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Wireless Monitoring of Workpiece Material
Transitions and Debris Accumulation in

Micro-Electro-Discharge Machining
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Abstract—Wireless signals are inherently generated with each
discharge in micro-electro-discharge machining (µEDM), allow-
ing direct observation of discharge quality. While traditional
methods of monitoring machining quality rely on electrical char-
acteristics at the discharge supply terminals, the wireless method
provides more accurate information because it is less affected by
electrical parasitics in the supply loop and by spatial averaging.
The depth location of a metal–metal interface can be distinguished
in the wireless signal. This is useful for determining the stop
depth in certain processes. For example, in machining through
samples of stainless steel into an electroplated copper backing
layer, the metal transition is identified by a 10-dBm change in
wireless-signal strength for the 300–350-MHz band and a 5-dBm
average change across the full 1-GHz bandwidth. As debris ac-
cumulate in the discharge gaps, shifts in the wireless spectra can
also indicate spurious discharges that could damage the workpiece
and tool. For example, when copper micromachining becomes
debris dominated, the 800–850-MHz band drops 4 dBm in signal
strength, with a 2.2-dBm average drop across the full 1-GHz
bandwidth. [2009-0109]

Index Terms—Batch-mode micromachining, process monitor-
ing, spurious discharges, stainless-steel machining, wireless feed-
back control.

I. MOTIVATION AND BACKGROUND

M ICRO-ELECTRO-DISCHARGE machining (µEDM) is
a technique that utilizes sequential spark discharges

to micromachine any conductive material [1]. A cathodically
biased machining tool and an anodically biased workpiece are
immersed in a dielectric while controlled discharges are fired
between these elements. The workpiece thermally erodes much
faster than an appropriate tool. In serial-mode µEDM, the tip
of a sharpened wire is used as the machining tool, whereas in
batch-mode µEDM, this function is served by lithographically
patterned metal features on a microchip [2]. While µEDM is
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routinely used for a variety of workpiece materials, it can be
particularly helpful for materials that are difficult to physi-
cally machine, such as tungsten carbide. Within the domain
of MEMS devices, µEDM has permitted the use of stainless
steel as a structural material. This is useful not only for its
mechanical and thermal properties but also for its biomedical
compatibility. Minimum feature sizes of 5 µm and tolerances
of 0.1 µm are possible. Applications for µEDM include gas
injection nozzles, inkjet printer heads, dc-to-dc boost converters
[3], and implantable medical devices such as cortical electrical
probes [4] and the antenna stent [5]. Despite the high promise
of µEDM technology, there is room for improvement if it is
to be used for high-precision micromachining in a reliable and
repeatable way. In this paper, we explore how wireless moni-
toring of the µEDM process can help to address two significant
challenges: interface sensing and debris accumulation sensing.

A. Metal–Metal Interface Sensing

During the machining process, there are many cases in which
the device layer is backed by another conductive layer. A thin
device layer may need to be bonded to a handle wafer to
prevent deformation. Alternatively, the device layer may have
a support layer that is electroplated or physically secured to it.
A support layer prevents excessive widening of a machined gap
on the distal side of the workpiece and also prevents machining
into the stage below the workpiece. For example, a 25-µm-
thick stainless-steel device layer may be backed by 30 µm of
electroplated copper for rigid support during the machining step
and subsequent handling. Without it, past work from our group
has shown that the dimensional accuracy and precision may be
compromised [6].

In batch-mode µEDM, a metal–metal interface is typically
obscured from visual inspection by the tool. For precision
machining, real-time information about when the cutting tool
reaches the interface of metals would prevent unnecessary
damage to the tool and workpiece, as well as reduce machining
and characterization time (Fig. 1). In the presence of com-
posite layers, it would be useful to have the equivalent of an
electrochemical etch-stop signal for µEDM for detecting the
material transition as the tool advances into the workpiece [7].
Automated detection would reduce the need for detailed charac-
terization when machining a new pattern, changing individual
machining steps within a multistep process, or accounting for
wear rate after multiple uses of the same tool.
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Fig. 1. (a) Tungsten tool of 300 µm diameter produces different wireless
signals at the interface of stainless steel and copper. (b) Signal from debris dis-
charges also differs. (Blue) Electrodischarges. (Black) debris. (White) bubbles.

