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Abstract Pulse electrochemical micromachining (PECMM)
is an unconventional manufacturing method suitable for the
production of micro-sized components on a wide range of
electrically conductive materials. PECMM in this study has
been used to manufacture microtools. The non-contact nature
of PECMM has necessitated the modeling of the process to
estimate the anodic profile (microtool profile). This paper
presents a mathematical model for predicting the diameter of
the microtools fabricated by PECMM process. Tungsten
microtools of diameters less than 100 μm were fabricated
using an in-house built microelectrochemical machining sys-
tem. Experimental results confirm the theoretical prediction of
reduction in tool diameter with respect to increasing machin-
ing time. Further, from the experimental verification, it was
found that the deviations in the tool diameters were within 9%
of the theoretical predictions.

Keywords Electrochemical machining . Mathematical
model . Micromachining . Microtool fabrication . Tungsten

1 Introduction

Product miniaturization has fueled the growth of
micromanufacturing, especially in the fields of biomedical,
automobile, health care, optics, and consumer electronics. This
has triggered an ever-growing demand for micro-sized parts
and novel methods to produce them on a wide variety of
materials. Several non-lithography-based micromanufacturing
processes, such as electro discharge machining (EDM), elec-
trochemical machining (ECM), ultrasonic machining, and
combinations of these machining processes that lead to hybrid
machining, have been developed to address the demand for

micromanufacturing on a wide variety of materials. These
complementary micromachining processes need simple-
shaped microtools as a prerequisite to fabricate the desired
microfeatures. Microtool fabrication and handling pose several
challenges due to their size. ECM is one of the
micromachining processes that can be used to make
microtools. The introduction of pulsed current to the process
of ECM has enabled ECM to be used in microfabrication with
nanoscale precision [1]. Accurate machining of microfeatures
of required dimensions is a challenging task in ECM due to its
non-contact nature of machining. To overcome this limitation,
this paper presents a method to predict the final dimension of
the machined feature by modeling the interelectrode gap in the
ECM. Using the mathematical model developed in this work,
the diameter of a microtool fabricated by pulse electrochemical
micromachining (PECMM) was predicted, and the model was
validated using an in-house built micro ECM setup.

2 Literature review

ECM is a non-traditional machining process in which ma-
terial is removed by the mechanism of targeted anodic
dissolution during an electrolysis process. The anodic dis-
solution rate, which is governed by Faraday’s laws of elec-
trolysis, depends upon the electrochemical properties of the
metal, electrolyte properties, and the type of electric
current/voltage supplied [2]. The cathode remains unaffect-
ed during the ECM process. This gives ECM an advantage
over many other processes because there is no tool wear or
any other issue, such as distortion due to residual stress, that
may warrant tool change [3].

PECMM is a variation of ECM, suitable for the micro-
scale fabrication, where a pulsed power is used instead of
DC current. PECMM leads to higher machining accuracy,
better process stability, and suitability for control. These
advantages are due to the improved electrolyte flow condi-
tion in the interelectrode gap, enhanced localization of
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anodic dissolution, and small and stable gaps found in
PECMM. The PECMM process has been used in the fabri-
cation of microholes [4], microslots [5], and microtools [6].
Pulsed current has also found applications in the electro-
chemical co-deposition (plating) of microtools [7].

Several studies have been conducted on the fabrication of
microelectrodes using ECM. The influence of vibration on the
microtool fabrication using ECM was studied in [8]. High
aspect ratio microtools/electrodes are used for biomedical,
micromanufacturing, and micrometrology applications. Tung-
sten microtools were fabricated using pulse electrochemical
machining (PECM) in [9, 10] and the tools were used to drill
microholes using ECM. Tool handling issues are minimized
with the in-process manufacturing of tools used in ECM. Ultra
high aspect ratio microtools (>450) were produced with
pulsed ECM using reverse currents [11]. These tools can be
used to machine high aspect ratio microholes using ECM or
EDM. They can also be used as metrology probes for mea-
suring ultra-deep features. These high aspect ratio electrodes
also find biomedical applications as neural implants [12].
They are used as minimally invasive neural sensors for
treating physical conditions such as the aftermath of a stroke,
disease, or other neural problems. Another application of these
high aspect ratio electrodes is as cochlear implant electrodes
for patients with cochlear auditory disorders. The surface
finish achieved through this process was 0.3 μm. The surface
roughness of microtools was also improved with the use of
ECM combined with a honing process to get very fine finish
(Ra—0.02 μm) [13].

