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Abstract
Drilling is a kind of processing technology with a large proportion in mechanical processing, especially the drilling of deep hole,
which is facing great challenges due to the high-strength properties of materials and debris-removal challenges. Because there is
no obvious cutting force in the machining process and all conductive materials can be machined, microelectrical discharge
machining (EDM) is playing an important role in deep hole drilling. In this study, micro-EDM technologywas used for deep hole
drilling on flexible bellows. Key technologies were discussed including workpiece positioning device, process control methods
and drilling parameters selection. A special clamp was designed to solve the deformation problem of bellows positioning. In
order to improve the consistency of the inlet and outlet of the deep hole, a double-sided guiding device was designed to reduce the
radial deflection of tool electrode caused by the high spindle speed and long suspended stretch. The tool electrode compensation
method was studied to improve the precision and aspect ratio of the deep hole. In addition, the influence of parameters such as
spindle speed and oil flushing pressure on the drilling process was also analyzed. The study results show that the designed devices
and process can meet the drilling requirements of the deep hole on bellows; the aspect ratio of the deep hole reaches 44:1.
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1 Introduction

As a sensitive element, damping element, compensation ele-
ment, sealing element, valve element, and pipeline connection
part, metal bellows is widely used in automatic control and
measuring instrument, vacuum technology, mechanical indus-
try, electric power industry, transportation, and atomic energy
industry due to its good elastic stability, corrosion resistance
and welding performance [1]. However, due to its flexibility
and deformability, axial hole drilling has been a serious prob-
lem restricting the application of bellows. Traditional drilling
is limited by the hardness of bellows material and the aspect
ratio of the drill tool, it is difficult to realize the precision
machining of deep holes with high aspect ratio [2]. Because

the machinability only depends on the conductivity and ther-
mal properties, and has nothing to do with the mechanical
properties of the material, micro-EDM is suitable for machin-
ing any conductive materials which are difficult to be ma-
chined by traditional machining methods. [3–5]. At present,
micro-EDM has become one of the most commonly used
methods for deep-hole drilling of conductive materials with
high aspect ratio [6, 7].

Up to now, many scholars have been engaged in the re-
search of micro-EDM technology for deep-hole drilling with
high aspect ratio. Liu et al. [8] introduced ultrasonic vibration
into deep-hole EDM processing with high aspect ratio.
Influence by the cavitation and pumping effect of ultrasonic
vibration, the electroerosion debris removal rate between the
discharge gap was improved, which ensured the stability of
the machining process, so the machining efficiency was im-
proved. Tanjilul et al. [9] developed a new system for remov-
ing electroerosion debris by combining working fluid flushing
with a vacuum-assisted system, which can improve the effi-
ciency of electroerosion debris removal. Ferraris et al. [10]
reported a newmethod of drilling microholes with high aspect
ratio by coating insulation layer on the side wall of the elec-
trode. The use of insulated electrodes reduced the occurrence
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of secondary discharge on the hole wall and improved the
stability of deep-hole drilling. Afzaal et al. [11] proposed a
compound machining technology combining EDM and elec-
trochemical machining (ECM). The double hole tube elec-
trode was used to improve the material removal rate of
microhole drilling. Although many scholars have carried out
a lot of research on the EDM for deep hole with high aspect
ratio, it is still difficult to drill hole with an aspect ratio of more
than 20:1.

In this study, the mechanism design and process control of
micro-EDM for drilling deep hole of bellows were carried out,
including the design of flexible bellows positioning device,
guiding and compensation method of tool electrode. In addi-
tion, the influence of parameters on the drilling process was
also investigated.

2 Experiment

Due to the fact that flexible bellows is easy to deform under
microforce, the positioning and guiding device are designed.
The hole morphology is analyzed by three-dimensional opti-
cal microscope (Zeiss-Smart zoom 5, Germany) and scanning

electron microscope (SEM, Zeiss-EVO MA25, Germany).
The drilling parameters are optimized to make the accuracy
and consistency of the deep hole meet the technical require-
ments. The process route chart of micro-EDM for deep hole of
bellows with high aspect ratio is shown in Fig. 1.

2.1 Experimental device

In this study, the Swiss Sarix sx-100 ultra-precision micro-
EDM machine tool is used to carry out the experiment. The
electrode is clamped by a chuck installed on the rotating spindle
whose speed can be adjusted between 0 and 1000 r/min. The
micro-EDM machine tool is equipped with a 70bar cooling oil
high-pressure pump to improve electroerosion debris removal
efficiency by providing high-pressure oil flushing. The travel
distance of the X/Y axis of the machine tool is 250 × 150 mm,
the positioning accuracy is ± 2 μm, and the resolution is 0.1
μm. Theworking fluid is composed ofmineral oil and synthetic
oil (the main component is hydrocarbon), which is used for
flushing the electroerosion debris out of the discharge gap
and deionization to prepare for the next discharge.

