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Abstract The electrochemical micromachining appears to
be a promising candidate as a future micromachining
technique that utilizes high frequency pulses for micron-
to nanoscale material dissolution. This article presents a
step towards the in-process monitoring based on waveforms
generated during electrochemical micromachining. An
attempt has been taken to correlate between the waveforms
generated during machining and experimental outcomes
such as material removal rate, machining time, and the
dimensions of the microholes fabricated on commercially
available nickel plate with prefabricated tungsten micro-
tools. An electrical function generator is used as a signal
source and a digital storage oscilloscope is provided for
observing the nature of electrical pulses used and recording
the waveforms generated during machining. The waveforms
are subgrouped depending on the parameters used and
analyzed to correlate the waveform shape and the machining
outcomes. The digital storage oscilloscope also facilitates for
observing the short-circuit condition which may occur during
microdrilling. These results show that the shape of the
waveforms and their corresponding values are in good
agreement with the material removal rate, machining time,
and on the dimension of fabricated microholes. Therefore, the
proposed monitoring technique can be employed as a
predictive tool in electrochemical micromachining.

Keywords Electrochemical microdrilling . In-process
monitoring .Material removal rate . Microtool . Microhole

1 Introduction

The up-and-coming global trend toward the miniaturiza-
tion of manufacturing processes are clearly driving
developments in microscale processes to meet needs
related to miniaturized parts and products, accuracy and
precision, and materials developments. With the devel-
opment of micromanufacturing technologies, various
microparts and micromachining methods are becoming
important [1]. However, such precision microparts cannot
be realized using traditional machining processes [2].
Therefore, for fabricating these microproducts, several
conventional and nonconventional processes have been
developed. The electrochemical micromachining (μECM)
is one of the promising candidates among them [3]. This
process engrosses selective metal dissolution from unpro-
tected surfaces of an electrically conductive workpiece
that is made an anode in the electrolytic cell. Dissolution
of anode is performed in electrolytes when a DC and/or
pulsed DC current is applied between the electrodes. The
workpiece and/or the electrode tool must be moved
relatively to each other in order to maintain a predefined
gap, and electrolyte flows between the electrodes within
the gap. This process does not need any contact between
tool and workpiece, and neither a thermal or mechanical
stress on the workpiece material nor a heat-affected zone is
generated offering a nice quality machined surface.
Therefore, μECM finds many applications in microhole
drilling and micromilling, in 3-D micro-shaping, debur-
ring, etc. [4, 5].

The μECM is, therefore, a facile technique for the
topographical dissolution of conductive materials through
control of current density or applied voltage, etching time,
electrolytic flow and its composition, concentration, etc. [6,
7]. In the last decade, the application of short voltage pulses
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in mask-free electrochemical micromachining has been
studied by different researchers [8–11]. The use of short
pulses is proven to be an absolutely necessary technology
for the localized material dissolution process. In pulsed
electrochemical machining, the useful values of the on- and
off-pulse times are limited by the rate of charging and
discharging, respectively, of the electrical double layer,
which is defined as the structure of charged ions or oriented
dipoles that always forms at the interface of an electrode
when it is immersed into an electrolyte solution [12]. On
the application of a potential difference between two
electrodes, the potential profile in the electrical double
layer becomes similar to that of an equivalent circuit of
capacitors and resistors [6]. However, all the current flow
through an electrochemical cell is not caused by electro-
chemical reactions. There is reaction current called faradaic
current and transient current called non-faradaic current
[13]. Faradaic current determines the material dissolution
rate and non-faradaic current results from current flow that
charges and discharges only the double layer capacitance
[14]. Beside the controlling parameters, the dimension of
microtool also determines the material removal rate of
μECM [14, 15].

Inter-electrode gap is also a key factor deciding
precision, machining efficiency, and surface quality of
workpiece in μECM [16]. As there is no limitation of
machining shape, the shape and size of the microtools
becoming smaller and with various end shapes [17],
complexity is increasing for these microtools in the μECM
[18]. Hence, monitoring and controlling the interelectrode
gap is very difficult [16]. While the growths in the
functionability of highly sophisticated electrical and elec-
tronic components offer the opportunity to improve the
level of process monitoring and control, there still have not
any effective methods that can be used to on-line process
monitoring and control [19, 20]. Moreover, the costs of
these equipments are very high.