Achievement of the required shape of a workpiece
within a given tolerance limit is a critical requirement in
any machining process. The non-contact nature of ECM
has resulted in the need for the modeling of the ECM
process for the prediction of anodic profile during the
microtool fabrication by PECMM. The changes in elec-
trolyte conductivity and anodic electrochemical behavior
determine the dynamic change in the interelectrode gap
in ECM [14]. These changes in the interelectrode gap
reflect the changes in the anode surface profile. An
incorrect assessment of the gap variation during the
process of machining will result in an improper work-
piece profile and may also cause short circuiting, which
is detrimental to the machining process [2].

Several mathematical and analytical models have
been developed to analyze the ECM and PECM pro-
cesses as discussed below. A variation of ECM is the
ECM die-sinking in steady-state process. In this pro-
cess, the tool profile is a 3-D negative image of the
required surface profile. The tool is allowed to sink
into the workpiece at a constant feed rate, until the
required shape is obtained on the workpiece. Models
developed for this process concentrate on the prediction
of the equilibrium gap which is necessary to design the

actual tool profile. The equilibrium gap size in a
steady-state ECM process is given by

Sf ¼ κ Kv
U � E

Vf
ð1Þ

where k is the electrolyte conductivity, Kv is the elec-
trochemical machinability coefficient defined as the
volume of material dissolved per unit electrical charge,
U is the working voltage, E is the total overpotential of
the electrode processes, and Vf is the vertical feed rate
of the electrode [15]. The equilibrium gap calculated
using the above model is used in the design of the tool,
so that the required workpiece profile is obtained.

Another process variation is ECM shaping. In this process,
a universal simple-shaped tool (e.g., cylindrical rod) is moved
along a specified path to obtain the required shape of the
workpiece. One of the most important advantages of this
process (unshaped tool), besides elimination of expensive
electrodes of complicated shapes, is the increase in machining
accuracy and in workpiece surface quality. This improvement
is achieved by the decrease of the working area of the electrode
that significantly reduces the influence of heat and gas gener-
ation on the electrolyte properties in the interelectrode gap.
This makes the conditions of dissolution more uniform and
allows machining with smaller interelectrode gap [16]. The
ECM shaping system was modeled in [17], where a universal
tool electrode of a simple shape is moved along a complex path
to obtain the required shape of the workpiece. This model was
simulated in a computer and the workpiece shape evolution
was determined using the finite difference method.

Modeling of pulse ECM for macro-scale machining has
been reported in [18] and the gap dynamics were analyzed for
non-steady-state conditions. The effect of these process pa-
rameters like pulse timing, initial gap, and electrolyte condi-
tions were analyzed. In this model, the gap variation was
modeled after one pulse duration and was shown that PECM
has smaller interelectrode gap requirements, resulting in more
accurate machining and better tool design. Modeling ECM

Fig. 1 Tool fabrication schematic
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using a rotating electrode has been reported in [19]. In this
work, the tool electrode was rotated and the gap dynamics
were analyzed to give the optimum tool feed rate and other
machining parameters. The advantages in using rotating elec-
trode according to this study were the improved flow charac-
teristics due to rotation resulting in lower pressure of the inlet
electrolyte.