The schematic diagram of experimental device is shown in
Fig. 2. The bellows is fixed by the positioning device installed

Fig. 1 Process route chart of
micro-EDM for deep hole of
bellows with high aspect ratio
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on XY stage, which can realize two-dimensional plane motion.
The tool electrode is fixed on the rotating spindle, which can
carry out the feed movement in Z direction and the rotation
movement around the Z axis. The guiding device is fixed on
the machine tool to guide the tool electrode through the upper
and lower guiding nozzles. The bellows and the tool electrode
are respectively connected with the positive and negative elec-
trodes of the pulse power supply. The multiaxis moving con-
troller is used to control the movement of each axis.

2.2 Positioning device design

Due to the large flexibility of bellows and easy deformation of
clamping, a positioning device is designed as shown in Fig. 3a,
including a special clamp and the 3R system (repetition accu-
racy of 0.002 mm).

During the drilling process, because the degree of freedom
rotating around the Z axis is difficult to limit and the outer

surface is unprotected, the bellows is easy to deform under the
high-pressure oil flushing, thus reducing the drilling accuracy
(Fig. 3b). Therefore, the special hollow clamp is designed on
the basis of the overall dimension of bellows; the diagrammat-
ic sketch is shown in Fig. 3c. The bellows is embedded in the
inner cavity of the special clamp, the upper and lower jack-
screws are used to fix the bellows body, so as to prevent the
axial movement and rotation. In order to ensure that the outer
surface of the bellows is in full contact with the oil, the lateral
surface of the clamp and themating surface between the clamp
and bellows are punched with oil inlets. The oil can fully enter
the discharge area and take away the electroerosion debris
from the discharge gap in time, reducing the influence of
secondary discharge on drilling accuracy. The positioning de-
vice is connected with axes A and B of the experimental
device through the 3R system to realize the rotation around
axes X and Y. The sectional view of bellows embedded in the
special clamp is shown in Fig. 3d.

Fig. 2 Schematic diagram of
experimental device, including
positioning device, XY stage,
rotating spindle, guiding device,
pulse power supply, andmultiaxis
moving controller
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2.3 Guiding device design

The difficulty of deep hole with high aspect ratio by EDM is
the removal of electroerosion debris. If the electroerosion de-
bris accumulated at the bottom of the hole cannot be removed
in time, it will lead to abnormal discharge phenomena such as
secondary discharge and short circuit, which will influence the
drilling efficiency and accuracy. Therefore, the method of
electrode rotation is introduced in deep-hole drilling to fully
disturb the working fluid between the electrodes. The dis-
turbed working fluid will promote the replacement of the
working fluid in discharge area and takes the electroerosion
debris away from the discharge gap timely. However, the
problem of deflection will be caused by the rotating electrode.
Because the end position does not coincide with the rotating
center, the electrode with long suspended stretch will cause

deflection under high-speed rotation due to centrifugal force.
As shown in Fig. 4a, with the increase of electrode suspended
stretch and rotating speed, the degree of deflection increases
continuously. The accuracy and morphology of the deep hole
will be seriously influenced by the deflected electrode,
resulting in a larger diameter, lower consistency, and even
short circuit of discharge.

At present, a double-sided guiding device is designed to
reduce the radial deflection of tool electrode, as shown in the
Fig.4b. The aluminum alloy material is used for the whole
frame of the guiding device to meet the rigidity and reduce
the weight as much as possible, so as to avoid the influence of
deformation caused by the self-weight on the concentricity of
the rotating spindle. The upper guiding arm is located above
the deep-hole inlet, and the guiding nozzle is made of insulat-
ing ceramic material to avoid discharge between the tool

Fig. 3 Positioning device. a
Physical picture of the positioning
device. b Outline drawing and
sectional view of the bellows. c
Diagrammatic sketch of the
special clamp. d Sectional view of
bellows fixed to the special clamp

Fig. 4 Guiding device. a
Diagrammatic sketch of variation
trend of electrode deflection
degree with suspended stretch and
rotating speed. b Design drawing
of double-sided guiding device. c
Physical picture of double-sided
guiding device
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electrode and the guiding arm. The lower guiding arm is lo-
cated under the deep-hole outlet, and the guiding nozzle is
designed as a "bowl" structure to ensure that the tool electrode
from the deep-hole outlet can enter the guiding nozzle
smoothly. The experimental results show that the double-
sided guiding device can effectively reduce the deflection of
tool electrode. The beneficial effect is to decrease the short
circuit phenomenon in the reaming process and improve the
consistency of each layer hole diameter of bellows. The phys-
ical picture of the guiding device is shown in Fig. 4c.

