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Abstract

Capacitive imaging is proposed for topographic characterization of the surface of successive powder layers during powder bed
fusion additive manufacturing. This capability enables new opportunities for early detection and, ultimately, prevention of defective
conditions by using extensive capacitive sensor arrays integrated into the recoater unit. Finite element modeling was used to simulate
individual capacitive sensors in order to identify a suitable geometry for implementation in an array. A 12 sensors array was
designed and demonstrated while integrated with compact readout electronics instrumentation. Surface topographic irregularities
were simulated by confining SS316 powder against a thin glass cylinder, on which various plastic structures were fabricated. The
sensors and associated electronics demonstrated the ability to detect cylindrical and linear voids with radii/widths as small as

0.55 mm and depths of 0.1 mm.
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1. Introduction

In Powder Bed Fusion (PBF), metal powder layers are selec-
tively melted by a laser (1) or electron beam (2). However, this
discontinuous thermal process introduces challenges: thermal
stress and impurities can lead to critical defects such as poros-
ity, lack of fusion, and key holing (3; 4; 5), reducing the load-
bearing area of the part and its mechanical properties (6). While
traditional Non-Destructive Testing (NDT) techniques like ra-
diography and ultrasonics are used for post-production Quality
Control (QC)(6), they cannot inspect the internal structure dur-
ing fabrication. X-ray microtomography offers high-resolution
internal inspection but is prohibitively expensive and too slow
for industrial lines (7; 8; 9). Consequently, in-situ layer-by-
layer monitoring has been identified as the critical enabler for
next-generation QC (10; 11). By assessing each layer during
production, it becomes possible to detect defects immediately,
triggering corrective actions or halting the process to prevent
material waste (12). This capability is essential not only for
reducing energy consumption and feedstock losses but also for
process optimization and part qualification (13).

Several in-situ approaches have been explored. Optical sen-
sors are employed to measure melt pool irradiance (14), but pro-
vide only indirect signatures of stability. Near-field microwave
sensors have been applied to evaluate the adequacy of layer con-
solidation, however, their applicability is constrained by limited
sensitivity (15). Eddy Current (EC) sensors exploit electromag-
netic induction to assess conductivity differences (16; 17), with
recent arrays capable of imaging layers in synchrony with the
recoater (18). The methods reported to date primarily target
the inspection and monitoring of the consolidated component.

However, the characteristics of the powder distribution have not
yet been systematically examined. Powder layer quality is a key
metric related to powder spreadability and ultimately part qual-
ity (19), a low specific mass deposition rate induces pronounced
superheating of the melt pool and deep penetration into the un-
derlying layer, thereby promoting the formation of coarse, fully
columnar prior grain structures (20). Conversely, a high spe-
cific mass deposition rate can lead to incomplete powder melt-
ing and reduced melt superheating, favoring the development
of fine, nearly equiaxed prior grains (21).

Capacitive Imaging (CI) (22) has recently emerged as a pow-
erful alternative, offering the potential to inspect a diverse range
of materials from insulators to metallic conductors. This tech-
nique relies on generating an electric field distribution between
electrodes. Variations in the part’s geometry, electrical conduc-
tivity, or dielectric permittivity modify this field, which is mea-
sured as a change in capacitance (23), as presented in Fig. 1.
This principle is the foundation of CI (24), a technique that of-
fers high spatial resolution, robust sensor design flexibility, and
the ability to detect both topographical and superficial defects
(25). For PBEF, this approach can be used to evaluate roughness
and surface topography for each individual powder layer, al-
lowing for timely corrective measures and thereby avoiding part
rejection after final inspection. This work investigates the ap-
plication of capacitive sensors to characterize the surface con-
dition during the powder recoating step.
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Figure 1: Schematic illustration of the operating principle of the CI, electric
field fringing on a parallel plates capacitive sensor while in the presence of a
topographic irregularity.

2. Capacitive Sensor and Readout Instrumentation

2.1. Sensor Electromagnetic Principle

According to electromagnetic field theory, the distribution
of an electric charge relates to the resulting electric field using
Gauss’s law, one of Maxwell’s equations. In its integral form,
it can be written as (1).

9§B-c7s=Q )

where D is the electric displacement field and Q the total
charge through a closed surface S that surrounds any volume.
Assuming the involved materials homogeneous, isotropic, non-
dispersive, and linear a simple constitutive relationship between
D and the electric field E:

D =cE(x,y,2) )

where ¢ denotes the dielectric permittivity of the material and
E(x,y,z) is the electric field expressed as a spatial distribution.