In another work, the rate of change of the interelectrode
gap was modeled for an electrochemical deburring process.
This model was used to determine the variation of the burr
height, the deburring time, and the loss of base material for
various parametric combinations in electrochemical
deburring process [20]. This model is limited to direct
current and does not take into account the pulse current
used in micro ECM. For the electrochemical finishing pro-
cess, the variation of the gap with pulse current was
modeled in [21]. The model was for a rotating anode
(workpiece) and stationary cathode. Apart from predicting
the gap, the model goes on to suggest that the surface
roughness values after the finishing process are completed
[21]. A review of the mass transfer issues in ECM with the
problems associated with the micro- and nanoscale ECM is
given in [22]. Numerical modeling of the ECM process
considering the hydrodynamics involved in the process
was studied in [23]. The end anode shape resulting after
ECM using a triangular-shaped cathode was modeled in this
study. A similar model for curved cathode considering elec-
trolyte condition over curved surfaces was modeled in [24].
Cathode design in die-sinking ECM with shaped electrodes

is important because the inverse shape of the cathode is what
is obtained on the workpiece (anode). A convergence anal-
ysis on the performance of finite element method as a tool
for cathode design modeling is given in [25]. Modeling of
microwire electrodes produced using ECM is reported in
[26]. These electrodes were then used in microwire electro-
chemical machining. Simulation of the heat generated dur-
ing the ECM process and its effective dissipation using
electrolytic flow was studied in [27]. It was found that a
hollow cathode and pulse voltages help in the effective
control of the heat generated. Numerical simulation of the
ECM process taking into account the temperature effects
was studied in [28, 29], and the temperature distribution was
found to have an influence on the shape of the anode with
regions of higher temperature showing higher machining
rates.

All the models discussed so far deal with the modeling of
gap dynamics during ECM and PECM, but none of these are
specific to the fabrication of microtools using PECMM. In this
paper, the change in interelectrode gap has been modeled
between a flat plate cathode and a rotating anode. The varia-
tion of the microtool diameter, with respect to various ma-
chining parameters such as initial gap and machining, and
time has been analyzed using the mathematical model.

3 Process modeling

The schematic of the PECM process for the fabrication of
microtools is illustrated in Fig. 1, where r is the radius of the
rotating anode, l is the length of the anode immersed in the
electrolyte, h represents the average gap distance of a given
point on the peripheral surface of the rotating anode
(microtool) to form the vertical surface of the cathode, and
S is the closest distance between the outermost generatrix of
anode and the nearest vertical surface of the cathode as
shown in Fig. 1. It should be noted that the value of h
remains constant even with change in S and r during the
process of machining.

Assumptions considered while arriving at a model for the
PECM process are

& Current efficiency (η), overpotential (ΔU), and electro-
lytic conductivity (ke) are considered to be constants
during the process of machining.

Fig. 2 Theoretical prediction of tool diameter with machining gap and
time

Fig. 3 Experimental setup
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& Joule heating effects are neglected as the machining is
considered to be in the microscale and the microtool is in
constant rotation. The electrolyte temperature increase
observed was only 5 K, validating the assumption.

& The effect of the bubble layer on the electrolyte conduc-
tivity (k e) is determined by the Bruggeman equation:
k e=k 0(1+α(ΔT))(1−β)1.5, where κ0 is the conduc-
tivity of the bulk electrolyte, α is the temperature
coefficient of the electrolyte conductivity, β is the
temperature difference in Kelvin, and β is the void
fraction of the gas phase due to bubble formation.

& Current density is assumed to be uniform along the full
length of the microtool.

Electrolyte flow and pressure effects have been neglected,
since the movement of electrolyte is only due to the rotation of
the anode.

The volumetric material removal rate (ν) for electrochem-
ical processes is governed by Faraday’s law and can be
calculated as follows [2, 30]

ν ¼ ηKvI ð2Þ

where I is the current, η is the current efficiency, and Kv is the
volumetric electrochemical equivalent, which is the volume of

anodic material removed per unit electrical charge. In the case
of microtools, the volume can be expressed as v=πr2l.

