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a  b  s  t  r  a  c  t

This  paper  describes  the  optimization  of  the  tool  design  and  structure  in an  electrochemical  curved  hole
machining  method.  Curved  holes  can  be machined  using  a  flexible  tool  which  can  be  curved  by the hole
being  processed  by  the tool  itself.  The  curvature  of  the  hole  can be determined  by the tilt angle  of the
electrode  tip  attached  to the  end  of the  tool.  The  tool  design  was  optimized  by  a numerical  analysis  of
the  electrostatic  field  and  a  large  deflection  to  reduce  the  radius  of  curvature  and  to  improve  machining
efficiency.  Machining  tests  showed  that  the  curved  hole  shape  is  controlled  by the  detailed  electrode
shape  and  the  feed  rate  of  the  electrode.  The  calculated  curved  hole  shape  agreed  with  the  form  of  the
holes machined  experimentally.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Efforts are under way in the automotive industry to integrate
component parts for the purpose of lightening the vehicle weight
and reducing the part count, which tends to result in larger castings
and injection-molded parts. The trend toward these parts has led to
the integration of parts that were previously separate components.
This has resulted in more complex part shapes and also larger level
differences due to recesses and projections. As a result, maintaining
the shape accuracy and dimensional accuracy of these parts is con-
tinually becoming a more critical issue. The dies and molds used
in producing these parts also require more complex shapes, and
controlling the die/mold surface temperature has also become an
increasingly important issue. In order to control the surface tem-
perature accurately, it is desirable to provide coolant channels in
dies/molds at a constant distance from the surface and following
the curvatures of the parts to be produced.

One solution to this issue lies in curved hole machining meth-
ods and various techniques have been developed over the years
[1–5]. However, most of the curved hole machining methods
developed so far involve the attachment of an actuator to the
tool body for controlling the shape of the tool while machining is
performed. These methods therefore require complex mechanisms
and high control accuracy, which limits their applicability to the
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machining of simple curved shapes. Currently, they are not capable
of machining the complex shapes typically found in dies/molds.
To overcome this situation, we  have developed a curved hole
machining method capable of producing even intricately shaped
holes. With this method, the tool pre-machines a small hole in the
intended machining direction and then follows the hole it has to
cut. These operations are repeated in the process of machining a
curved hole. Our previous reports [6–8] have presented the results
of machining tests conducted with an electrochemical machining
method based on this concept. The results confirmed that curved
hole machining can be performed with a high degree of freedom
that allows the direction and curvature of the curved hole to be
varied as the machining process proceeds.

Furthermore, a numerical analysis of the electrostatic field was
conducted with the aim of optimizing the design of the electrode
shape by examining the characteristics of various electrode shapes.
The results of the electrostatic field analysis and actual shapes of
machined holes were then compared for the electrodes examined.
After optimizing the electrode shape and the machining conditions,
an attempt was made to machine actual curved holes.

In the present study, an analysis of large beam deflection was
added to the electric field analysis described in our previous reports,
thereby making it possible to predict the curved hole shape. Addi-
tionally, the relationship between the shapes and dimensions of
different parts of the electrode and the resultant curved hole shape
was investigated. The overall electrode shape and machining con-
ditions were optimized by making a comparison with the shapes
of actual curved holes.
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Fig. 1. Contact position and reaction force angle.

2. Analysis of flexible tube deflection

2.1. Differential equation of large deflection

As the electrode moves along the workpiece surface, it receives
reaction force from the workpiece at the point of contact between
them, which induces deflection in the flexible tube. Because the
magnitude of this deflection is larger than that treated in a linear
analysis, it is necessary to analyze the tube shape using the large
deflection theory. Based on the position and orientation of the elec-
trode following displacement, the distribution of the amount of
stock removed from the workpiece surface is found. The curved
hole shape can be analyzed by performing coupled calculations of
the deflection amount in a large deflection analysis and the stock
removal amount in an electrostatic field analysis.