The capacitive sensor maps the spatial distribution of the
medium’s permittivity within its sensitive zone to the capaci-
tance value between a pair of electrodes. This is expressed in
terms of the charge stored, Q, and the applied voltage, V, be-
tween the electrodes by (3):

e
C—V 3)

Consequently, the capacitance measured between a given
sensing electrode and the excitation electrode can be expressed
as in (4):

- —
ﬁ cE(x,v,2)-ds

- 4
When a capacitive sensor is brought into the vicinity of a
metallic surface, or a surface composed of metallic particles,

the free charges within the metal rearrange such that the elec-
tric field inside the metal becomes approximately zero. From

“

Back

Bz

X

Ay—="8y,

Figure 2: The developed capacitive probe in Computer Simulation Technology
(CST). The sensing electrode is show in the detailed view.

Feature X (mm) | Y (mm) | Z (mm)
Substrate (A) 6.0 1.6 7.2
Excitation (B) 5.0 0.035 2.4

Sensing (C) 0.4 0.035 24

Table 1: 3D model probe sensor dimension.

the sensor perspective, the presence of the metallic surface in-
creases the effective coupling of the electric field, leading to a
higher measured capacitance. Consequently, the closer the sur-
face is to the sensor, the larger the capacitance becomes.

For metals and metal powders commonly used in powder bed
fusion processes, electrical conductivity is usually higher than
3 % TACS. Under these conditions, and for the operating fre-
quencies of the capacitive sensor, the surface can be approx-
imated as an equipotential boundary. As a result, the sensor
response is primarily sensitive to the distance between the sen-
sor and the surface, while being only weakly dependent on the
electrical conductivity.

2.2. Sensor Simulation

The capacitive sensor was modeled using the E-static mod-
ule of CST Studio Suite (26). Several optimization iterations
were carried out, taking into account the fabrication constraints
associated with Printed Circuit Board (PCB) technology for the
sensor electrode arrays. The electrostatic solver was selected,
and the simulation boundaries were defined as open to ensure
non-reflective behavior.

An FR-4 PCB substrate (e = 4.3, u = 1) with a thickness of
1.6 mm was selected. Both excitation and sensing electrodes
were implemented in copper (¢ = 1, = 1) with a thickness
of 0.035 mm. Since the electrical conductivity and charge-
carrying capability of metal powder is comparable to that of
the resulting consolidated metal (27), the powder surface was
modeled as a bulk metal. The selected material was SS316L
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Figure 3: Sensor’s electric field in the sensitive zone plotted in YoZ planes.

(e = 1,u = 1), and defects were represented as void circular
regions with a radius of 1.25 mm. The model, as shown in Fig.
2 has the dimensions presented in Table 1.

As illustrated in Fig. 3, the electric field density distribution
in the YoZ plane of the sensitive region exhibits a pronounced
concentration directly beneath the excitation plate, which en-
hances the overall detection sensitivity. Subsequently, the elec-
tric field was evaluated along the y-axis at the probe center,
as depicted in Fig. 4. The sensitive region reaches the -3 dB
threshold at distances of 0.31 mm and 1.24 mm, respectively,
implying that two distinct flaws can be reliably discriminated
only if they are separated by at least 0.93 mm.

To further characterize the electric field within the sensitive
region, Fig. 5 presents the field distribution along the z-axis at
the center of the probe. The results indicate that the electric
field decays approximately exponentially with increasing dis-
tance from the probe, reaching -3 dB threshold at a distance of
0.37 mm. This behavior suggests that the separation between
the probe surface and the sample surface (lift-off) should be
minimized in order to improve accuracy and sensitivity.

A parametric simulation was performed to assess the sen-
sor’s capability to detect and discriminate circular voids with
a radius of 1.25 mm within a rectangular prism of dimensions
15 mmx 15 mm % 3 mm, assuming a lift-off distance of 0.2 mm.
Figure 7 illustrates the spatial distribution of the capacitance
variation when a cylindrical defect is positioned within the ac-
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Figure 4: Electric field magnitude in through the Y axis direction.
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Figure 5: Electric field magnitude in through the Z axis direction.

tive region of the sensor. The simulated sensor indicates a mea-
sure capacitance of 18.91 fF in the absence of the defect and
19.82 plJ in its presence. This substantial difference demon-
strates that the sensor can reliably distinguish air-filled voids
from the surrounding powder medium.

Subsequently, a second parametric simulation was carried
out to reproduce the laboratory conditions, as shown in Fig
6. In this configuration, a glass (¢ = 6,u =~ 1) layer was in-
troduced between the probe and the sample, and the air-filled
void was replaced by a plastic PLA (e = 2.3, = 1) inclusion.
The results of both simulations are compared in Figure 7. Due
to the higher dielectric permittivity of the glass, the laboratory
configuration exhibits an increased baseline capacitance, with
values of 23.4 fF in the absence of the defect and 24.41 fF in
its presence, while the relative capacitance variation remains
comparable. Consequently, the measurements obtained under
laboratory conditions are expected to be representative of those
acquired in a PBF machine.

