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Abstract

In recent years, Additive Manufacturing (AM) technology has revolutionized the production of metal
objects. The Powder Bed Fusion (PBF) is one of the most popular production technologies. However,
the inherent process variability demands higher robustness to prevent defects such as pores, surface
roughness, and delamination. Rigorous industry and certification requirements make Quality Control
(QC) mandatory. Although postproduction QC methods are widely available, the demand for in-situ
monitoring systems to produce ready-for-use parts using real-time feedback is rising. In recent years,
Eddy Current Testing has been pointed out as a candidate method to effectively QC. This
electromagnetic method allows the characterization of surface and near-surface defects, making it ideal
for layer-by-layer QC of metal objects during fabrication.

This thesis presents an advanced Eddy Current Probe (ECP) array tailored for layer-by-layer QC
metal parts produced using PBF. The probe operates mounted on the PBF printer recoater, allowing
layer-wise imaging to entirely reconstruct the metal part under production. The enhanced design for
stimulation and acquisition allows a spatial resolution of 1 mm and a sampling frequency of 31.25 kHz.
The layer-wise scan approach eliminates the need for high penetration, leading to a stimulation
frequency of 1 MHz. Moreover, the probe incorporates a sensor array featuring 240 coils for scanning
wider metal areas aligning with the typical dimensions of the powder beds. The system successfully
exhibits capabilities to scan PBF parts, achieving scan resolutions as low as 0.16 mm at 250 mm/s

speeds.

KeyWO rds: Addiive Manufacturing, Eddy Current Testing, Powder Bed Fusion, Synchronous

Demodulation & Sampling, Embedded Systems.
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Resumo

Nos ultimos anos a tecnologia de fabrico aditivo revolucionou a producdo de objetos metalicos. A
Fusdo Seletiva em Camada de P6 (FSCP) é uma das tecnologias mais populares. No entanto, a
variabilidade inerente ao processo exige uma maior robustez para prevenir defeitos como poros,
rugosidades superficiais e delaminagdo. Os requisitos e a certificagcao rigida tornam o Controlo de
Qualidade (CQ) obrigatério. Embora o CQ pés-producéo estar amplamente disponivel, a procura por
sistemas de monitorizag&o locais para produzir pecas prontas para utilizacdo, com controlo em tempo
real, estd a aumentar. Nos Ultimos anos, o teste com correntes induzidas tem sido apontado como um
método eficaz para CQ. Este método eletromagnético permite a caracterizagdo de defeitos superficiais
e préximos a superficie, tornando-o ideal para CQ, camada a camada, de objetos metalicos durante a
fabricacéo.

Esta tese apresenta uma sonda matricial avancada projetada para CQ camada a camada de pecas
metélicas produzidas com FSCP. A sonda opera montada no espalhador de p6 da impressora de FSCP,
permitindo a imagiologia por camadas para reconstruir a pega metélica na sua totalidade. O desenho
otimizado da estimulagdo e aquisi¢cdo permite uma resolugdo espacial de 1 mm e uma frequéncia de
amostragem de 31.25 kHz. A imagiologia por camadas elimina a necessidade de uma penetracdo
elevada, resultando numa frequéncia de estimulacdo de 1 MHz. Além disso, a sonda possui 240
bobines para mapear regides metalicas alargadas, alinhando-se com as dimens@es tipicas das bases
de producdo. O sistema demonstrou com sucesso capacidades para mapear pecas de FSCP, atingindo

imagens com resolugdes de 0.16 mm com velocidades de 250 mm/s.

Palavras-chave: rabrico aditivo, Teste de Correntes Induzidas, Fusdo Seletiva em

Camada de P06, Desmodulacdo e Amostragem Sincrona, Sistemas embebidos.
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1.1 Purpose and Motivation

Additive Manufacturing (AM) of metallic objects is a technology that has earned tremendous
popularity across several manufacturing sectors. Among others, medical, aerospace, automobile, and
military are some predominant fields adopting the process [1]. The concept relies on “joining materials
to make objects from a 3D model data, usually layer upon layer” [2]. It enables the production of complex
geometries and shapes, providing unprecedented design flexibility [3].

The Powder Bed Fusion (PBF) is the industry’s most used form of metal AM due to its superior
capability of making geometrically complex parts [1]. Aerospace frequently uses it to reduce component
weight, lead times, and costs, such as in NASA, to produce rocket injectors [4]. The process relies on
the layer-wise melting of a powder bed using a laser. It is a conceptually simple process, but the high
heating and cooling rates it often results in objects with a rough surface and significant porosity [1].

