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Modeling internal defects in conductive materials
using electric potential measurements

Dia Avalur, Nitika Kishore, and Anika Tokala

Abstract—In this project, a numerical model was developed to
study how electric potential behaves inside a conductive material
and how internal defects can affect its electrical response. The
material was represented as a two-dimensional grid, where each
grid corresponds to an electric potential. Using basic principles
of electrical conduction, the system was modeled under steady-
state conditions and solved numerically using a finite-difference
approach to Laplace’s equation. Boundary conditions were ap-
plied by setting one side of the grid to a high potential while the
other sides were grounded. After getting a steady-state solution,
an internal defect was introduced by blocking a small region of
the grid to simulate an insulating flaw. The resulting potential
distributions were compared before and after the defect was
added. The results showed that the presence of an internal defect
caused noticeable changes in the potential pattern. These findings
suggest that electrical measurements taken at the surface of a
conductive object can give information about internal features,
which supports the use of electrical methods or non-destructive
testing.

Index Terms—electric potential, Laplace’s equation, finite-
difference method, numerical modeling, non-destructive testing,
equipotential lines, equipotentials, electric field visualizations,
electric field mapping

I. INTRODUCTION

LECTRICAL conduction in a material is determined by

the relationship between electric field, current flow, and
electric potential, as described by Ohm’s law [1]. Variations
in electric potential create an electric field, and this drives
current through a conductive medium [2]. Charge is conserved
and does not accumulate within the material at steady state.
This leads to an equation for the potential, known as Laplace’s
equation. To computationally study this behavior, the conduc-
tive region can be represented as a 2D grid with uniform
spacing. Here, each grid point corresponds to the electric
potential at that specific location. Boundary conditions are
applied by fixing the potential on certain edges of the grid,
such as holding one side at a high potential while keeping
the other sides grounded [2]. Solving Laplace’s equation on
this grid would produce the steady state potential distribution
and form the basis for analyzing how the internal features can
change the system’s electrical response.

Previous researchers examined conduction in a saline solu-
tion meant to simulate a low-cost electrophoresis system for
biological studies [3]-[7]. These studies used measurements
of voltage to map the equipotentials and electric fields within
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a test geometry, however, none considered the use of computa-

tional methods. Here, we consider the finite difference method,

in which derivatives are approximated as differences between

potential values at neighboring computational nodes, e.g.
(fil ~ M (1)

x Tn+1 — Tn

Application of this principle to 2D conduction equations is

described below.

As 3D printers capable of metal and conductive materials
become more available, low voltage DC electrical probing
has potential advantages as a non-destructive testing (NDT)
technique. Conventional techniques used in industry rely on
x-rays from radioactive sources, pentrant dyes, or ultrasound
equipment to accomplish NDT [8], [9], which may not be
feasible for small-scale 3D printing setups. Methods based on
conductivity have been applied to larger geophysical problems
as well [10].

II. METHODS AND MATERIALS

To model the electric potential inside the conductive region,
Laplace’s equation was solved using a finite-difference method
on a two-dimensional grid [11]. The region was evenly divided
into grid points, with each point representing the electric
potential at that place. Boundary conditions were applied by
fixing the potential along the edges of the grid, with one side
held at a higher potential than the rest.

In a steady-state conductive material, no charge accumulates
within the region because all charge is conserved [2], [12]-
[14]. The continuity equation expresses this condition:

V-J=0, 2
where J is the current density. Current density and electrical
field are related through Ohm’s law, expressed in differential
form as [2] = =

J=0F, 3)
and the electric field is related to the electric potential by

E=-Vo. 4)

These relationships combine, assuming the material has uni-
form conductivity, giving Laplace’s equation [2]:

V2 =0, (5)

where the zero on the right hand side of (5) indicates the
absence of internal sources. This equation controls the electric
potential throughout the conductive region. In discretized
form, (5) becomes [11]:

Ve —2Vx +Vw + Vn —2Vx + Vs
h?

=0, (6)
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Fig. 1. Uniform regular square computational grid and pinned boundary

conditions

4Vx = Vg +Vw + VN + Vs, @)

where a given node point Vx is adjacent to neighbors north,
south, east, and west on a regular grid of uniform spacing
h. We iteratively calculated V' by setting each interior point
equal to the average of its four surrounding points. The
process was repeated for 5000 iterations. As a convergence
check during development, the mesh size was decreased and
iterations increased tenfold with no change to results.