2.3. Sensor Array and Readout Instrumentation

To extend the imaging coverage, an array of sensor electrodes
was employed. Specifically, twelve identical sensing electrodes
were arranged in alignment, allowing the generation of twelve
observation lines in a single pass of the probe. The pitch be-
tween electrodes was constrained by the PCB manufacturing
clearance and was set to 0.2 mm. Measurement of the full elec-
trode array is accomplished using a dedicated Integrated Circuit



Figure 6: Three-dimensional model, sectioned in the X-plane, representing the
simulation with glass and defect filled with PLA.
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——— With glass and defect with PLA
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Figure 7: Capacitance measured in simulation, while the defect moving under
the sensor.

(IC) that implements a capacitance-sensing technique known as
the shunt method. In this approach, an excitation signal is ap-
plied to the excitation electrode, while the charge induced on
the sensing electrode is converted into the digital domain using
a Sigma-Delta converter. In addition to the selected Capaci-
tance to Digital Converter (CDC) IC (AD7142), an MSP430
microcontroller is used to configure and interrogate the CDC,
as well as to forward the capacitance readouts to a Personal
Computer (PC).

The CDC generates a 250 kHz, 3.3 V amplitude square-
wave signal as the excitation source. Capacitance measure-
ments are performed with a resolution better than 1 fF and an
update rate of 3.072 ms per sensor. A total acquisition time
of 36.864 ms is required to complete a measurement across all
twelve sensors. Sensor switching is accomplished via the built-
in multiplexer. The resulting digital data is transferred to the
MSP430 microcontroller and temporarily stored in a circular
buffer while awaiting transmission to the PC through a USB-
emulated UART port.

MSP430

channel \ L

Excitation
Source

Figure 8: Developed capacitive probe.

Figure 9: Experimental setup used for the capacitive imaging technique.

3. Experimental Results

3.1. Pilot Installation

An internally developed XYZ benchtop gantry system with
a spatial resolution of 0.05 mm was used to move the proto-
typed sensor array across the sample surface. A Python-based
Graphical User Interface (GUI) communicates with both the
MSP430 microcontroller and the XY positioning controller via
USB. The GUI simultaneously acquired data from the MSP430
and issued motion commands to the XY stage. MATLAB was
then used to convert the acquired signals into capacitance mea-
surements and to perform basic calibration.

Because it is difficult to reproducibly create and maintain in-
homogeneities in the powder across repeated measurements, a
dedicated methodology and mockup were developed to fabri-
cate controlled test samples. The powder is confined within
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(a) 3x3 array of nine circular features with differents heights.

(b) Four circular features with differents di-(c) Four linear features with differents thick-
ameter. ness.

Figure 10: Manufactured samples to simulate a specific flaw in the powder,
filled with stainless steel 316 powder. Measures in millimeter.

a plastic 3D printed PLA holder that incorporates a 0.2 mm
thick glass window. Surface irregularities are intentionally in-
troduced by 3D printing PLA features directly onto the inward-
facing side of the glass, i.e., the side in contact with the pow-
der. After fabrication, the glass is mounted onto the holder, the
powder is filled in, and the assembly is tightly sealed using a
headless screw.

This approach, however, introduces several deviations from
the final testing conditions, namely the additional thickness of
the glass layer, the presence of the glass itself (whose dielec-
tric constant is higher than that of air), and the incorporation of
PLA features (also with a higher dielectric constant than air) to
emulate the inhomogeneities. These modifications are expected
to influence the experimental results, as they reduce the electro-
magnetic contrast at the powder surface and may therefore limit
the achievable measurement sensitivity.

The first sample, shown in Fig. 10a, consists of a 3xX3 array
of nine circular features, each separated from its neighbors by
2.5 mm, radii of 1.25 mm and heights/depth as specified in fig-
ure. The sample illustrated in Fig. 12 comprises four circular
features with diameter 3 mm, 2.5 mm, 1.1 mm and 0.7 mm, and
height/depth of 0.1 mm. Finally, the sample depicted in Fig.
10c contains four 20 mm line features, with widths 1.5 mm,
1.2 mm, 0.9 mm and 0.6 mm, and height/depth of 0.1 mm.
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Figure 11: Capacitive imaging of the nine circular features sample. The exper-
iments were performed with 0.2 mm lift-off.

3.2. Experiments

First experiment was conducted to evaluate the capability of
detecting inhomogeneities with different heights. Five linear
scans were made to acquire a 15mm X 15mm CI over the sam-
ple presented in Fig. 10a, with a step of 0.05 mm and lift-off
distance of 0.2 mm. The CI acquired is shown in Fig. 11. As
expected CI over the shallower inhomogeneities has lower Sig-
nal to Noise Relation (SNR), although it is still possible its clear
identification.