Fig. 1 shows the positional relationship between the electrode
and the workpiece. Fig. 1(a) shows the state where there is no
contact at all between the electrode and the workpiece. In this
case, the electrode simply advances downward in the figure at
predetermined micro-feed amounts, so no deflection occurs in the
flexible tube. Fig. 1(b) shows a state in the analysis where the elec-
trode cuts into the workpiece as a result of advancing further. This
is a positional relationship that cannot actually occur.

Here, we will let S′ denote the center point of the area where
the electrode cuts into the workpiece surface. From point S′, we
draw a line normal to the workpiece surface, forming angle ˇ′ with
the horizontal. The flexible tube deflects under the reaction force
P′ received from the workpiece surface in the direction of angle ˇ′.
Here, it is assumed that friction is negligibly small. Reaction force P′

is increased until the electrode is no longer cutting into the work-
piece, thus inducing deflection in the flexible tube until the state is
reached where the electrode and the workpiece are in contact, as
shown in Fig. 1(c). Here, the position of point S where the electrode
and the workpiece are in contact as indicated in Fig. 1(c) differs
from point S′. Therefore, it is necessary to repeat the calculations
again based on the new angle ˇ. However, that repeated calcu-
lation was not performed in this study because the amount the
electrode moved in one feed operation was smaller than the size of
the analysis patch.

Fig. 2 shows the deflection state of the flexible tube and the
applied load considered in the differential equation for large deflec-
tion. Fig. 2(a) shows the original state where the load P acts on the
tip of the flexible tube as the reaction force from the workpiece at
the angle  ̌ formed by a line normal to the inclined surface of the
workpiece. The fixed end of the flexible tube is held in the vertical
direction. Fig. 2(b) shows the state for ı = 0◦. It will be noted that
the deflection curve in both cases does not change because Fig. 2(a)
merely rotates the curve in Fig. 2(b) by an amount equal to angle ı.
Therefore, Fig. 2(b) is treated as the basic shape and is analyzed as
a large deflection problem [9,10].  In the deflection curve, we  define
the position of the flexible tube tip as (xl, yl) and the angle formed
by the tangent at this point and the x-axis as the deflection angle

Fig. 2. Deflection curve of flexible tube.

˛, and let yD denote the displacement in the y-axis direction from
the no-load position.

Letting L denote the entire length of the flexible tube and E its
vertical Young’s modulus. Letting point � denote a point at a dis-
tance s along the length of the flexible tube from the origin 0 and
� denote the deflection angle at point � from the fixed end of the
tube, the equation for the curvature of the tube becomes d�/ds. The
differential equation of the deflection curve can be expressed as

EI
d2�

ds2
= −P cos � (a)

Defining the nondimensionalized load as

� = PL2

EI

and assuming that

� = S

L

we obtain

d2�

d�2
= −� · cos � (b)

The coordinates (x, y) of point � from the fixed end of the flexible
tube are expressed as

x

L
=

∫ �

0

cos � d�,
y

L
=

∫ �

0

sin � d� (c)

When the nondimensionalized load � in Eq. (b) is given, solutions
are found based on the following conditions at both ends of the
tube in Fig. 2(b):

� = 0 : � = −ˇ

� = 1 :
d�

d�
= 0

The state of the large deflection can be made clear by finding � as
a function of �. Since Eq. (b) is nonlinear, it cannot be solved ana-
lytically. In order to find the solution by numerical calculation, the
Runge–Kutta method was  applied here in a trial-and-error process
to find the values of d�/d� that should be given initially so that
the value of d�/d� at � = 1 becomes exactly zero. Additionally, the
deflection angle  ̨ can be found by numerical calculation based on
the initial values thus found for d�/d�. Then, the coordinates (xl, yl)
of the free end of the flexible tube in Fig. 2(b) and the deflection
angle  ̨ can be found from Eq. (c).  As a result, the coordinates (xa,
ya) in Fig. 2(a) and the deflection angle at the free end of the flexi-
ble tube can be found, making it possible to find the inclination and
position of the flexible tube tip.
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