B. Sensing Debris-Dominated Machining

Another major challenge with µEDM is that debris accumu-
lation can severely degrade machining performance for high-
density patterns, enclosed patterns, or deep machining [8]–[10].
Debris are created naturally during the discharge process, but
problems occur when it is not flushed out of the discharge gap
efficiently. The presence of debris can lead to spurious dis-
charges, causing the discharge gap to increase, tool dimensions
to decrease, and machining precision to be reduced [11], [12].
In batch-mode µEDM, this is very problematic because the path
for debris to escape can be quite tortuous and becomes worse
as feature density is scaled up [2].

Various methods of debris flushing have been attempted in
the past. In serial mode, rotation and direct oil flushing are
the traditional techniques and are effective for most features.
Vertical stage vibration is an attractive option for batch-mode
flushing. Orbital stage movement (which involves both vertical
and lateral motions) has also been used, but this increases
the minimum spacing between features. While these methods
reduce the accumulation of debris, monitoring the accumulation
continues to present a challenge.

The conventional methods for monitoring EDM typically use
analysis of voltage and current waveforms on the workpiece
(anode) and tool (cathode) sides [13], [14]. In the context of
µEDM, this can compromise the machining quality because
the addition of a voltage/current probe to the terminals could
add a parasitic load that not only influences the accuracy of the
measurements but also increases the discharge energy. A larger
discharge energy increases the workpiece surface roughness
and the discharge gap. Measuring high-frequency waveforms
through such probes can be a challenge. Additionally, because
the discharge process is stochastic, the shape of these wave-
forms can vary widely from discharge to discharge, making it
difficult to reliably derive information from them. As will be
shown later, the variability increases when effects like debris
accumulation occur. These methods generally categorize the
waveforms into spark discharge, arc discharge, open circuit, or
short circuit. Some also track the discharge frequency. Recently,
fuzzy analysis and neural network process control methods

have been applied to macroscale EDM [13], [15], [16]. These
methods require their own sample size and window calibration
in order to filter out noise from the desired trends. One ap-
plication of this type of monitoring is in dynamic parameter
adjustment during machining to ensure that the workpiece
entrance and exit holes have consistent sizes [17].

Wireless measurement of the discharge behavior does not
affect terminal parasitics and directly measures the discharge.
Wireless signals generated from fast current spikes have been
studied in the past [18]–[20]. Marconi utilized spark discharges
that were similar to those found in EDM for wireless commu-
nication in the 1890s. It has also been shown that the noise
waveform of discharges between switch contacts is influenced
by the choice of material [21] and electrode area [22]. In the
late 1970s, early work showed that it was possible to use RF
transmissions to distinguish between open-circuit, spark, arc,
and short-circuit conditions in macroscale serial-mode EDM
[23], [24]. At the microscale, particularly for batch mode, pro-
cess monitoring is even more critical. Due to the smaller
dimensions, tighter tolerances, and electrode multiplicity, the
role of debris accumulation and gas evolution can have a much
larger impact on discharge quality, which may appear in the
wireless spectra [25]. The role of tool wear on depth accuracy
is also much more pronounced.

In this paper, we explore the use of wireless signals inher-
ently generated by µEDM discharges to monitor the machin-
ing process.1 Specifically, we investigate the detection of an
interface of two metals [Fig. 1(a)] and the discharge quality
when debris accumulation occurs during deep machining or in
enclosed patterns [Fig. 1(b)]. A view toward monitoring large-
scale production by µEDM is considered. Stainless steel is used
as the device layer to demonstrate application to high-volume
medical device materials.

Section II describes the experimental results for wireless
sensing of metal–metal interfaces. Section III describes the
sensing of debris accumulation. Section IV is a discussion of
the results, and Section V provides the conclusions.

II. METAL–METAL INTERFACE SENSING

Stainless steel of around 100 µm thickness is commonly
used in the manufacture of cardiovascular stents. This provides
a suitable application context for the proposed technology.
The change in wireless RF discharge spectra at the interface
between a #304 stainless-steel workpiece and a copper sup-
port layer was investigated. After electroplating approximately
60 µm of copper on the backside of 100-µm stainless-steel
foil, the steel side was repeatedly machined with a 300-µm-
diameter circular tungsten tool at different discharge energies.
The machining instrument was a Panasonic ED-72W µEDM.
The machining parameters for the experiments are listed in
Table I. The presented data are for 80 V and 100 pF, but
the other configurations gave similar results. Debris were not
allowed to accumulate significantly in this paper. A vertical
dither motion of approximately 10-µm amplitude was used for
flushing. In contrast with some of the other types of motion,

1Portions of this paper have appeared in conference abstract form [26].
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TABLE I
MACHINING CONDITIONS

Fig. 2. Experimental setup for wireless monitoring. A spectrum analyzer with
dipole antenna receives wireless signal at a distance of 40 cm from the discharge
site. Discharge energy is controlled with CE , RE , and VE .