III. COMPUTATIONAL MODEL

The conductive material was represented using a two-
dimensional grid. The grid consisted of a 50 x 50 array,
with the left boundary held at a high potential and the other
boundaries grounded. Each point on the grid corresponds to
the electric potential at that location, and the grid as a whole
acts as a simplified model of the material. This allows the
electric behavior of the system to be studied numerically
instead of analytically.

Boundary conditions were applied by fixing the potential
values along the edges of the grid. One side of the grid was set
to a high potential to represent an applied voltage, while the
remaining sides were set to ground. These fixed boundaries
remained constant throughout the course of the simulation,
while the interior grid points were free to update.

The potential values at the interior points were iteratively
updated based on their surrounding neighbors until the grid
itself reached a steady state. This steady-state solution repre-
sents how the electric potential would distribute itself through-
out the material under the applied boundary conditions. By
modifying the grid, such as introducing an internal blocked
region to represent a defect, changes in the overall electrical
response of the system can be observed. The computational
grid and boundary conditions used in this model are shown in
Fig. 1.
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IV. PROCEDURES

First, the basic physical principles controlling electrical con-
duction were identified. Ohm’s law was used to relate current
flow to the electric field, and the electric field was related
to electric potential. Since charge does not accumulate in a
steady-state system, these relationships combine and produce
Laplace’s equation, which describes how electric potential
behaves inside a uniform conductive material.

To model this behavior computationally, the conductive
material was represented using a Python program as a two-
dimensional square grid. The grid was implemented as a
50 x 50 numpy array [15], where each element corresponds
to the electric potential at a specific location in the material.
Pinned boundary conditions were applied by directly assigning
fixed potential values to the grid edges. One side of the grid
was set to a high potential in order to represent an applied
voltage, while the other sides were set to zero to represent
ground. These boundary values were held constant throughout
the simulation.

The interior points of the grid were solved using an iterative
finite-difference method. In the beginning, the potential at
every interior point was updated to equal the average of its four
closest neighboring points. This update was performed using
nested loops in the code, while skipping the boundary points
so their values stayed fixed. The update process was repeated
for several thousand iterations until the potential value changes
became negligible, which indicated that a steady-state solution
was reached.

Once the baseline solution was obtained, an internal defect
was introduced into the model. This defect was represented by
choosing a small square portion near the center of the grid and
stopping those points from being updated during the iteration
process. In the code, this was handled using a conditional
statement that excluded the defect section from the averaging
step. This region behaved as an insulating flaw within the
material. The technique used here created a pinned boundary
condition at the flaw with the nodes fixed at their initial values.
Strictly speaking, this is not a no-flow boundary as might
be expected for a nonconductive void; however, due to the
location of the flaw at the centerline it behaves approximately
the same way.

Lastly, the simulation results were visualized using
matplotlib [16]. Heatmaps were generated to show the
steady-state potential distribution for both the intact material
and the material containing the defect. A difference plot was
also created by subtracting the baseline potential grid from the
defect grid. This showed how the defect changed the overall
potential distribution.

Data and code are available at
devangel77b/426davalur-1ab10.

https://github.com/

V. RESULTS

After running the simulation, the electric potential across the
grid settled into a smooth pattern from the high-voltage side
toward the sides that are grounded. This is what we expect
from a solution to Laplace’s equation with pinned boundary
conditions, and it showed that the numerical method was
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Fig. 2. Steady-state potential distribution (no defect) and electric field vectors
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Fig. 3. Steady-state potential distribution and electric field vectors with

internal defect

working correctly. The potential values stopped changing after
multiple iterations, indicating that the system had reached a
steady state. This electrical potential distribution obtained from
the simulation is shown in Fig. 2.

When a defect was added by blocking a small portion of the
grid, the potential pattern changed. The values around the de-
fect were distorted, and this disturbance spread outward toward
the grid edges. The resulting electric potential distribution with
the defect present is shown in Fig. 3.

Comparing the boundary values before and after adding
the defect showed noticeable differences in a region of about
two- to three times the length of the flaw. This suggests that
changes in the material can be detected by only looking at
measurements taken along the surface.
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VI. DISCUSSION

The results of this simulation show that internal changes
within a conductive material can influence the electrical be-
havior observed at its surface. Even though the defect was
located in the grid, its presence still altered the potential
near the boundaries. This is important because it means that
information about the interior of a material can be inferred
without directly accessing it, which is the main idea behind
non-destructive testing [10], [17].