The absence of a robust PBF process is one of the main barriers to the broader adoption of AM [3].
The recent interest in using PBF is increasing the need for Quality Control (QC) [5] to overcome the
process's inherent variability. There is a constant demand to maximize the part quality and consistency
to obtain ready-for-use parts within the industry requirements [3], [4]. For this reason, in-situ monitoring
is vital for the technology to mature by identifying and understanding defective conditions. It allows
real-time control of the process parameters while manufacturing, enhancing the final piece's reliability.

Eddy Current Testing (ECT) is a well-established Non-Destructive Testing (NDT) technique used
frequently for QC inspection in post-production scenarios. It is a contactless electromagnetic method
inducing and sensing electrical current on conductive materials. The method allows for measuring
material properties like conductivity and supports detecting and characterizing surface and near-surface
defects (e.g., porosity, cracks). The characteristics are suitable for integration into a layer-wise QC
in-situ system able to provide the information of entire produced metal pieces with PBF. A few cases
have emerged in recent years showing the ability to use it in such a context.

This work resulted in a new one-dimensional Eddy Current Probe (ECP) array specifically designed

to mount directly on the recoater within the PBF 3D printer, as illustrated in Figure 1.1.1.

PBF Metal
3D printer

LAYER-WISE
ECT DATA

- i | 85
_—— N
{/’—‘Recoater 1y

Part

QUALITY
CONTROL

Figure 1.1.1: ECT array setup goal for a PBF AM 3D printer, adapted from [6].

The presented setup allows performing layer-wise imaging. The probe scans the metal part each time

the recoater moves to distribute the powder over the build platform. Meanwhile, as the recoater returns



to its initial position and the laser melts the necessary regions, the probe transmits the material integrity
data to the host computer to build and store the layer ECT scans. Upon completion of the metal part
production, the host computer can reconstruct the entire specimen. This reconstruction will one day
allow the printer technician to QC (inspect) the specimen compared with the 3D model.

This thesis presents the development of the system until the layer ECT scans storage, including
essential studies regarding its geometry and operation. The probe takes advantage of the constant
stimulation independent of the specimen properties and the sensing coils' position to enhance the
sensitivity. The main improvements over the previously available probes include an enhanced spatial
resolution allowing adequate characterization in a single recoater pass and high acquisition frequency,
ensuring high scan resolution without constraining the recoater speed. Additionally, the probe
incorporates a minimal sighal demodulation circuitry, reducing temperature dependencies and channel
mismatch. The encouraging results in a prototype version led to the design of a probe with an array

length capable of scanning most of the powder bed sizes in the industry.
1.2 Goals and Challenges

The goal of this project is to develop an ECP array to operate in a layer-wise monitoring scenario.
The system acquires the material integrity data, providing the layers imaging results. This capability
allows the full part reconstruction, enabling companies to study the manufacturing process and reduce
post-production processes. To develop this equipment successfully, the tasks below are necessary:

e Design and prototype an Eddy Current (EC) stimulation module capable of driving inductive
loads with high and constant amplitude alternate currents.

e Study new possibilities for minimal signal demodulation to read out the ECP array sensor coils.

e Build and prototype a new ECP array using an independent sensing and stimulation approach.

e Evaluate and implement a method for integrating several ECPs for higher scanning areas.

Developing an ECT probe for scanning the PBF production process presents several challenges
considering the printer operation and the desired layer characterization level, including:

¢ High sampling frequency with parallel readout.
e Wide sensor array with high spatial resolution.
e Wireless, compact, and light probe.

The outlined features ensure the ECT probe integrates with the metal printer, maintaining regular
operation without limitations. Fast readout is crucial for achieving a high scan resolution without recoater
slowdown (up to 250 mm/s). It demands a digital core for parallel data retrieval at high throughput,
bypassing delays linked to traditional multiplex approaches.

Multiple sensors within the array are essential for full platform coverage (up to 600 mm [7]), requiring
the digital core to manage substantial high-frequency data. A low sensor pitch enables single-pass
acquisition of necessary data for layer characterization, but consideration is needed to control the
sensitivity impact on electronic circuitry and sensors.

Finally, the probe must be wireless, compact, and light to limit the modifications inside the printer

chamber to a single bracket and avoid mechanical stress on the recoater.