2.4 Experimental process

According to the technical requirements of the deep-hole dril-
ling of bellows (Fig. 5), the drilling technology of first pierc-
ing and then reaming is adopted in this study. Firstly, a tool
electrode with the diameter smaller than the deep hole is used
to drill the reserved hole, and then another new tool electrode
with the same diameter is used to ream the hole using shaking
machining method.

2.4.1 Piercing process

The tool electrode with diameter of 0.21 mm is selected and
equipped with standard chuck. Due to the inevitable wear in
the process of drilling, the electrode becomes thinner with the
increase of drilling depth, resulting in the rigidity decreases. In
addition, the reaction force produced by the discharge will
cause the electrode microdeflection. Therefore, the process
of the step-by-step piercing process is applied. Firstly, the hole
depth in the NC program is set to be half of the total depth to
drill the reserved hole. Then the bottom of the drilled hole is

taken as the zero point to drill the remaining materials using a
new electrode. The problem of electrode microdeflection is
overcome by adopting the step-by-step piercing process. The
improvement of the perpendicularity of the reserved hole is
ready for the reaming procedure. The diagrammatic sketch of
the piercing process is shown in Fig. 6a.

2.4.2 Reaming process

In order to achieve the final dimension and accuracy of the
deep hole, it is necessary to carry out the reaming procedure.
The diagrammatic sketches of the reaming process and rela-
tive motion track of electrode are shown in Fig. 6b and c.
Using the G61 R-S-I- command of the experimental device,
as shown in Fig. 7, after the piercing program is executed, the
formed hole is shown as the purple dotted line (reserved hole).
Then the reaming program is executed, and the electrode mo-
tion tracks are the red and green solid lines in Fig. 7. In R and
S, the “radius” is relative to the center of the hole after pierc-
ing, so R is 0 when the initial position of electrode is in the
center of the hole after piercing. And I is the number of spiral.

The actual value of S is determined by the final diameter of
the deep hole D, the diameter of the electrode d and the dis-
charge gap δ, namely:

2S ¼ D−d−2δ ð1Þ

The value of δ is mainly effected by the type of working
fluid, discharge parameters and nondischarge parameters, and
the discharge parameters play a decisive role in the size of the
discharge gap. In this study, the discharge gap is controlled by
changing the discharge parameters on the premise that other

Fig. 5 Technical requirements of
the deep hole of bellows. a and b
Diagrammatic sketch of overall
dimensions and technical
requirements. c Physical picture
of bellows. d Section view of
technical requirements of the deep
hole
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conditions remain unchanged through the preexperiments.
The experimental results show that the average side discharge
gap is about 10 μm using the discharge parameters in Table 1
(Section 3.2). So the set value of S is 0.102 mm according to
formula 1. The procedure of reaming is as follows:

Fig. 6 Diagrammatic sketch of
the piercing and reaming
processes. aDiagrammatic sketch
of the piercing process. b
Diagrammatic sketch of the
reaming process. c Diagrammatic
sketch of relative motion track of
electrode during the reaming
process

Fig. 7 The relative motion track of electrode and significance of each
parameter during the reaming process

Table 1 Reaming
parameters of micro-
EDM for drilling deep
hole of bellows

Parameters Values

Pulse width (μs) 10

Pulse frequency (Hz) 80

Pulse peak current (Index) 60

Free run voltage (V) 100

Oil pressure (bar) 20

Spindle speed (r/min) 500
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G80 M1 X0 Y0 (short circuit fallback mode of absolute
coordinate)

G81M3 Z1 (short circuit fallbackmode of vector direction)
G61 Z-0.1 R0 S0.102 I7 (rough machining)
G61 Z-0.2 R0.102 I3 (first finishing)
G61 Z-0.3 R0.102 I3 (second finishing)
Firstly, the electrode feeds down 0.1mm and expands out-

ward in spiral form at the same time, then returns to the initial
position (rough machining); after that, the electrode feeds
down 0.1mm again and moves outward in spiral form to the
set position for the first finishing, and returns to the initial
position; finally, the electrode feeds down 0.1mm again and
moves outward in spiral form to the set position for the second
finishing, then returns to the initial position.