On the other hand, a typical μECM is electrically and
chemically noisy. Most of the μECM researches are
carried out into toxic electrolytes like HCl, H2SO4, HF,
HClO4, HNO3, and their mixtures. The use of toxic
electrolyte in μECM has been an obstacle for the
widespread of micro-electrochemical fabrication technol-
ogy [10]. Moreover, the etching process produces H2 gas,
can form bubbles that can prevent the movement of fresh
etchant to the surface, and the gaseous H2 can cause
airborne fumes may result in irritation and sensitization of
the lungs or other mucous membranes [21]. In addition,
the tool electrode advanced towards the workpiece at a
constant feed rate where the dissolution takes place into a
very tiny space. Thus, the formation of bubbles around the
diffusion layer makes the sighting problems [22]. But, if
material removal rate cannot keep pace with the feed rate,

the microtool touches the workpiece and cause short
circuiting. The result is highly detrimental for μECM
because of extensive damage of workpiece and/or damage
of the microtool tip [23].

From the aforementioned literatures, it emerges that:
(1) μECM is one of the promising candidates for
fabricating microparts, where the machining accuracy
increases when the pulse voltages are applied with
appropriate duty ratio, (2) besides the controlling param-
eters, the microtool determines the geometry of machined
part, and (3) μECM process demands an in-processes
monitoring and control system that reduces the detrimen-
tal effects associated to μECM processes. This article is,
therefore, devoted to develop an in-process monitoring
system based on results found from a digital data storage
oscilloscope during microdrilling on a nickel plate. Three
electronic components, namely, a function generator, an
oscilloscope and a tailored circuit are used for this
purpose. The material removal rate (MRR), machining
time, and the dimensions of fabricated microholes are
considered as response factors and compared to the
waveforms generated during machining.

2 Experimental procedure

2.1 Experimental setup

The self-developed electrochemical micromachining work-
cell is shown in Fig. 1. It consists of an electrical function
generator, an oscilloscope, computer controlled guide
system for feeding the tool and the workpiece. The guides
were controlled by a 3-axes microstep controller system
that was interfaced with a desktop computer. The controller
was controlled by customized software. The specifications
of the testing equipments are given in Table 1. To avoid the
physical contact between the tool (tungsten) and the
workpiece (nickel plate), a tailored electronic circuit was
used that automatically stopped and retracted the tool. After
the set time, the circuit automatically restarted feeding the
tool maintaining the predefined gap between the workpiece
and tool. Moreover, the function generator, the oscillo-
scope, and the tailored circuit were used as signal source,
signal analyzer, and tool feed controller, respectively, for in-
process monitoring and controlling systems. Experiments
were performed at room temperature. As the slender
electrode was used, it was very difficult to pump electrolyte
throughout the machining area because of its tendency to
bend on the application of forced flow of electrolyte.
Therefore, no circulation system was integrated during
experimentation as μECM process involved negligible heat
generation and the amount of precipitation was very small
[24].
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2.2 Principle of material removal with pulsed voltage

The amount of material removed during μECM can be
determined by combining Faraday’s first law and Ohm’s
law as stated in Eq. 1.

Vm ¼ CEA

gr
t ð1Þ

where, Vm=volume of material removed, C=the electro-
chemical constant, E=voltage value acquired by oscillo-
scope, A=electrode area, g=inter-electrode (tool–work)
gap, r=electrolyte resistivity, t=time allowed for machin-
ing. This equation is derived assuming 100% efficiency.
But for pulsed μECM, the volume of material removed for
each voltage pulse is based on the assumption that material
is removed only during the fraction of pulse on-time where
faradaic current takes place and flow rate is adequate to
flush away the reaction products. Since the charging and
discharging time depend on the constant resistor–capacitor
circuit, material removal generally occurs in areas where
electrolyte resistance is lower, i.e., where the tool–work-

piece gap is very small. During every pulse period, the
double layer is charged and discharged (i.e., created and
destroyed) periodically over the two electrodes. The
charging and discharging waveform attained during
machining is shown in Fig. 2. As, it is not simple to
determine the faradaic current duration and its initial time,
t* (Fig. 2), a mathematical model has been proposed to
calculate the material removal rate during the pulse on-time
with a good approximation [15].