The distortion caused by the defect was not limited to the
immediate area around it. Instead, the effect spread outward
and affected the overall potential pattern to a distance of 2
to 3 times the length of the flaw. This suggests that electrical
measurements taken at the surface are sensitive to internal
features. Even when those features are not visible or are
relatively small.

Even though this model is simplified, it captures the behav-
ior of steady-state electrical conduction. The fact that a basic
grid-based simulation is able to show these effects support the
idea that electrical probing can be a useful tool for detecting
internal mistakes. More detailed models could likely improve
accuracy, but the trends observed are consistent with the
expected physical behavior.

A. Limitations

This model uses many simplifying assumptions that limit
how closely it represents a real physical system. The simu-
lation is two-dimensional, while real conductive objects are
three-dimensional, which means that some effects present in
real materials are not captured here. The conductivity of the
material is also assumed to be uniform, even though real
materials can have variations that affect current flow. Also, the
defect is represented as a completely blocked region, which is
a simplified way of modeling an internal flaw. Lastly, the grid
resolution is limited, so very detailed or small figures may not
be accurately represented. These limitations are illustrated in
Fig. 4, which shows that the effect of the defect appears as a
broad change in the potential rather than a defined feature.

B. Detectability limits of internal defects

An important question is how defect size and material
properties affect whether a flaw can be detected from surface
measurements. In this model, the defect was big enough to
clearly distort the potential, but smaller defects would produce
weaker, more localized changes that may not be visible at the
boundaries.

Material conductivity also plays a role. In highly conductive
materials, current can redistribute more easily around a defect,
reducing its effect on the surface potential. Also, this model
does not include noise or measurement limitations, so it likely
overestimates how detectable a defect would be in practice.

Overall, while defects do influence surface measurements,
their detectability depends on both their size and the material
properties, and smaller defects may not always be observable.
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Fig. 4. Difference in electric potential due to an internal defect

C. Conclusion

This project showed that a simple numerical model can still
reveal meaningful information about how electricity behaves
in a conductive material. By modeling the material as a grid
and solving for the steady-state potential, it became clear
that internal changes, like an insulating defect, can affect the
electrical behavior seen at the surface. Even with a basic setup,
the defect caused noticeable distortions in the potential pattern,
especially near the boundaries. This supports the idea that
electrical measurements taken at the surface can be used to
learn about what is happening inside a material. Overall, this
model provides a clear example of how numerical methods
can be used to explore non- destructive testing concepts in a
straightforward and effective way.

APPENDIX

This code is available at https://github.com/devangel77b/
426davalur-1ab10. Relaxation is implemented at approximately
line 60. Line 58 implements pinned nodes for a centerline
defect.

import numpy as np

1

2 import matplotlib.pyplot as plt

3 from matplotlib.patches import Rectangle

4

5

6

7

8 # —mm

9 # Settings

10 # ———

11 N = 50 # grid dimensions N x N

12 ITERATIONS = 5000 # number of relaxation iterations
13 V_HIGH = 1.0 # high potential boundary value
14 V_GROUND = 0.0 # grounded boundary value

15 # Defect settings (squre block in the center)

16 DEFECT_HALF_WIDTH = 4 # defect will be (2+half_ width+1)
< by (2+half _width+1)

17 # Physical size of square domain (meters)

18 Lx = 0.05

19 Ly = 0.05

26
27

28 def apply_boundary_conditions (V:

29

45

47

48
49

99

101

102
103
104
105
106
107

#

#

#
#
de
.

#

de

—

de
N
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Helper: apply boundary conditions

np.ndarray) -> None:

woow

Left boundary = high potential

All other boundaries = grounded

V[:, 0] = V_HIGH # left = high

V[:, -1] = V_GROUND # right = ground
V[0, :] = V_GROUND # top = ground
V[-1, :] = V_GROUND # bottom = ground

Solver: finite difference relaxation
int, iterations: int, defect_mask:
None) -> np.ndarray:

f solve_laplace (N:
np.ndarray | None =
wun
Solves Laplace's equation on an N x N grid using
— lIterative relaxation.