Fig. 3. Traditional way for monitoring machining progress. Tool plunge depth
versus time does not unambiguously indicate the location of the interface
between steel and copper.

this is compatible with both serial- and batch-mode µEDM.
Using a serial-mode tool with batch-mode flushing eliminated
the need for a UV LIGA process run to generate a batch-
mode tool.

The experimental setup is shown in Fig. 2. An Agilent
ESA4405B spectrum analyzer with a dipole antenna was used
to periodically monitor the wireless spectrum of discharges at
a distance of 40 cm from the machining area. Measurements
spanned a bandwidth from 9 kHz to 1 GHz with 10-kHz
resolution and 5-dB attenuation. Because there are thousands of
discharges per second, the spectra have some random variation.
The “max-hold” setting was used over each 30-s interval,
selecting the maximum value from approximately 232 samples
per data point. This approach captures changes in the maximum
discharge energy that could be lost by using a sample averaging
approach. Tool plunge depth information was recorded from the
µEDM controller, and at the same time, spectral data points
were recorded.

As can be seen in Fig. 3, the plot of tool plunge depth versus
time does not readily indicate the interface depth, which is often
difficult to judge blindly for deep machining. This is because
tool plunge depth is affected by tool wear and does not always
represent the true machined depth. Because the machining is
relatively shallow and the pattern is simple in this experiment,
there should be little tool wear, except for edge rounding. The

Fig. 4. Three-dimensional plot of received wireless RF signal intensity from
machining 100-µm-thick stainless steel with electroplated copper on the back-
side shows a disturbance across the entire bandwidth at the interface depth.

spectrogram for the stainless-steel/copper interface in Fig. 4
shows a 10-dBm change at around 100 µm in the 300–
350-MHz band and a 5-dBm average change across the entire
1-GHz bandwidth. The transition region indicates when the
interface is completely past. Tool rounding at the edges requires
machining that is deeper than the interface to remove burrs at
the bottom of the workpiece (Fig. 1). This effect is a simple am-
plitude shift that occurs across almost the entire bandwidth. The
tool plunge rate plot indicates that the machining was smooth
through the entire thickness of the experiment. If there were
debris effects, there would have been a noticeable decrease in
plunge rate. The shift in amplitude across the band must have
been therefore caused by the interface of materials.

The SEM images in Fig. 5 demonstrate the impact of the
copper support layer on batch µEDM machining performance.
Fig. 5(a) shows a 25-µm-thick stainless-steel antenna stent
pattern machined with an ∼30-µm electroplated copper support
layer on the backside of the workpiece and a passivated sidewall
coating on the tool [11]. A close-up in Fig. 5(b) with the support
layer and coating shows well-defined edges and a full release.
The steel is released from the copper using nitric acid. Fig. 5(c)
shows the same pattern, machined without the support layer and
tool coating (adapted from [6]). The result has rounded edges
and only a partial release.

In order to further investigate the stainless-steel/copper inter-
face, SEM images were taken shortly after the transition from
steel to copper in one of the runs. As can be seen in Fig. 5(d), the
steel is machined through the entire thickness, and the copper
has signs of discharges. There is a slight separation between
the copper and steel around the edges. The SEM image in
Fig. 5(e) shows an opening in the steel device layer just after the
machining has penetrated the steel to the copper backing layer.
This technique enables blind monitoring of the actual machined
depth, reducing the time required for process characterization
of complex patterns.