Considering that in the etching process, material
removal takes place only for all pulse-on time durations;
the volume of material removed (Vm) could be obtained
as:

Vm ¼
Z ton

0

CEA

gr
dt ð2Þ

where, τon is pulse-on time during each pulsed period.
Since the material removal occurs only during the

time corresponding to faradaic currents, the integral has
to be rearranged accordingly for better approximation as
follows:

Table 1 Specifications of testing equipments used for electrochemical machining workcell

Test equipment Specifications

Function generator Keithley 3390 50 MHz; frequency resolution, 1 μHz; amplitude, 10 mVpp–10Vpp; 4 digits resolution; phase
range, –360° to +360°; accuracy, 8 ns

Oscilloscope Rigol DS1000E, 1 GHz, 2 channel, digital storage, 64 K color display

Linear travel guide PLS-85, X and Y axes, maximum travel 155 mm, resolution 0.1 μm, uni-directional repeatability 0.05 μm, maximum
100 mm/s, and

ML 40, Z-axis, maximum travel 40 mm, resolution of 0.1 μm, maximum 5 mm/s

Microcontroller SMC corvus eco, 3-axes closed loop control, velocity <0.1 μm/s, 15–25 rev/s, linear interpolation, miCos GmbH

Electrolyte basin 

Y-axis precision guide 

Machine 
base 

Digital oscilloscope 

Function generator 

Microtool holder

Machine column 

Z-axis precision guide 

Micrometer

X-axis precision guide

Cross slide 
& wheel 

Vibration 
proof base 

Tool Workpiece 
Fig. 1 Electrochemical micro-
machining workcell
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where, S is the surface immersed into electrolyte, t* is the
start time of the flat voltage, and E* is the flat voltage
from t* to τon, and S′, g′, r′ are the average values of S, g,
and r, respectively, coming from the surface integral. The
values of g and r vary along the surface and have a
minimum value in the closer part of the tip that supplies
the higher contribution to the surface integral.

Again, τp is the time taken for one complete oscillation
and δτ is the fraction of τp, called duty cycle in percentage,
and γ* is the percentage of pulse-on time to start almost-flat
voltage (median value of E becomes almost-flat voltage)
and is measured with the aid of a digital oscilloscope.
Putting these in Eq. 3,

Von�time ¼ CS0E»

g0 r0
dt 1� g

»
� �

tp ¼ CS0E»

g0r0f
dt 1� g

»
� �

ð4Þ

where, f is the applied frequency in hertz (cycles per
second). However, this approximation by excess of MRR
was calculated as

MRR ffi Von�time

ton þ toff
¼ Von�time

tp
ð5Þ

where, Von-time is the volume of material removed for one
pulse on-time.

2.3 Fabrication of microholes

Tungsten and its alloys are widely used as tool material
because of its high electric and thermal conductivity,
corrosion resistance, stiffness to withstand the pressure of
electrolyte, and mechanical strength. In this experiment,

straight tungsten wire of 0.38 mm in diameter was used to
fabricate microtools. The required tungsten piece was cut
from the supplied long wire and the ends of the specimen
were ground, polished, and cleaned. Tools were fabricated
by reversed electrochemical process where the tungsten
specimens were considered as workpiece. The specimens
were fixed to a holder unit and immersed vertically at a
constant depth into the electrolytes basin containing caustic
solution of 0.1–1.4 M concentration. On the application of
a potential difference between electrodes, the dissolution
process proceeded and a certain etching time resulted in a
straight microshaft with a certain diameter. Each of the
tools was rinsed in the hot water to remove foreign particles
and formed oxides.

Besides, an uncoated nickel plate of 50×50×0.075 mm in
dimension was selected as work material. Less toxic and
dilute electrolyte, 0.2 M HCl was selected during microholes
fabrication. Hence, the acidic electrolyte allowed refreshing
electrolyte in the machining area easily, because the acid
electrolyte usually produced by-product much less than
common salt electrolytes. The prefabricated microtools shank
part were covered with plastic shield and fixed with the holder
unit, positioned vertically downward, and fed towards the
nickel workpiece. At the initial time of machining, the
interelectrode gap was kept in the range of 10–12 μm [23,
24], and microtool feeding was controlled by the servo-
controlled feed mechanism of ML 40, Z-axis travel guide,
while the workpiece was positioned horizontally by X–Y
axes travel guides, if required. The machining conditions
applied in microdrilling process are summarized in Table 2.

