.175 —183.131 -0.011 —35.213 —186.478 —0.005 —45.250 —189.826 0.000
11 -5.100 -191.141 -0.025 -15.138 —196.458 -0.020 -25.175 -201.775 -0.015 -35.213 —207.091 -0.011 —45.250 —212.408 —0.006
12 —-5.100 —210.854 —-0.030 -15.138 —213.281 —0.024 —25.175 —215.708 -0.019 —35.213 -218.135 -0.013 —45.250 —220.562 —0.008
13 —-5.100 —246.774 —-0.039 -15.138 —246.485 —0.032 -25.175 —246.195 —0.026 -35.213 —245.906 -0.019 —45.250 —245.616 -0.013
14 -5.100 —266.579 —-0.045 -15.138 —265.973 —-0.038 -25.175 —265.367 —0.032 -35.213 —264.761 —-0.025 —45.250 —264.155 -0.018
15 -5.100 —282.395 —-0.048 -15.138 —283.527 —-0.042 -25.175 —284.660 -0.035 -35.213 —285.792 —-0.029 —45.250 —286.924 -0.023
16 -5.100 —300.844 —0.055 -15.138 —300.942 —0.048 -25.175 —301.040 —0.041 -35.213 -301.137 —0.035 —45.250 -301.235 -0.028
17 —5.100 —320.828 —0.061 -15.138 —321.208 —0.054 -25.175 —321.588 —0.046 —35.213 —321.968 —0.039 —45.250 —322.348 —0.032
18 —-5.100 —347.136 -0.070 -15.138 —347.407 —-0.063 -25.175 —347.678 —-0.056 -35.213 —347.949 —-0.048 —45.250 —348.220 —-0.041
19 -5.100 -361.121 -0.072 -15.138 —360.995 —0.065 -25.175 —360.869 —0.058 -35.213 -360.743 —-0.052 —45.250 -360.617 —-0.045
20 —-5.100 —372.901 -0.079 -15.138 —372.863 —0.072 -25.175 —372.824 —0.065 -35.213 —372.786 —0.058 —45.250 —372.747 —-0.051

3 Points with coordinates (X, Y and Z) converted to actual placement of the Machining Center.
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Fig. 7. Joint distribution plot of the deviations value in Z(mm) on the X- and Y-axis.

5. Mathematical modeling of flatness deviation
5.1. Data analysis

A statistical analysis of the collected data was conducted (see
Tables 1 and 2) to check for the existence of any outliers and to
eliminate them. Fig. 7 illustrates the deviations found during the
measurement process after the elimination or adjustment of the
outliers for X and Y surfaces, presenting the joint distribution of
data. This is composed of a 2D scatter plot with two histograms in
the margins. Each histogram shows how the deviations in Z on the
X- and Y-axis are distributed and the scatter plot the dependencies
of points with error value in Z (mm).

5.2. Studied models and results

At first, we studied MLP models with Back-Propagation training
algorithm with only one hidden layer, one neuron and 1-8 neu-
rons on the main layer. The simulation general parameters used
were: test values for X=[-560], test values for Y=[-420], Learn-
ing rate=0.10, network performance="MAE” and error maximum
increment=0.08. Joined with the stop parameters formed: Maxi-
mum number of epochs to train=10000, Performance goal=0.001,
Minimum performance gradient=10e~26, Maximum Number of Vali-
dation Increases =200, Maximum time to train in seconds=120 and
Maximum mu = 1e30,

For each proposed model, three replicates were generated
considering the average value of the comparison model results.
Among the studied variations, we can highlight the standard model
using three neurons on the main layer with MAE =0.00233, whose
results are shown in Fig. 8a.

However, the generalization test for this model showed surfaces
with irregular or distorted answers as could be seen in Fig. 8a.
Therefore, the variations of the Activation Functions Tangent-
Sigmoid (tansig), Logarithmic-Sigmoid (logsig) and Linear (purelin)
were studied for the main and hidden layers in the model with three
neurons, using a smaller number of neurons and consequently a
simpler architecture. In Fig. 8b, we have the model with tansig
function in both layers. This showed the best performance with
MAE =0.00447.

Subsequently, keeping the same simulation parameters and
criteria of the previous model (MLP+BP), the models with the

Levenberg—Marquardt training algorithm with one hidden layer and
from 1 to 3 neurons in the main layer were studied.

In this context, Fig. 9 a and b shows, respectively, the surfaces
generated by the models with three neurons on the main layer and
with tansig and logsig activation functions in this layer. So, both
models converged to the desired final error.

Thus, in Fig. 9a we have the model generated by the average
of five trained networks. A generalization test was conducted with
discretization of 10 mm in X and 10 mm in Y, and achieved MAE
was 9.4343e~4. Fig. 9b shows results for the same process but now
using logsig function, which obtained MAE =9.5525e 4.

Complementing these results, Fig. 10 shows value of residues
for the points collected/training versus the models developed, with
tansig and logsig activation functions, respectively.