If defect_mask is provided,
— blocked and not updated.
o
V = np.zeros((N, N), dtype=float)
apply_boundary_conditions (V)
for in range (iterations):
# update interior points
for i in range(l, N - 1):
for j in range(l, N - 1):
if defect_mask is not None and
— defect_mask[i, j]:
continue
0.25 * (

True cells are treated as

jl o+
jl o+
1] +
1]
# reapply boundary conditions each iteration just
— to be safe

apply_boundary_conditions (V)
return V

f make_center_defect_mask (N: int, half_width: int) ->
np.ndarray:
wum
Creates a square defect mask in the center.
True = defect region
mask = np.zeros((N, N), dtype=bool)
c=N//2
mask [
¢ - half_width:c + half_width + 1,
c — half_width:c + half_width + 1
] = True
return mask
Compute electric field
f compute_electric_field(V: np.ndarray, Lx: float, Ly:
float) :
wun
Computes E = —-grad (V)
dx = Lx / (V.shape[l] - 1)
dy = Ly / (V.shape[0] - 1)
dvdy, dvdx = np.gradient (V, dy, dx)
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108 Ex = —dvdx 191 Xq = X[::step, ::step]
109 Ey = —dvdy 192 Yg = Y[::step, ::step]
110 return Ex, Ey 193 Exg = Ex[::step, ::step]
111 194 Eyqg = Ey[::step, ::step]
112 195
113 196 # If defect exists, do not draw arrows inside it
114 197 if defect_mask is not None:
115 198 maskq = defect_mask[::step, ::step]
116 199 Exg = np.where(maskqg, np.nan, Exq)
117 200 Eyq = np.where(maskqg, np.nan, Eyq)
118 201 ax.quiver (
19 # ——— o 202 Xq, Yq, Exq, Eyq,
120 # Figure 1: discretized grid, boundary conditions, and 203 color="black",
— mask 204 #scale=10,
121 # ————————— 205 width=0.003,
122 # mask 206 headwidth=3,
123 def save_mask ( 207 headlength=4
124 mask: np.ndarray, 208 )
125 filename : str, 209
126 cmap: str = "gray") -> None: 210 # Draw defect box 1f present
127 x = np.linspace (0, Lx, mask.shape[l]) 211 if defect_mask is not None:
128 y = np.linspace (0, Ly, mask.shape[0]) 212 rows, cols = np.where(defect_mask)
129 X, Y = np.meshgrid(x,y) 213 i_min, i_max = rows.min(), rows.max()
130 plt.figure (figsize=(5,4)) 214 j_min, j_max = cols.min(), cols.max()
131 ax = plt.gcal() 215
132 im = ax.imshow ( 216 dx = Lx / (V.shape[l] - 1)
133 mask, 217 dy = Ly / (V.shape[0] - 1)
134 cmap=cmap, 218 x0 = j_min * dx
135 origin="lower", 219 y0 = i_min » dy
136 extent=[0, Lx, 0, Lyl, 220 width = (J_max - j_min + 1) = dx
137 aspect="equal", 221 height = (i_max - i_min + 1) =« dy
138 vmin=0, 222 rect = Rectangle(
139 vmax=1 223 (x0, y0), width, height,
140 ) 224 linewidth=1.5,
141 plt.text (0.025, 0.049, "oOo", 225 edgecolor="black",
< ha="center",color=(0,1,1),fontsize=6) 226 facecolor="none",
142 plt.text (0.025, 0, "O", 227 linestyle="--"
— ha="center",color=(0,1,1),fontsize=6) 228 )
143 plt.text (0.049, 0.025, "0", rotation=90, 229 ax.add_patch (rect)
— va="center",color=(0,1,1),fontsize=6) 230
144 plt.text (0, 0.025, "+V", rotation=90, 231 if annotate_defect:
<« va="center",color=(0,1,1), fontsize=6) 232 ax.text (
145 ax.set_xticks (x, minor=True) 233 x0 + width / 2,
146 ax.set_yticks (y,minor=True) 234 y0 + height / 2,
147 235 "defect",
< ax.grid(which='minor',color=(0,1,1),linestyle="~",1id¥width=0.1) color="black",
148 cbar = plt.colorbar (im, ax=ax) 237 fontsize=8,
149 cbar.set_label ("mask") 238 ha="center",
150 ax.set_xlabel ("x (m)") 239 va="center"
151 ax.set_ylabel ("y (m)") 240 )
152 plt.tight_layout () 241
153 plt.savefig(filename, dpi=1200, bbox_inches="tight") 242 ax.set_xlabel ("x (m)")
154 plt.close() 243 ax.set_ylabel ("y (m)")
155 244 plt.tight_layout ()
156 245 plt.savefig(filename, dpi=1200, bbox_inches="tight")
157 246 plt.close()
158 247
159 248
160 # ———— 249
161 # Heatmap + vector field 250
162 # —mm e 251
163 def save_heatmap_with_field( 252
164 V: np.ndarray, 253
165 filename: str, 254
166 cmap: str = "viridis", 255 def save_difference_map (
167 defect_mask: np.ndarray | None = None, 256 deltaV: np.ndarray,
168 annotate_defect: bool = False 257 filename: str,
169 ) —> None: 258 defect_mask: np.ndarray | None = None,
170 Ex, Ey = compute_electric_field(V, Lx, Ly) 259 annotate_defect: bool = False) -> None:
171 # coordinate grid in meters 260 plt.figure (figsize=(5, 4))
172 x = np.linspace (0, Lx, V.shape[l]) 261 ax = plt.gca()
173 y = np.linspace (0, Ly, V.shape[0]) 262 im = ax.imshow (
174 X, Y = np.meshgrid(x, y) 263 deltav,
175 plt.figure(figsize=(5, 4)) 264 cmap="bwr",
176 ax = plt.gcal() 265 origin="lower",
177 im = ax.imshow ( 266 extent=[0, Lx, 0, Lyl,
178 v, 267 aspect="equal"
179 cmap=cmap, 268 )
180 origin="lower", 269
181 extent=[0, Lx, 0, Lyl, 270 # Draw defect box if present
182 aspect="equal", 271 if defect_mask is not None:
183 vmin=0, 272 rows, cols = np.where (defect_mask)
184 vmax=1 273 i_min, i_max = rows.min(), rows.max()
185 ) 274 j_min, j_max = cols.min(), cols.max()
186 cbar = plt.colorbar (im, ax=ax) 275
187 cbar.set_label ("electric potential (V)") 276 dx = Lx / (deltaV.shape[l] - 1)
188 277 dy = Ly / (deltaV.shape[0] - 1)
189 # Subsample arrows so plot isn't overcrowded 278 x0 = j_min » dx
190 step = 4 279 y0 = i min » dy
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280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315