Image analysis application software, Easy Analysis,
integrated to the optical microscope (Nikon SMZ800) was
used to measure the diameter and length of the tool
produced by μECM. Entrance and exit diameters of each
fabricated microhole were also measured using the same
microscope. In addition, scanning electron microscope was
used to acquire clear picture of the fabricated microtools
and microholes.

However, the entrance and exit diameter of the machined
microhole were not same due to corner etch of the hole
entrance in addition with the linear etching and the result
was the tapering of the side wall. Therefore, to evaluate the
total material removed during machining, both entrance and
exit diameters were measured. Referring to Fig. 3, the
amount of material removed during machining was calcu-
lated from the truncated cone equation:

Vm ¼ ph
12

f2ent þ fent:fexit þ f2exit
� 	 ð6Þ

where Øent, Øexit, h, gent, gexit, and Øt were hole entrance
diameter, hole exit diameter, thickness of the metal plate,
entrance side gap, exit side gap of the microhole, and
microtool diameter, respectively. The actual material
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Fig. 2 Charging and discharging waveform formed during machining
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removal rate (MRRact) was calculated as the total volume of
material removed from the workpiece divided by the
required total machining time, and expressed as cube
millimeter per minute. Input variables for each experiment
and corresponding experimental results are summarized in
Table 3.

3 Experimental results and discussion

To establish the in-process monitoring system, the shapes of
the waveforms that formed during microdrilling on nickel
plate were captured, and stored. These stored waveforms
were subgrouped into different categories: (1) waveforms
for different tool diameters, (2) waveforms for various tool
lengths, (3) waveforms for different applied potentials, (4)
waveforms for different applied frequencies, and (5) wave-
forms for different duty cycles, to see how the shape of the
waveform and different values of the corresponding wave-
shape influenced on the MRR, and also on the micro-
product’s quality. In pulsed electrochemical process, the
current resulting from a change in oxidation state of the
electroactive species is termed the faradaic current because
it obeys Faraday’s law. The exact shape and magnitude of
the potential profile represents the amount of faradaic and
non-faradaic current generated that practically governed
material dissolution process. As the faradaic effect, the
product of voltage value acquired by oscilloscope (E*=
Vtop) and the time for remaining the voltage value at this
level, determined how much material was dissolved for a
single pulse, the total faradaic effect was calculated from
the product of faradaic current and the total time required
for that particular machining, determined the total amount
of material dissolved during machining.

3.1 Effect of tool diameter on the waveform

To investigate the relationship between the microtool
diameter and the waveform shape, only the microtool

diameters were varied and the other parameters were kept
constant. Three cylindrical microtools of 21, 41, and 74 μm
diameters with the same length were employed for this
experiment. During machining, different waveforms were
observed, are illustrated in Fig. 4. From the figure, it is
observed that the amount of faradaic effect (Vtop× tfaradaic)
increases with the increase in the microtool diameter.

This observation can be explained in accordance with
the Eqs. 2 to 4, where the selected applied frequency is
1 MHz and pulse-on time is fixed to 300 ns (30% duty
cycle) which is much higher than the required ultrashort
voltage pulses [14]. Therefore, effect of nontransient
current becomes negligible and faradaic current dominates
the material dissolution process. From the figure, the
voltage values acquired by oscilloscope (Vtop) and the time
for remaining for faradaic current both increase with the
increase in microtool diameter. Therefore, the total faradaic
effect is amplifying, and the result is that the MRR
increases rapidly with the microtool diameter as illustrated
in Fig. 5. This is due to the fact, as the surface of electrode
area increases, the electrical double layer capacitance
increases and electrolytic resistance decreases. The
decreased electrolytic resistance increases the current
density into the electrolyte. Therefore, the amount of
faradaic effect increases with the increase in the current

Work

hØt

Øexit

θ

Tool

Øent

gexit

gent

Fig. 3 Schematic illustration of the fabricated microhole

Factors Parameters/value

Working materials Tool: tungsten 0.38 mm (Goolfellow Ltd, UK)

Work: nickel plate, 50×50×0.075 mm (Goodfellow Ltd, UK)

Electrolyte concentrations (M/L) Tool fabrication: 0.1–1.4 M KOH

Microdrilling: 0.2 M HCl solution

Electrical parameters Applied frequency: 0.5–2 MHz

Duty cycle: 15–40%

Vpp: 16.1 V

Vmax: 10.6 V

Vb: −5.0 V

Tool feed 0.05–0.8 μm/s, computer controlled

Table 2 Machining conditions
for microhole fabrication
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density into the electrolyte, and causes rapid increase in
material dissolution rate.