ν ¼ 2plr
dr

dt
ð3Þ

For constant electrolyte conductivity, Ohm’s law gives
the relationship between the current and the voltage as

J ¼ κeV

h
ð4Þ

where J is the mean current density, ke is the electrolyte
conductivity, V is the voltage applied across the electrodes,
and h=S+r is the mean gap between the electrodes. It
should be noted that h is used instead of S in this equation
for the average current density.

Conductivity (ke) can be expressed in terms of the
bulk electrolyte conductivity (k0) and the void fraction

(β) as κe ¼ κ0 1þ a ΔTð Þð Þ 1� bð Þ1:5 by use of the
Bruggeman equation. Due to the micron scale involved, the
void fraction is assumed uniform over the gap with a value of
0.5 [31]. The current I is related to the current density as

I ¼ JA ¼ κeV

h
2plrð Þ ð5Þ

where A is the surface area of the immersed microtool (as-
suming constant current density).

From Eqs. 2, 3, and 5, a relationship between the rate of
change in tool radius and the machining parameters can be
established as

dr

dt
¼ ηKv

κeV

h
ð6Þ

Table 1 PECMM parameters

Voltage Forward—10 V

Reverse—10 V

Anode Tungsten rod of Ø300μm

Cathode 0.5-mm-thick stainless steel plate

Electrolyte 10 % wt. sodium chloride solution

Average current 0.02–0.07 A

Pulse period 15 ms

Duty cycle Forward 33 %

Reverse 33 %

Spindle rotation 200 rpm

Interelectrode gap (S) 1,000 μm

Immersed tool length (l) 4 mm

Table 2 Efficiency calculation

Time (s) 200 300 400

Average current measured (A) 0.062 0.056 0.039

m (g/s) 1.93E−05 1.82E−05 1.23E−05

Current efficiency 0.98 1.02 0.99

Fig. 4 Microtool after machining for 200, 300, and 400 s
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Change in tool radius over a time period t can be obtained
by integrating Eq. 6 over a time period of t, with initial
radius r0 and final radius rt

r0 � rt ¼
Zt

0

ηKv
κeV

h
dt ð7Þ

The effective machining time is determined by the pulse
on time tp and the pulse frequency f. It should be noted that
no machining happens during the pulse off time. Thus,

r0 � rt ¼
Xn
0

Ztp

0

ηKv
κeV

h
dt ð8Þ

where n is the number of pulses in the time period t, which is
the product of pulse frequency and time t (n= t× f). Assum-
ing that the voltage (V), efficiency (η), and electrolyte con-
ductivity (ke) remain constant during the pulse duration
[32], we get

r0 � rt ¼ ηKv
κeV

h
tpft ð9Þ

The final diameter (Dt) of the microtool can be derived
from Eq. 9 as

Dt ¼ D0 � 2ηKv
κeV

h
tp ft ð10Þ

The model prediction of the reduction of diameter, with
respect to machining time and gap, is plotted in Fig. 2. The
machining parameters used in the analysis are D0=300 μm,
η=100 %, Kv=1.7×10

−11m3/As (for tungsten), β=0.5, k0=
14 A/Vm (10 % NaCl at 300 K), V=10 V, tp=5 ms, α=0.
03 K−1, Δ=5 K, and f=66.66 Hz.

Theoretical predictions shown above suggest the us-
age of smaller values of average interelectrode gap (h)
for faster reduction in tool diameter with increasing
machining time. However, boiling of electrolyte was

observed for average interelectrode gap values lower
than 500 μm. This observation is in line with literature
on boiling effects becoming significant at lower levels
of interelectrode gaps [33]. Thus, a minimum average
interelectrode gap of 1,000 μm was maintained in this
study to avoid the boiling effects.