III. SENSING DEBRIS-DOMINATED MACHINING

To investigate whether performance degradation from debris
could be monitored wirelessly, a series of experiments was con-
ducted by machining deep into 1-mm-thick copper at various
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Fig. 5. Impact of electroplated copper support layer during batch µEDM. In
(a), a 25-µm stainless-steel foil antenna stent pattern is supported with ∼30-µm
copper during machining. (b) Support layer enables well-defined edges and a
full release. (c) When machining without a support layer, only a partial release
is achieved with uneven machining (adapted from [6]). (d) Test pattern from
the wireless monitoring experiments at the steel/copper interface. Machining
was stopped before the full thickness of the copper was traversed. (e) Steel is
opening at the center of the machining area just after penetration to the copper
backing layer. The exposed steel edge concentrates the electric field and attracts
discharges, widening until it reaches the full diameter.

discharge energies while recording the wireless spectra. The
goal of the experiments was to determine how the wireless spec-
trum differs due to debris accumulation over varying discharge
conditions and a wide bandwidth.

Debris were allowed to accumulate on the surface of the
workpiece without flushing it away. Thick (1-mm) pieces of
copper were clamped to form a barrier around the tool and
machining site, limiting the volume of oil that was available to
flush the discharge gap. Eventually, the volume was saturated
with debris. This simulates situations where debris are trapped
within the discharge gap due to dense or enclosed patterns or
deep machining. The Panasonic MG-ED72W µEDM controller
detects debris accumulation as a short circuit between the tool
and workpiece and retracts the tool well past the point that
the condition is removed. It then progresses again until another

Fig. 6. (Upper) Current and (lower) voltage traces for a tool cathode and
workpiece anode during (left) ideal machining and (right) debris-dominated
machining. Instability in the debris-dominated machining waveforms indicates
that spurious discharges are occurring.

Fig. 7. Tool plunge depth versus time shows debris effects on machining at
30 min.

short circuit is encountered, repeating the process. This routine
allows machining to progress but at a lower plunge rate; it does
not eliminate the underlying cause of debris accumulation.

For this portion of the effort, the machining tools were also
300-µm-diameter circular tungsten, and the stage was dithered
vertically by approximately 10 µm. For comparison purposes,
voltage and current terminal probes were monitored concur-
rently (Fig. 6), along with tool plunge depth (Figs. 7 and 9).
The data presented here contrast typical runs with low-energy
(80-V, 100-pF) discharges used for precision features and high-
energy (110-V, 3.3-nF) discharges for a faster rougher finish.

For low-energy discharges, there was a significant decrease
in plunge rate at around 30 min, which indicates debris-
dominated machining (Fig. 7). The current and voltage traces in
Fig. 6 show discharges before and after this decrease. Each trace
is the average of 16 samples, but in this plot, multiple traces
are shown by using the persistence mode for approximately
30-s intervals. The traces for debris-dominated machining show
significant instability compared to ideal machining, even with
averaging. The spectrogram in Fig. 8 confirms that there is a
significant disturbance in the wireless spectra at the same time.
For example, the 800–850-MHz band dropped 4 dBm in signal
strength when machining became debris dominated. There was
a 2.2-dBm average drop across the full 1-GHz bandwidth.
There were also several smaller changes in plunge rate that
appeared in the spectra.
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Fig. 8. Received RF with a Cu sample and 300-µm W tool machining with 80 V and 100 pF. At 30 min, a significant signal drop (7.4 dBm max) is detected,
indicating debris-dominated machining.

Fig. 9. Tool plunge depth versus time shows debris effects on machining only
at 33 min. This is later than 14 min in Fig. 10.

Fig. 10. Received RF signal of high-energy discharges normalized to initial
intensity. At 14 and 33 min, there are significant signal drops, indicating debris-
dominated machining.

The spectrogram data in Fig. 10 for high-energy discharges
were normalized to the first few spectra to show an alternative
form of the data. There was a sharp drop in signal intensity
around 14 min across almost the whole bandwidth. This was not
visible in the tool plunge rate plot of Fig. 9. At around 33 min,
the plunge rate decreased, which was also recorded in the

Fig. 11. Hypothesized machining progress at the interface of two metals.
Normal machining leads to wear that rounds out the tool. Then, the first layer is
punched through in the middle, and discharges concentrate at the edges. Finally,
the edge levels out, and normal machining resumes.

spectra. This indicates that, for higher energy discharges, there
can be changes that are visible in the wireless spectra before
short circuits are detected, which decrease the plunge rate.