From Fig. 5, it also reveals that the machining time
increases with an increase in the diameter. With the
increasing machining time, the side gap ratio, the ratio of
the gap at the entrance (gent) to the gap at the exit (gexit) of
the fabricated microhole, decreases, as it is found to be
related with the machining time. The entrance and exit
diameter of the fabricated microhole are shown in the same
figure.

3.2 Effect of tool length on the waveform

Three microtools, such as short tool (smaller than 1.0 mm,
i.e., L≤1.0 mm), medium tool (1.0<L≤3.0 mm), and long
tool (3.0 mm<L), respectively, with the same mean
diameter were employed for this experiment, and the other

parameters were kept constant. Figure 6 shows the effects
of overall tool length on waveform generated during
machining. From the figure, it is evident that the faradaic
effect decreases with the increase in the tool length.

Figure 6 exhibits that the voltage value acquired by Vtop,
and time of that voltage value at this level, (tfaradaic=τon−t*)
both are decreasing with the increase of tool length, and the
result is the gradual decrease in the faradaic effect. The
decreased faradaic effect decreases the MRR, and increases
machining time. Therefore, it is clear that MRRact decreases
and the machining time increases with the increase in tool
length, as illustrated in Fig. 7.

This observation can be explained in accordance with
the Ohm’s law as stated in the article published elsewhere
[15]. Because of the shorter tool, short path resistance Rs is
smaller than the long path resistance Rl and the double layer
charging time constant τs of the shorter path is relatively

Table 3 Input variables for each experiment and corresponding experimental results

Main Parameters Electrolyte
temperature

Machining
time (min)

Tool feed
(μm/s)

Number of short
circuits

MRR (mm3/s) Hole
diameter (μm)

Øent Øexit

Microtool diameter effect: (for f=1 MHz, pulse time, τ=1.0 μs, duty cycle, δτ=30%, 0.2 M HCl)

Øtool=21 μm Room temperature 6.5 0.3 0 3.48×10−7 54 42

Øtool=41 μm 20 0.1–0.15 1 5.57×10−7 112 101

Øtool=74 μm 30 0.1 1 9.40×10−7 174 165

Microtool length effect: (for f=1 MHz, pulse time, τ=1.0 μs, duty cycle, δτ=30%, 0.2 M HCl)

L=600 Room temperature 17 0.1–0.2 0 16.3×10−7 177 159

L=1370 20 0.1–0.15 1 5.57×10−7 112 101

L=3725 50 0.05–0.1 4 1.33×10−7 92 72

Applied potential effect: (for f=1 MHz, pulse time, τ=1.0 μs, duty cycle, δτ=30%, 0.2 M HCl)

Vpp=4.6 V Room temperature 80 0.05 15 0.83×10−7 92 71

Vpp=8.4 V 23 0.05–0.1 1 5.14×10−7 122 97

Vpp=17.2 V 20 0.2–0.4 0 9.62×10−7 141 139

Applied frequency effect: (for Øtool=76 μm, L=690 μm, duty cycle, δτ=30%, 0.2 M HCl)

f=0.5 MHz Room temperature 12 0.2–0.8 0 6.01×10−6 276 266

f=1.0 MHz 16 0.2–0.4 1 2.24×10−6 192 190

f=1.5 MHz 18.5 0.2 1 1.85×10−6 190 183

f=2.0 MHz 23.5 0.1 1 1.20×10−6 174 165

Duty cycle effect: (for Øtool=76 μm, L=690 μm, f=1.0 MHz, 0.2 M HCl)

δτ=15% Room temperature 116 0.05 25 0.095×10−6 112 110

δτ=25% 35 0.1 3 0.811×10−6 174 166

δτ=30% 20 0.2 1 1.39×10−6 177 159

δτ=35% 10 0.3 0 5.80×10−6 247 239

δτ=40% 6 0.4 0 11.84×10−6 273 264
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small compared to charging time constant of long path τl.
Therefore, faradaic effect decreases with the increase in tool
length, as a consequence of this reduction in faradaic effect,
the material removal rate decreases proportionately to the
rate of increase in electrolyte resistance. Moreover, for a
short tool length, the machinable area is restricted to the
adjacent region of the tool as the electric current flows
through the shorter path with the electrolyte resistance Rs.
As a result, the diameters of the fabricated microholes are

found to be small for long microtool and vice versa. The
diameters of fabricated microholes are also shown in Fig. 7.