In the reaming process, when the relative motion tracks of
tool electrode are executed in XY plane, the tool electrode
move along Z-direction at the same time. The downward
movement of the electrode is the compensation strategy. (see
Section 2.4.3 for details)

2.4.3 Electrode compensation strategy

In the process of deep-hole reaming, electrode compensation
strategy is the key technology to ensure the accuracy, round-
ness, and consistency. According to a large number of exper-
iments and considering the electrode rigidity during drilling,
the electrode with a length of 0.37mm in the bellows gap is fed
down three times for compensation, the compensation value is
0.1mm each time, and the remaining electrode with a length of
0.07mm is not involved in the drilling. That is, when Z-0.1,
electrode feeds down 0.1mm and expands outward in spiral
form at the same time, then returns to the initial position; when
Z-0.2, electrode feeds down 0.1mm again and moves outward
in spiral form to the set position for the first finishing, then
returns to the initial position; when Z-0.3, electrode feeds
down 0.1mm again and moves outward in spiral form to the
set position for the second finishing, then returns to the initial
position. Due to the electrode wear in the compensation pro-
cedure, the final shape of the electrode is similar to "sugar

gourd" (a kind of Chinese food). The sectional compensation
model of electrode is shown in Fig. 8.

3 Results and discussion

3.1 The effect of oil flushing pressure on reaming time

It is found that the oil flushing pressure has a certain influence
on the efficiency of reaming during the experiment. Therefore,
single factor experiment is carried out to study the influence of
different oil flushing pressure on the reaming time. The exper-
imental results are shown in the Fig. 9.

It can be seen from Fig. 9 that in the range of 10 bar to 20
bar, with the increase of flushing pressure, the reaming time is
gradually reduced.When the pressure exceeds 20 bar, the time
is gradually increased, indicating that the efficiency is
reduced.

The replacement speed of oil in discharge gap can be im-
proved by the increase of flushing pressure, so the
electroerosion debris can be taken away from the discharge
area in time. The reduction of electroerosion debris in the
discharge gap reduces the probability of abnormal discharge
and improves the reaming eff ic iency. However ,
microdeformation and vibration will be caused by the high
flushing pressure, which may result in unstable discharge state
and reduce drilling efficiency. In addition, the roundness of
the deep ho le wi l l a l so reduce because o f the
microdeformation of the electrode.

Therefore, a proper oil flushing pressure is necessary to
improving the deep-hole reaming efficiency and roundness.
In this study, the oil flushing pressure of 20 bar is selected to
ream the deep hole of bellows.

3.2 The effect of spindle speed on hole consistency

Because the spindle speed has a certain influence on the de-
flection degree of electrode, and finally on the upper and low-
er consistency of the single hole, so it is necessary to

Fig. 8 The sectional
compensation model of electrode.
The electrode with a length of
0.37 mm in the bellows gap is
divided into four sections
including green (0.1 mm), pink
(0.1 mm), blue (0.1 mm), and
gray (0.07 mm). The
compensation value is 0.1 mm
each time, and the length of
0.07 mm is not involved in the
drilling
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investigate the influence of spindle speed on the hole consis-
tency. In this study, single factor experiment is carried out to
study the influence of different spindle speed on the deviation
rate of the hole diameter. The experimental results are shown
in Fig. 10.

The deviation rate of the hole diameter θ is obtained from
formula 2:

θ ¼ Dmax−Dmin

Da
ð2Þ

For a single deep hole, Dmax is the maximum diameter of
the hole on each piece of the bellows, Dmin is the minimum
diameter of the hole on each piece of the bellows, andDa is the
average diameter of the hole on each piece of the bellows. The
larger the deviation rate of the hole diameter is, the worse the
hole consistency is. It can be seen from Fig. 10 that in the
range of 400 to 700 r/min, with the increase of spindle speed,
the deviation rate slightly increases, indicating that the spindle

speed has little influence on the deviation rate. However,
when the spindle speed is greater than 700 r/min, the deviation
rate rises sharply to 12.6%.

In the reaming process, the explosive force generated by
the discharge will cause the electrode to deform. For the elec-
trode with long suspended stretch, large centrifugal force may
generate because of the microdeformation in the process of
rotation, forming a "waist drum" shape, that is why the diam-
eter of the middle part of the deep hole becomes larger. With
the increase of spindle speed, the centrifugal phenomenon
becomes more obvious, which leads to higher hole deviation
rate and worse hole consistency.