IV. DISCUSSION

A. Metal–Metal Interface Sensing

By the time the tool machines through the device layer in the
metal–metal interface experiments, the edges are rounded by
normal tool wear [27]. The rounded shape is transferred to the
workpiece and thus “punches through” at the center of the metal
before the outer edges, as shown in Fig. 11. The discontinuity
between the metals may form an edge that provides the transi-
tional discharge path with the measured wireless characteristics
[28]. Discharges preferentially occur at the edges of the opening
and with higher current until the opening has reached the
full diameter of the tool plus the discharge gap. Because the
wireless measurements use the “max-hold” function over a
232-sample window, these discharges are captured and dom-
inate the spectrum. If an averaged signal were to be used,
these spectra would not stand out very readily because normal
discharges also occur.

This effect can be corroborated by observing the machining
of a slot in serial-mode µEDM. During slot machining, the
workpiece stage is dithered along one axis while the tool
remains stationary, allowing observation of the machined area
with each pass. A tool that is worn at the edges penetrates
through the center of the workpiece first, and the discharges
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visibly concentrate at the newly formed edges. The opening
then becomes progressively larger until it is the same diameter
as the tool plus the discharge gap. The higher energy edge
discharges are audibly louder than normal discharges at high
(110 V) voltages. A similar effect recorded in terminal-probe
traces was also independently reported in [29]. As the hole ex-
pands, there are many more edge discharges, and the wireless-
signal amplitude increases. Eventually, the edge reaches its
maximum perimeter and starts to decrease, and the wireless
signal follows, lowering in amplitude. This period of edge
machining corresponds to the transition region in the wireless
spectrogram.

The advantage of this approach for interface detection is
that an amplitude disturbance across the entire wireless spectra
is a simple signal to detect, even with significant variation
from discharge to discharge. While this signal should also
be visible in terminal-probe measurements, wireless detection
has inherent benefits. Wireless detection has the potential to
enable monitoring of multiple machines in parallel while being
decoupled from the discharge process.

The edge-discharge effect also occurs when a tool penetrates
through the bottom surface of a workpiece, even if there is
nothing underneath or if the workpiece is simply stacked on top
of another piece of metal. It can be used to fabricate a negative
taper at the end of a deep microhole [29].

B. Sensing Debris-Dominated Machining

The detection of debris accumulation is essential to high-
quality machining in batch-mode µEDM. One past effort
used a pulse discrimination algorithm to determine the per-
centage of complex (spurious) discharges over the course of
machining [16]. The resulting information has the same pattern
as the amplitude of the spectrogram in Fig. 4. While direct
waveform measurement has been used to detect the various
discharge states, it is also subject to changing parasitics from
different patterns, materials, etc. For very low discharge ener-
gies, wireless sensing could provide an advantage.

Wireless measurement directly measures the discharge.
Changes in the wireless spectra may provide an early warn-
ing before debris-dominated machining occurs. Dynamically
adjusting machining parameters and flushing based on this
feedback could then potentially improve machining efficiency
and prevent workpiece and tool damage.

The formulation of models for the discharge process and
for the wireless spectrum of fast-moving current pulses, such
as those present in EDM, is a subject of constant experimen-
tation and research [30]–[37]. Kadish and Maier have mod-
eled discharges as current discontinuities within a cylindrical
discharge channel [19]. Fujiwara et al. simulated a 2-mm
discharge between metal spheres with a finite-difference time-
domain method to obtain predicted electric and magnetic-field
traces [37]. There has been little work in modeling discharges
at gaps in the micrometer range. This may be a direction
for extensive future effort because the plasma physics change
significantly when the discharge gap is scaled down [38], [39].
Debris in the discharge gap and variations in surface geometry
will also have much larger roles at these scales.

V. CONCLUSION

Inherent wireless-signal information from the discharges
in µEDM can be very helpful in monitoring machining
progress and discharge quality. The information gathered is
directly related to the discharge and complements voltage and
current information from terminal-probe measurements. The
metal–metal interface transition between stainless steel and
electroplated copper has shown a 10-dBm shift in intensity for
the 300–350-MHz band and a 5-dBm average change across
the full 1-GHz bandwidth. This technique can be applied to
separate stacked metals as well. As debris accumulate in batch-
mode µEDM, the signal amplitude decreases across the spec-
trum. The experiments have typically shown a 4-dBm drop in
the 800–850-MHz band with a 2.2-dBm average drop across the
full 1-GHz bandwidth. Wireless monitoring could potentially
be used with µEDM control hardware to monitor multiple
machines at once. This paper paves the way for comprehensive
studies utilizing more complicated patterns and practical test
cases.
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