3.3 Effect of applied potential on the waveform

Experiments were conducted with pulse amplitude in range
of 4.6–17.2 V and pulse duration of 1 μs. In spite of the
transpassive dissolution region, electrochemical dissolution
did not occurred under 4.0 V. The experiment was,

      tfaradaic= 210ns 

Vmax= 6.5V, Vmin= –6.2V, 
Vtop= 1.8V, Vb= –1.4V 

(a)

Vmax= 6.3V, Vmin= –4.6V, 
Vtop= 3.5V, Vb= –1.8V 

tfaradaic= 220ns 

(b)

Vmax= 6.6V, Vmin= –3.8V, 
Vtop= 5.1V, Vb= –2.3V 

tfaradaic = 230ns 

(c)

Fig. 4 Waveforms generated during machining for a microtool of a 21 μm, b 41 μm, and c 74 μm in diameter
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therefore, started from 4.6 V. Three different values of
peak-to-peak voltage (Vpp) were employed to drill on the
nickel plate. Figure 8 shows the influence of peak-to-peak
voltage on the faradaic effect, machining time, actual
material removal rate (MRRact) and the dimensions of
micro drilled holes. With increasing applied potential, the
amount of faradaic effect, the MRR and diameter of
microholes increased, whereas the machining time and the
side gap ratio expectedly decreased. When the applied
potential was low (Vpp=4.6 V), the number of short circuit

was found to be very high (15 times) at a moderate feed
rate of 0.05 μm/s and total time required for making a
single hole was around 80 min which was not feasible in
practice. However, when the applied potential was made
double, it was possible to increase the feed rate three times
leading to reduction of the total machining time by more
than 60% and a few short circuits. Though reduction in
total machining time was insignificant, no short circuit was
observed for the same feed when the applied was increased
to 17.2 V. The waveform shown in Fig. 9 demonstrate that

(a) (b)

Vmax= 6.1V, Vmin= – 3.1V, 
Vtop= 5.5V,  Vb= – 2.5V 

tfaradaic = 250 ns 

Vmax= 6.3V, Vmin= – 4.6V, 
Vtop= 3.5V, Vb= –1.8V 

tfaradaic = 220 ns 

(c)

Vmax= 7.4V, Vmin= – 6.6V, 
Vtop= 1.7V, Vb= – 0.88V 

tfaradaic = 210 ns 

Fig. 6 Waveforms generated during machining for a short, b medium, and c long microtools
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the amount of faradaic effect was very low for lower
applied potentials and reached to a considerable range for
higher applied potentials. Therefore, any increase in the
applied voltage, i.e., the increased peak-to-peak voltage
increased the machining rate that was calculated from the
microhole diameters. The entrance and exit diameter of the
fabricated microholes are shown in Fig. 8.

From Fig. 9, the voltage values acquired by Vtop and the
time for remaining for faradaic current both increase with
the increase in applied potential. Therefore, the faradaic

effect is amplifying and the result is that the MRR increases
rapidly with the applied potentials. This is due to the fact
that the amount of faradaic effect increases with the
increase in the current density into the electrolyte and
causes rapid increase in material dissolution rate.

Tool electrode baseline potential, the median voltage
value of the waveform’s flat base, also plays an important
role in the determination of microhole diameter. From
Fig. 10, it is observed that the MRR decreases with the
increase in the baseline potential during μECM. When the
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(c)

tfaradaic = 210 ns 

Vmax= 6.2V, Vmin= – 4.1V, 
Vtop= 4.3V, Vb= – 2.1V 

(a) (b)

tfaradaic = 190 ns

Vmax= 1.7V, Vmin= –0.9V, 
Vtop=1.27V, Vb = – 0.5V 

tfaradaic = 200 ns

Vmax= 3.2V, Vmin= –1.9V, 
Vtop= 2.3V, Vb= –1.0V 

Fig. 9 Waveforms generated during machining for different peak-to-peak voltage, a 4.6 V, b 8.4 V, and c 17.2 V
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baseline potential was in the range of −1.5 to −2.0 V,
machining rate was quite high. Machining was possible for
the baseline potential up to −2.5 V. However, after this
limit, the amount of faradaic current decreased rapidly and
the resulting MRR was very low. Moreover, dissolved
metal was deposited on the work zone. This is because
transient state enlarges with the baseline potential as shown
in Fig. 11. It is observed that the amount of faradaic effect
decreases and nontransient current increases with the