The following experiment was conducted to assess the spa-
tial resolution of the probe and its capability to detect small
inhomogeneities within the powder. A scan covering an area of
15¢m X 17cm was performed over the sample shown in Fig.
10b, using a step size of 0.05 mm and a lift-off distance of
0.2 mm. The resulting data are presented in Fig. 12. The in-
homogeneities with radii of 3 mm, 2.5 mm and 1.1 mm exhibit
a high SNR and are clearly visible. The smallest void, with a
radius of 0.7 mm, produces a weaker signal amplitude, and its
identification is further compromised by the slight non-flatness
observed in the holder glass. It should also be noted that, due
to the probe width, the scan in the X direction could not be fur-
ther extended to include additional margin around the smallest
defect.

Finally a scan over the sample presented in Fig. 10c was
made to validate the detection of line inhomogeneities. The
parameters of the scan were equal to the second experiment,
and the acquired CI is shown in Fig. 13

To enable a quantitative comparison between the experimen-
tal and simulated results, the three-centered circular feature was
modeled in CST. As shown in Fig. 14, the capacitive varia-
tions observed in the measurements are consistent with those
predicted by the simulations. The probe exhibited comparable
responses regardless of the defect depth; nevertheless, the sen-
sitivity remains sufficient to reliably discriminate between the
powder and the plastic.
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Figure 12: Capacitive imaging of the four circular features sample. The exper-
iments were performed with 0.2 mm lift-off.
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Figure 13: Capacitive imaging of the four lines sample. The experiments were
performed with 0.2 mm lift-off.

To quantitatively assess image quality, the SNR and sensi-
tivity parameters were evaluated. The SNR was determined by
defining two distinct regions of interest, each comprising each
spanning an area of N X M pixels: a feature region (Pf) and a
defect-free background region (Pb). The effective signal con-
trast was calculated using Equation 5:

N M

Signal = N X MZZPﬁ,

i=1 j=1

N M
Z Z Pb;; 5)

i=1 j=1

The background noise, defined as the standard deviation of
the pixel intensities within the defect-free region, was computed
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Figure 14: Capacitive variance of the three center circular features.

Sample Feature Size Parameters
Depth (mm) SNR | Signal (fF)
0.1 9.79 0.59
0.4 11.01 0.85
A 0.3 10.13 0.73
0.2 10.13 0.73
0.7 11.77 0.98
0.6 12.01 1.06
0.5 11.36 0.79
Radius (mm) SNR | Signal (fF)
3 12.45 0.61
B 2.5 11.90 0.67
1.1 6.86 0.24
0.7 2.93 0.06
Thickness (mm) | SNR | Signal (fF)
0.6 16.14 0.53
C 0.9 19.20 0.83
1.2 21.53 0.90
1.5 23.77 1.30

Table 2: SNR values for each of the scanned features

according to Equation 6:

N M
Noise =
X M

i=1 j=1

ij = Pb)? (6)

where Pb denotes the mean pixel intensity of the background
region. Finally, the SNR was derived using Equation 7, with
the resulting values summarized in Table 2.

)

SNR = 10 x log,, (i]’g',ml)
olse

4. Conclusion

This work demonstrates the feasibility of capacitive imag-
ing for topographic characterization of powder layers in pow-
der bed fusion additive manufacturing. Finite element model-
ing supported the selection and optimization of the electrode



geometry, enabling the design of a compact 12-sensor array
compatible with PCB fabrication constraints and high-density
integration. The developed probe, combined with dedicated
readout electronics, achieved high acquisition speed and fF res-
olution, supporting layer-by-layer inspection concepts suitable
for recoater-mounted deployment.

The results demonstrated reliable detection of sub-millimeter
inhomogeneities width depths as small as 0.1 mm. Although
convenient for the intended purpose, the adopted sample fab-
rication methodology limits the demonstrated sensor perfor-
mance, which is expected to be substantially better under real
operating conditions. Overall, the reported results support ca-
pacitive sensor arrays as a promising candidate for in-situ,
layer-wise surface monitoring in powder bed fusion, offering
a non-optical, low-cost, and scalable alternative for early detec-
tion of powder recoating anomalies.

Future work will focus on implementing the probe directly
on a recoater system to perform real-time, in-situ measure-
ments of successive powder layers during part production. Scal-
ing the system to larger sensor arrays with parallel readout
channels is another key direction, enabling full-width, layer-
by-layer inspection. Additionally, combining capacitive imag-
ing with complementary sensing modalities—such as optical or
eddy current monitoring—should be explored to develop multi-
physics, in-situ quality control platforms with enhanced detec-
tion reliability and improved characterization of powder recoat-
ing irregularities.
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