4 Experimental verification

The setup used for the experimental verification of the
PECMM process model is shown in Fig. 3. The cathode
is immersed in electrolyte in a tank mounted on an
XYZ stage. The stage provides precise motion control
in the longitudinal, lateral, and axial directions. The
spindle holding the anode rotates at a constant rate of
200 rpm during all the experiments. The pulse power
supply provides the required pulsed voltage and current
for machining. A multimeter is connected in series with
the power supply and is used as a current sensor to
monitor and record the current variation during the
machining process. After the anode is positioned with
respect to the cathode at the required interelectrode gap,
the power supply is turned on to provide a pulse volt-
age. The experimental parameters used in this study are
given in Table 1. Bipolar current (reverse pulses) was

Fig. 5 (Left) Current density
along the side of the microtool,
showing increasing current
density along the depth of the
tool immersed in the
electrolyte; (right) current
density vector plot

Fig 6 Comparison of experimental results and model prediction
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used during the microtool fabrication process, which
eliminated the issue of tungsten passivation [11, 34].

4.1 Current variation and efficiency

When the current supplied during ECM is not effectively
used in the process of machining, the efficiency of the ECM
process decreases. Some of the causes for lower current
efficiency are passivation, high current density, anodic bub-
ble generation, and electrolyte flow [2, 35]. Higher current
efficiency may be observed if the metal dissolves at a
different valence state than the one expected, or if the
conductivity of the electrolyte increases due to the addition
of ions and temperature rise. Since analytical models of
current efficiency are not available, experimental values
have to be collected and used in the model verification.
The current efficiency can be calculated as

Current efficiency ¼ m
A
zF

� �
I

ð11Þ

where m is the observed material removal rate. The denom-
inator denotes the theoretical material removal rate expected
based on Faradays law. A is the atomic weight, z is the
valency by which the metal dissolves, F is Faraday’s con-
stant, and I is the average current supplied (obtained from
current sensor readings). The efficiency value was calculat-
ed based on experimental observations of the machining
process, which was replicated three times. The valency of
tungsten dissolution is 6 at anodic potentials [36]. The time
of machining was 200, 300, and 400 s. All of the other
parameters were the same as given in Table 1. Table 2 gives
the observations for the current efficiency calculation used
in tungsten microtool fabrication.

The average current values decrease over a period of time
due to the reduction in tool diameter. This is in accordance
with the modified Ohm’s law given in Eq. 5. The efficiency
value was almost constant (variation within 2 %), as shown
in Table 2.

4.2 Model verification—variation with time

In order to validate the theoretical model, experiments were
conducted to find the variation in the microtool diameter with
respect to the machining time. The initial gap (S) was
maintained at 1 mm for all of the experiments. Each run was
replicated three times, and the average value of the diameter
noted. The tool diameter was measured at four different posi-
tions over the length of the microelectrode, as shown in Fig. 4
for each of the microtool produced. The average of these four
values was recorded as the mean microtool diameter.

The small variations in the tool diameter along the length
of the tool are not predicted by the model developed in this
work because one of the simplification assumptions made in

this model development is that the “Current density is as-
sumed to be uniform along the full length of the microtool.”
However, a finite element simulation of the current density
along the sides of the microtool reveals that the current
density gradually increases along the depth of the immersed
tool as shown in Fig. 5. This variation in the current density
causes gradual increase in the material removal and slight
variation in the diameter of the tool produced.

Figure 6 shows the comparison of the theoretical predic-
tions and experimental values of tool diameter with increasing
machining time. The model predictions were within 9 %
deviation from the actual observed microtool diameters.

5 Conclusion

A mathematical model was developed in this work to pre-
dict the diameter of the microtools fabricated using the
PECMM process. Tungsten microtools of diameters less
than 200 μm were fabricated using an in-house built
microelectrochemical machining system. Theoretical pre-
dictions suggest the usage of smaller values of average
interelectrode gap for faster reduction in tool diameter with
increasing machining time. However, for the experimental
conditions used in this study, too small values (500 μm and
less) of average interelectrode gap resulted in boiling of
electrolyte. Experimental verification of the mathematical
model revealed that the experimental results are in confir-
mation with theoretical prediction of reduction in tool di-
ameter with respect to increasing machining time. The
deviations in the tool diameters were found to be within
9 % of the theoretical predictions.
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