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Fig. 1. Sketch showing the electrodes, the probable area of the first perforation, the
hole produced by the spark and the drag area.

Fig. 2. Screening matrix implemented in a Dupont 951 Green Tape substrate. The holes
have a diameter of 0.3 mm and the distance between the neighbor holes is 2 mm. The
matrix consists in an array of 5 � 5 holes centered in a 15.5 � 15.5 mm square area.
discharge cycle, respectively. The first spark creates a hole in the
paper randomly located inside a circular region centered on the
electrode axis. The radius of this first impact probable area is
strongly ruled by the distance between the tips of the electrodes.
It is experimentally observed that the impact area is reduced as
the electrode separation decreases. Once the first hole has been
created, it becomes a boundary condition for the minimal
impedance path between electrodes so that, in order to generate
a second hole, it is necessary to displace the perforation a certain
distance away from the electrodes axis. The minimum distance
needed to generate this second hole is defined as the drag
distance. Evidently, the maximum porosity level achievable with
the electroperforation technique is limited by the value of the drag
distance parameter (a small drag distance corresponds to a larger
number of perforations per unit length).

Notably, the aforementioned attractor effect of a perforation
over the spark discharge path can be exploited to design a method
to reduce the drag distancewithout modifying the gap between the
electrodes. The proposed solution consists in introducing a thin
screening matrix between one electrode and the paper web with
the objective of reducing both the reachable area by the first
discharge and the drag distance for subsequent perforations.
Fig. 3. Long exposure picture of a discharge sequence (a) without matrix (b) with
matrix.
3. The screening matrix

The screening matrix considered in this study is a 2D array of
holes patterned on a ceramic substrate (see Fig. 2). Even though the
required effect can be accomplished by using a matrix with a single
hole, it is more convenient to have a 2D array in order to facilitate
the alignment of the experimental setup. The screening matrix has
two complementary effects. First, there is an effective reduction of
the probable impact area for the first discharge since the confining
effect caused by the hole in the matrix constitutes a new boundary
condition. The second effect is to avoid that the already created
holes in the paper become part of the minimal impedance path for
the spark and therefore to ensure that subsequent sparks
contribute with the creation of new holes. The overall result is an
enhancement of the number of perforations per unit of area.

Since the matrix is in close contact with the discharge path and
the hot electrodes, the substrate should be appropriate for high
temperature operating conditions. Due to such special require
ments, theDupont 951GreenTape (DGT) substrate has been utilized
to fabricate the matrices. The process of synthesizing complex
shapes using the DGT substrate is based on a multilayer approach,
where the required design must be decomposed in separate layers.
The matrices holes have been drilled using a Protolaser 200 LPKF
machine. The mechanization stage is followed by a standard lami
nationprocess. Tobind the layers, a thermal cycle at a temperatureof
100 �C and pressure of 300 500 psi for short times (3 5 min) is
applied. Then, tofinish theprocess ofwelding the constituent layers,
the matrix must be co fired at 800 �C. For additional details see
reference [9]. The ceramicmatrix shown in Fig. 2 has been fabricated
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to illustrate the exposed concepts. The thickness of the matrix is
0.5 mm, the holes have a diameter of 0.3 mm and the distance
between first neighbor holes is 2 mm. The matrix consists in an
array of 5� 5 holes centered in a 15.5 mm� 15.5mm square area of
the referred ceramic substrate.
4. Experimental setup and measurements

With the purpose of experimentally demonstrate the useful
ness of the concepts introduced in the previous Sections, a simple
two electrode spark discharge setup was implemented. As the
paper web, a 80 g m�2 paper was used. The experiments were
performed at room temperature and in atmospheric conditions.
The electrodes were tungsten needles. The separation between the
tips of the electrodes was controlled using micropositioners. Fig. 3
shows the effect of inserting the screening matrix in the gap
between the electrodes. In order to visually capture the discharge
solid angle, the pictures were taken using a long exposure time.
Note that, in spite of the fact that the distances between the
electrodes are the same in both pictures, the confining effect
caused by the hole pierced through the ceramic substrate reduced
the spreading of the discharge paths (Fig. 3b). Fig. 4 shows typical
Fig. 4. Table with the perforation pattern generated by the spark for different electrode
distances without and with the ceramic matrix.
distances between perforations that can be obtained without (left
picture column) and with (right picture column) including the
screening matrix as a function of the distance between the elec
trodes. The average values were calculated using several pictures
(not shown here) for each situation. It was observed that the
separation between the perforations increases with the separation
between the electrodes, what reflects the increase in the disper
sion of the discharge trajectories. A larger density of holes when
using the screening matrix was also evident. The linear distribu
tion of holes shown in Fig. 4 was the result of a sufficiently slow
displacement of the web paper between the electrodes (first
column) and between the ceramic matrix and one of the elec
trodes (second column). A low velocity of the web was required to
ensure that many sparks were attracted by each hole before a new
perforation was generated. Under these conditions, the drag
distance can be estimated by averaging the distances between
consecutive perforations. These average values are plotted in
Fig. 5.a. As can be observed, the utilization of the ceramic matrices
yields a clear drag distance reduction beyond the data standard
deviation. It is worth mentioning, at this point, that the data
standard deviation largely depends on the experimental condi
tions. The perforation density can be estimated as the inverse of
a circular area with a drag distance diameter. Fig. 5.b shows a clear
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Fig. 5. Effect of the ceramic matrix in the drag distance. a) Drag distance versus
electrode separation with and without the confinement effect. b) Estimated perfora-
tion density with and without a matrix.
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increment in the perforation density when the matrix method is
used (Fig. 5).
5. Conclusions

It has been demonstrated that the utilization of a screening
matrix introduces a tighter boundary condition for the discharge
process, which leads to a reduction of the spatial dispersion of the
sparks. The drag distance has been identified as the fundamental
parameter that limits the density of perforations in paper webs and
therefore the maximum porosity level that the electroperforation
technique is able to produce. The experimental results showed in
this work point out that the use of a screening matrix can enhance
the perforation density. The method is best suited for situations in
which practical or mechanical constraints in the perforation system
do not allow to bring the electrodes closer.
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