increase in baseline potential. These nontransient currents
are governing the process, resulting rapid reduction in the
MRR. In the last figure (when Vb=2.18 V), the amount of
nontransient current is sufficiently high; therefore, no
dissolution occurs in this case. As a result, total time to
remove the same volume of material increases and MRR
decreases. From the results, it is recommended that the
baseline potential should be in the range of −1.5 to −2.0 V
for better machining as can also be found in [10].

(c) (d)

Vmax= 3.2V, Vmin= –1.9V, 
Vtop= 2.45V, Vb= –1.1V

tfaradaic = 200 ns

Vmax= 2.1V, Vmin= –2.96V, 
Vtop= 1.32V, Vb= –2.18V

tfaradaic = 190 ns

(a) (b)

tfaradaic = 200 ns

Vmax= 4.16V, Vmin= –1.3V, 
Vtop=3.0V, Vb = – 0.135V

tfaradaic = 180 ns 

Vmax= 3.9V, Vmin= –1.5V, 
Vtop= 3.0V, Vb= – 0.56V

Fig. 11 Waveforms generated during machining for frequency, f=1.0 MHz, τp=1 μs, τon=0.3 μs, τoff=0.7 μs, and peak voltage, Vpp=15 V, and
baseline potential of a −1.6 V, b −2.0 V, c −2.53 V, and d −3.6 V
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Moreover, machining was not possible for the baseline
potential higher than 2.6 V. The entrance and exit diameter
of the fabricated microholes are also shown in Fig. 10.

3.4 Effect of applied frequency on the waveform

A short microtool (76 μm in diameter, 690 μm in length)
was selected and machining was carried out keeping all
parameters fixed except applied frequency. Figure 12
exhibits the influence of frequency on waveform generated
during microdrilling processes. From the figure, it is clear
that the amount of faradaic current decreases with an
increase in applied frequency. However, it is also observed
that for the same range of pulse-on time, the amount of
faradaic effect is found to be much higher for the lower
applied frequency, and it decreases rapidly with the increase
in applied frequency, as illustrated in Fig. 12.

From the aforementioned figure, it is observed that the
voltage values acquired by the oscilloscope are not in a
regular manner compared to the waveforms shown for
microtool diameter effect or tool length effect. But the time
for faradaic current (tfaradaic) is very high for low applied
frequency and decreases rapidly with an increase in applied
frequency. Therefore, the faradaic current, as well as, the
total faradaic effect, decreases with applied frequency. This

faradaic effect influencing on the MRRact, machining time,
and the dimensions of the fabricated microholes, as
illustrated in Fig. 13. From the figure, it is also clear that
with the increase of the faradaic current, MRR increases,
machining time decreases, and microhole diameters
increase with an increase in applied frequency.

3.5 Effect of duty cycle on the waveform

Together the pulse-on time (τon) and off time (τoff) pulses
comprise a single cycle, and duty cycle is the proportion of
on time (in percentage) to the regular interval or period of
time cycle. As the frequency determines the pulse period,
this section describes the effect of duty cycle with applied
frequency during microdrilling on nickel plate. The
prefabricated short microtool (L=690 μm) was employed
for this study and the machining carried out keeping the
other parameters fixed. Figure 14 exhibits the influence of
duty cycle on the generation of waveforms during micro-
drilling. With the increase in the duty cycle, both the
faradaic current and the period of faradaic current are
increasing, therefore, the amount of faradaic effect
increases rapidly.