In this study, the speed of 500 r/min is chosen to drill the
deep hole with high aspect ratio. Table 1 shows the EDM
parameters of micro-EDM for drilling deep hole of bellows.

The bellows drilled with the parameters in Table 1 is divided
into 25 pieces along the axial direction. As shown in Fig. 11, the

Fig. 9 The effect of oil flushing pressure on reaming time

Fig. 10 The effect of spindle speed on average diameter and deviation
rate of the deep hole

Fig. 11 The hole diameter of each piece of the bellows after divided into
25 pieces along the axial direction

Fig. 12 Optical microscope images and SEM image of the deep hole of
bellows drilled by micro-EDM. a Optical microscope image. b and d
Enlarged optical microscope images. c SEM image
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hole diameter of each piece is between 0.420 mm and 0.470
mm, the diameter value increases first and then decreases from
the inlet to the outlet.

In the process of reaming, the double-sided guiding device
is used to solve the problem of electrode deflection; however,
the electrode is slightly deformed due to the inevitable explo-
sive force. The middle section of the electrode deflects out-
ward under the centrifugal force of high-speed rotation. From
the side view, the movement track of the whole electrode is
similar to the shape of "waist drum". In addition, the diameter
of the outlet is slightly larger than the inlet, which indicates
that there is a small deflection at the electrode end in the
process of rotary drilling. Figure 12 shows the optical micro-
scope images and SEM image of the deep hole of bellows
drilled by micro-EDM.

Figure 13 shows the SEM images of the electrode
before and after the reaming process. Compared with
the original electrode, the electrode after the reaming
process has obvious wear. From the enlarged SEM

image, it can be seen that the electrode wear increases
first and then decreases, indicating that the wear is rela-
tively larger in rough machining and first finishing, but
smaller in second finishing.

In rough machining and first finishing, due to more mate-
rial removal and longer processing time, the electrode wear is
larger. However, the second finishing is to ensure the process-
ing accuracy and remove less materials, so the electrode wear
is smaller. This is basically consistent with the "sugar gourd-
like" model obtained from the electrode sectional compensa-
tion in Fig. 8. The research on tool electrode wear is helpful to
improve the drilling accuracy and the selection of processing
parameters.

3.3 Analysis of the processing efficiency

Thewhole drilling process mainly includes two steps: piercing
and reaming. Figure 14 is the time spent in each process of
drilling. It is necessary to manually change the electrode due
to discharge wear during the step-by-step piercing process,
and it is also necessary to manually change the electrode in
the reaming process after piercing. It can be seen from Fig. 14
that the whole drilling process takes about 21.1 min in total.
The piercing process takes about 6.4 min, and the manual
electrode changing takes about 3 min. The reaming process
takes the longest time, about 11.7 min. The whole processing
efficiency seem to be inefficient. In fact, the main reason for
the low efficiency is the manual changing of tool electrode,
about 14.2% of the total processing time. The manual elec-
trode changing can improve the machining accuracy and con-
sistency of the hole, but at the expense of machining efficien-
cy. Compared to the manual changing of tool electrode, the
influence of discharge parameters on machining efficiency
can be ignored.

Fig. 13 The SEM images of the electrode before and after the reaming
process. aOriginal electrode before the reaming process. bElectrode after
the reaming process

Fig. 14 The time spent in each
process of drilling
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4 Conclusion

The mechanism design and process control of micro-EDM for
drilling deep hole of bellows are carried out in this study, the
conclusions can be drawn as follows:

(1) Special clamp can be designed to reduce the deformation
of the bellows in the process of drilling, so as to improve
the drilling accuracy of deep hole. It is necessary to de-
sign oil inlets to ensure the replacement of oil in the
discharge area timely and avoid the occurrence of short
circuit.

(2) The deflection degree of the electrode end can be re-
duced by the designed double-sided guiding device, so
the stability and consistency of the deep-hole drilling are
improved. The aspect ratio of the deep hole can reach
44:1.

(3) The process control methods of piercing first and then
reaming are presented. The process of the step-by-step
piercing process is applied to reduce deflection caused
by electrode wear, which improves the verticality of the
reserved hole. The sectional compensation strategy is
adopted to ensure the dimensional accuracy of deep hole.

(4) Oil flushing pressure and spindle speed have influence
on the efficiency and consistency of deep-hole drilling.
The drilling efficiency and stability can be reduced by a
high oil flushing pressure and spindle speed. The oil
flushing pressure of 20 bar and the spindle speed of
500 r/min are selected to realize the optimal performance
of efficiency and consistency for deep-hole drilling.
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