5.3. Analysis and discussion

Table 3 shows data of the main MLP models with BP training
algorithm (tests 1-11) that were employed. The data refer to the
average obtained for each model with three replicates. The test
number 3, as shownin Fig. 7aand b, presented the best performance
using this algorithm with MAE = 0.00233. We can conclude that the
change in the activation models with three neurons (tests 7-11)
did not produce any important improvement in the model perfor-
mance. Table 3 also presents data of the developed LM models (tests
12-15), whose results are averages of five replicates obtained for
each model. Test number 14, according to what has been shown in
Fig. 11, showed the best performance, with MAE=9.4343e~* and
MSE=1.5425e76,

Fig. 11a shows the performance of models 1-6 versus training
epochs of the models with the BP algorithm. There, we can con-
firm that the increase in the number of neurons did not result in a
performance improvement. All models show no more performance
improvement at 10,000 epochs. Also, some variations reached the
desired performance very close to the epoch limit (at 10,000), what
is expected when a great quantity of patterns is presented to the
models for training and each time step is small [43].

At last, for the tests carried out, BP showed to be incapable
of developing generalization properties to solve similar problems,
according to what is presented in Fig. 8a and b. There, some dis-
torted responses generated by incoherent generalizations of the
developed models can be seen. Due to these facts, we can infer
that the processed BP models got stuck at a local minimum and
the generated models were not able to solve the problem in hand.
BP algorithm limitations have already been discussed by a number
authors as Schalkoff [40], Jian et al. [45], Ozel and Davim [46] and
Yang et al. [25].

On the other hand, models using the LM algorithm (Fig. 11b)
had a better response with a significant reduction in the processing
time and epoch numbers, converting to the desired error with
a relatively small neuron number. This has already been shown
in previous researches comparing the BP with the LM algorithms
in the resolution of problems that have a significant number of
entrance patterns [4,35,43,47].

Fig. 11b shows the performance of the four models tested with
1, 2 and 3 neurons versus epoch evolution. We can see that the
model trains fast, stabilizing its performance at 55 epochs and also
showing a significant improvement when adding new neurons to
the network architecture.

Tests 11a-b with three neurons on the main layer and the tans-
ing and logsing activation functions, respectively, are also shown in
Fig. 11b. We can conclude that the logsing function shows a bet-
ter performance on the first 10 epochs, but after this, both have a
similar behavior and furthermore, model 14 (tansig) has a better
performance in the processing (epochs/time). At last, in Fig. 10, we
can see that residues of MLP present themselves totally dispersed
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Fig. 8. (a) Answer plan of deviations in Z and entrance data, net with 3 neurons in the main layer; (b) answer plan of deviations in Z and entrance data, net with 8 neurons

on the main layer.

Fig. 9. (a) Answer plan of deviations in Z and entrance data, LMB net with tansig transference functions; (b) answer plan of deviations in Z and entrance data, LMB net with

logsig transference functions.
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Fig. 11. (a) BP researched performance versus epoch numbers; (b) LM researched performance versus epoch numbers.

(@) (b)
B— Original data 0,150 1 0010
@ - Generalized data 1
0,130 : 0,000
+-0010 E
0110 | é
E 1 -0020 N
N £
0090 N 1 £
= + 0030 2
2 ] 5
0070 & c
ps +-0040 §
3 J >
0,050 = 1 0080
@ - Original data 1
0,030 + -0,060
B— Generalized data ]
‘ O
0,010 -0,070
550  -450  -350  -250  -150 -50 -400 -300 -200 -100 0
Displacement in the x-axis (mm) Displacement in the y-axis (mm)

Fig. 12. (a) Z (mm) versos x-axis (mm) displacement, original and generalized data; (b) Z (mm) versus y-axis (mm) displacements, original and generalized data.

(® (b)
. — 0,160 0,020
e @ - Original data/product 1 ]
e, 1
e, m— Product comrected by ANN 0,140 ..-./._/./-\.\_\-\- ‘_,./" 1 0,010
A N 1 "] i
‘\ g -
. T 0,120 S 0,000
AN E »”
Y / 1
., T 0100 ~ o + -0,010
\‘ ] IS S f /E\
AN S il 1 IS
o, + 0,080 = 1‘ 1 .0.020 =
. ] N ' N
A 1 0060 £ 4 - £
. [ 0080 5 & 70080 C
N, — 1 <4 —
L} [<5) h 1
. T 0,040 / 1 o
- ' b 4 0040 ¢
] § J ] g
h °7 0,020 @ - - Original data/product 1 -0,050 =
| VAL # '
+ 0,000 [ B— Productcomected by ANN| [
A R J 0,060
-0,020 -0,070
-550 -450 -350 -250 -150 -50 -400 300 -200 -100 0
Displacement in the x-axis (mm) Displacement in the y-axis (mm)

Fig. 13. (a) Graphic of Z deviations along Y-axis; (b) graphic of Z deviations a long X-axis.



Table 3

Test parameters for MPL with BP and LM algorithms.