Figure 15 exhibits the influence of duty cycle on the
amount of faradaic effect, actual material removal rate,

(c) (d) 

Vmax= 6.8V, Vmin= – 4.2V 
Vtop= 5.0V, Vb= – 2.3V 

tfaradaic = 110 ns tfaradaic = 80 ns 

Vmax= 6.6V, Vmin= – 4.2V, 
Vtop= 4.6V, Vb= – 2.2V 

(a) (b) 

Vmax= 6.1V, Vmin= – 3.1V,  
Vtop= 5.5V, Vb= – 2.5V 

tfaradaic = 220 ns tfaradaic = 470 ns 

Vmax=6.0V, Vmin= – 4.3V, 
Vtop= 4.7V, Vb= – 2.3V 

Fig. 12 Waveforms generated during machining for a f=0.5 MHz, τon=0.6 μs, b f=1 MHz, τon=0.3 μs, c f=1.5 MHz, τon=0.2 μs, and d f=
2 MHz, τon=0.15 μs, τoff=0.35 μs
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machining time, and the diameters of the fabricated micro-
holes during microdrilling processes. From the figure, it is
found that the amount of faradaic effect increases with the
duty cycle, as a consequence, MRRact and the machining
time, respectively, increases and decreases with an increase
in duty cycle. However, for the same applied frequency,
MRRact is found to be much higher for high percentage of
pulse-on time. This observation can also be explained in
accordance to the ion migration theory. The electrochemical
machining is affected by the conductivity of the electrolyte

which is primarily determined by the concentration of ions,
and mobility of ions in a given electric field. During
electrochemical machining, the rate of electrochemical
reactions is exponentially dependent on the voltage drop
in the double layer; the reaction at the workpiece is strongly
confined to the charged region [12]. Hence, the mobility of
ions increases with the increase of pulse-on time and
smaller interelectrode gap, which ultimately increases the
amount of faradaic current in the electrolyte. This increased
amount of faradaic current allows not only higher material

(c)              (d) 

Vmax= 7.0V, Vmin= – 3.6V,  
Vtop= 4.6V, Vb= – 1.1V 

tfaradaic = 320 ns 

Vmax= 6.5V, Vmin= – 3.6V, 
Vtop= 4.5V, Vb= –1.6V 

tfaradaic = 230 ns 

(a) (b) 

Vmax= 4.5V, Vmin= – 4.5V, 
Vtop= 3.3V, Vb= – 3.7V 

tfaradaic = 70 ns

Vmax= 5.2V, Vmin= – 4.1V, 
Vtop= 3.8V, Vb= – 2.5V 

tfaradaic = 160 ns

Fig. 14 Waveform generated for applied frequency, f=1 MHz, τp=1 μs, and duty cycle of a δτ=15%, b δτ=25%, c δτ=35%, d δτ=40%
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erosion rate, but also faster ramping up when the pulse is
turned on. Therefore, the MRRact increases, machining time
decreases, and the dimensions of microhole size increase
with duty cycles.

3.6 Effect of feed rate on the waveform

To perform micromachining effectively, microtool feed rate
should have a linear relationship with the material removal
rate. Therefore, the feed rate needs to be adjusted with
MRR, which effects on the machining time. In this
experiment, when the applied frequency was high
(2 MHz), and/or duty cycle was reduced to a value less
than 25%, and tailored circuit was not integrated to the feed
control device, a sudden jump in the current density
occurred, that could be monitored with the digital storage
oscilloscope. This jumping in waveform indicates that
possible corrective action is needed by holding the tool in
stand-by mode until the current density drops under a
certain value or stop feeding and setting a reduced value for
the tool feed rate to prevent the microtool tip. The attempt
has been made until a stable current density is achieved.
Otherwise, the high feeding rate is very much detrimental

both for microtool and the workpiece, results the distortion
of the microtool tip or bending the microtools in a few
micrometers range of tool length. A typical short circuit
state has been recorded and the distorted microtool tip is
shown in Fig. 16.

4 Conclusions

This study details the first step of the development of
in-process monitoring system based on a digital data
storage oscilloscope during electrochemical microdrilling.
The outcomes of the process, i.e., the MRR, machining
time, the dimensions of fabricated microholes, etc., are
predicted from the waveform generated during machining
and control action has been taken accordingly. From these
experiments, it is evident that the waveform generated
during machining bears significant information about the
MRR, machining time, and the dimension of fabricated
microholes. With the increase in microtool diameter and/or
with the reduction of microtool length, the amount of
faradaic current increases that eventually increases MRR.
Similarly, with the increase in applied frequency or with the

(a) (b) 

Fig. 16 a Waveform for a typ-
ical short circuit and b deformed
microtool tip
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reduction of duty cycle, the faradaic current decreases, i.e.,
MRR decreases and machining time increases. A large
machining time makes a microhole of large dimension but
side gap ratio decreases with machining time. During
machining, the short-circuit phenomenon is also frequently
observed, that can be monitored and controlled.
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