316 #

317

318 #
def

319
320
321
322
323
324
325
326
327
328
329
330
331
332

333

334
335
336
337
338
339
340

342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365

if

width = (Jj_max - j_min + 1) = dx
height = (i_max — i_min + 1) =« dy
rect = Rectangle (

(x0, y0), width, height,

linewidth=1.5,
edgecolor="black",
facecolor="none",
linestyle="--"

)

ax.add_patch (rect)

if annotate_defect:
ax.text (

x0 + width / 2,
y0 + height / 2,
"defect",
color="black",
fontsize=8,
ha="center",
va="center"

)

im.set_clim(-0.3,0.3)

cbar = plt.colorbar(im, ax=ax)
cbar.set_label ("change in electric potential
ax.set_xlabel ("x (m)")

ax.set_ylabel("y (m)")

vym

plt.tight_layout ()
plt.savefig(filename,
plt.close()

dpi=1200, bbox_inches="tight")

# No defect

V_base = solve_laplace (N, ITERATIONS)

save_heatmap_with_field(
V_base,
"Figure2_BaselinePotential.png",
cmap="viridis"

)

# With defect

defect_mask = make_center_defect_mask (N,
<~ DEFECT_HALF_WIDTH)
V_defect = solve_laplace (N,
<« defect_mask=defect_mask)
save_heatmap_with_ field(
V_defect,
"Figure3_DefectPotential.png"
cmap="viridis",
defect_mask=defect_mask,
annotate_defect=True

ITERATIONS,

)

# Difference map

deltaV = V_defect - V_base

save_difference_map (
deltav,
"Figure4_PotentialDifference.png",
defect_mask=defect_mask,
annotate_defect=True

)
# defect mask
save_mask (defect_mask, "Figurel mask.png")

print ("Done. Generated Figurel{Figure4 PNG files.")

name == "__main__ ":

main ()
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