Best Epoch Processing
time (s)

Error MSE

Error MAE

learning
function

Transfer Transfer

Network’s
adaption
function

Network
training
function

Number of
neuron

Number of
neuron

Tests

function

function

(layer hidden)

(1st layer)

(layer hidden)

(1st layer)

59.615
83.552
57.563
84.239
85.109
58.484
58.901
62.897
59.937

7.230
9.987

0.0000200
0.0000100

0.003300
0.002800
0.002330
0.002900
0.002800
0.002630
0.005130
0.046430
0.004470
0.005300
0.033500
0.016100
0.002066

earngdm

9.998

0.0000100

9.994
9.994
9.977
10.000
10.000

0.0000200
0.0000100

0.0000100

0.0000500
0.0031300
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9.995
220

0.0000400
0.0000300
0.0021300

1.306

17.874
120.0
120.0

3.265
9.470

0.0000084
0.0000068

4.969

0.548
0.554

0.00000154
0.00000167

0.0000943
0.0000956

56

tansig
tansig
tansig
tansig
tansig
tansig

logsig

adaptwb

adaptwb

adaptwb

adaptwb

adaptwb

adaptwb

adaptwb

logsig

logsig

adaptwb

tansig tansig

purelin

adaptwb

tansig
logsig

adaptwb

purelin
tansig
tansig
tansig

logsig

adaptwb

purelin

adaptwb

purelin

adaptwb

purelin

adaptwb

purelin

adaptwb

10

11

12
13
14
15

and without any tendency of error accumulation due to the recur-
sive model, numerically validating the adoption of this model along
the research.

Therefore, a generalization test of the error surface in Z with
the model 14 was carried out. Fig. 12 a and b shows the graphics
of the original data average and average values generated by the
generalization for values X versus Z and Y versus Z where we see an
excellent fitting of the model to solve the problem.

5.4. Computational implementation

The computational implementation developed as shown in the
flow chart presented at Fig. 2. It was done through the discretization
of the values in points (matrix) of a correction surface on the CAD
parametric software using the developed ANN model (as discussed
in Section 5.2, see Fig. 9a). This cloud of points was mathemati-
cally converted in a surface feature, and using an API, it integrated
the geometric forms and generated the corrected surface of the
CAD/CAM model.

The main steps of this computational implementation were:
(a) development of the mathematical model and calibration of the
correction surface variables (MatLab script and database); (b) data
integration by the CAD software (points cloud); (c¢) curve (Spline)
creation through points; (d) development of curves on a paramet-
ric surface (feature); (e) posting the program to the CNC Machining
Center.

6. Development of the applied experiment

Through the integration of the 3D solid in the CAD/CAM soft-
ware, the machining reprogramming was done.

To simulate the real fabrication and validity process of the exper-
iment, the same parameters of machining and tooling used in
Section 4.2, were used. So, both sides of the dowel were machined
again, one along the X-axis and one along the Y-axis, (seem Fig. 5a
and b). After the fabrication of this piece, a MMC 3D CAl was carried
out (see Fig. 5¢), in order to verify which would be the new devia-
tions in relation to the Z-axis (flatness) in the X and Y directions.

Therefore, through the CAI, the dimensional deviations (errors)
of the Z-axis along the X- and Y-axes were collected again. These
data were tabulated to verify the product deviations and compare
them to the deviations presented previously. Fig. 13a and b shows
this comparison of mean error (X versus Z and Y versus Z) along X-
and Y-axes, respectively.

7. Conclusions

Concerning the ANN models studied, we could verify that MLP
model has a simple architecture (3-1-1) and can exhibit excellent
performance (Table 3). Still, it is observed that there is a connection
with the work done by Zhang [39] and also described by Zain [33],
suggesting some MLP network models as symmetrical formations
and/or geometrical proportion. Then, they can be used as basis for
future research to solve problems in manufacturing processes, for
example: turning, electro-erosion, micro-machining, CNC oxygen
cutting, and fast prototyping among others.

Concerning the practical experiments, we can perceive that the
average deviations for Z along the X and Y axes showed to be
significantly smaller (about 60%) than the reference values (see
Fig. 13a and b), these results are better than those presented both
by Shaowei et al. [13] as Gangwei et al. [14] and similar to those
presented by Akafor and Yalcin [16], but with in this work a sim-
pler methodology and ANN model were used. Also, can be inferred
that the deviations existing in the product should come from other
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sources, not approached in this research, such as: thermal effects,
forces on the piece/tool, etc.

Furthermore, we can conclude that the experimental method
used to obtain practical data allowed for excellent quality acqui-
sition to carry out the statistical analysis and computational
modeling, but in a median precision since the MMC 3D has a pre-
cision range similar to MF. Nevertheless, we could still validate
the method proposed here because the activities flow provided the
quantity and types needed for the research. This work also devel-
oped a new set of IMS techniques which can be used for this specific
application and for others, according to each company’s needs, or in
the academic environment to carry out new studies and to improve
systems, parameters, metrics or for future research associate other
deviations existing in MT presented by other authors [11-17].

Finally, it is evident that the techniques proposed in this
research allow for more competitiveness by insuring that the final
product is in accordance with the respective tolerances and with
smaller error. Thus, it contributes to provide better quality for the
final product and the integration between the project and the man-
ufacturing activities in a computational integrated environment.
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