1.3 Document Organization

This document is divided into four chapters, as follows:

e Chapter 2 provides the reader with the essential background information, an overview of ECT,
explaining the physical principles, standard acquisition methods, and information around the
application PBF AM. This chapter also explores the state-of-the-art on this topic.

e Chapter 3 presents the preliminary version of the ECP prototype. The chapter focuses on the
hardware, firmware, and software developed. It offers in-depth explanations and design
decisions throughout development and concludes by showing the dedicated demonstrator.

e Chapter 4 introduces the latest ECP equipment developed. It starts with the improvements
performed addressing the previous versions’ hardware limitations. The emphasis of this chapter
is on the implementation of the new digital component.

e Chapter 5 presents the results over generic patterns and imaging results from PBF parts.

e Chapter 6 presents an overview of the entire thesis, conclusions drawn from the equipment

performance, and future work.
1.4 Contributions

During the development of this thesis, the author collaborated with the Instituto de
Telecomunicacdes — Grupo de Instrumentacdo e Medidas research group. This association supported
the completion of this thesis but also offered the opportunity to be involved and assist bachelor students
in their final year projects, the 1ST Cycle Integrated Project in Electronics Engineering. Some notable
projects contributed to include:

e P. Carvalho, T. Fernandes, “Breakout Board Design and Characterization of a Programmable
Alternating Current Source, PIC1 Project, Instituto Superior Técnico”, 2023

e G. Cecilio, J. Silva, “Demonstrating an Eddy Current Displacement Sensors Array in a Non-
Mechanized Gas Pedal, PIC1 Project, Instituto Superior Técnico”, 2023

Additionally, the author was responsible for developing a dedicated LabView software, elaborated
further in this document, designed to integrate any inspection probe. This software facilitated the thesis

and is a valuable resource for future students and researchers.
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2.1 Eddy Current Testing

In the metal industry and science, the quality control of the materials usually leans over NDTs. These
evaluate a wide variety of materials without causing damage. Electromagnetic, ultrasonic, and die
penetrant testing are some of the most popular techniques.

ECT is one of the electromagnetic techniques of NDT. This method inspects electrically conductive
materials at very high speeds without direct physical contact. It allows crack detection in several
conductive materials, such as ferromagnetic or non-ferromagnetic metals [8]. This section discusses the

principles, considerations, and methods required when developing an ECT system.

2.1.1 Physical principle

The ECT physical principle relies on the interaction between a magnetic field and the material under
test. The procedure starts with a coil energized with an Alternating Current (AC) signal to create a
primary magnetic field. Then, approaching the coil into the material causes its magnetic field to
penetrate, inducing continuous and circular ECs in the material. These will generate a secondary
magnetic field opposing the primary. The eddy currents will be affected in case of changes in
conductivity, near-surface defects (cracks), or differences in thickness. The sensing coil impedance
decreases according to the increased eddy current intensity [8]. So, measuring the coil impedance
variation allows the sense of the EC and tracking the material modifications. The current or voltage
signal is measured to monitor the impedance. This coil can be the same or a sense-dedicated one.

Figure 2.1.1 shows a representation of the physical principle.

\\ / Primary magnetic field
Alternating current | —

— Eddy currents

Crack {
Secondary magnetic field

] Electrical conductive material

Figure 2.1.1: Eddy current physical principle in [8].

According to Ampere-Maxwell [9] and Faraday’s [10] equations, it is possible to obtain a more detailed

overview of the physical principle. Considering an alternating current I, flowing through a coil L in a

perpendicular surface S, the magnetic field H, the intensity of the lines is
$.H dl = o, + poeo “2E, (2.1.1)

where y, is the magnetic permeability of the free space, ¢, is the electric permittivity of free space, and

dog

o is the rate of change of the electric flux. If the frequency is sufficiently low, the displacement current

component in (2.1.1) is irrelevant, resulting in the Ampere law



$Hdl = pol,. (2.1.2)

Assuming M as a surface defined on the electric conductive material in Figure 2.1.1 and dA as the

respective area, the magnetic flux translates to
¢y = [ B dA. (2.1.3)
Using Faraday’s law of induction with (2.1.3), results in
$ Edl=—-=E, (2.1.4)
the induced electromotive force, which generates the eddy currents illustrated in Figure 2.1.1.

2.1.2 Frequency effect

The magnetic field frequency generated due to stimulation affects how deep in the material eddy
currents may penetrate. The eddy current density does not remain constant throughout the whole
material. The currents concentrate at the surface, and as they penetrate the material (move away from
the stimulation coil), their amplitude (strength) decreases. The decrease is exponential and is a

phenomenon generally described as the skin effect [8]. The eddy currents density along depth z is
J(2) = Joe~ ™k, (2.1.5)

where J, is the maximum surface current density, f is the stimulation frequency, u is the magnetic
permeability (u = o), and o is the part of electrical conductivity [11].

The frequency must be chosen according to the cracks in the material under test to allow suitable
eddy current penetration. The penetration depth is higher when the frequency, conductivity, or
permeability decreases. The standard penetration depth is the point where eddy currents density

decreases by 1/e (~37%) [12] of its maximum value at the surface and is given by

1

§ = e (2.1.6)

The standard depth (&) is often fine-tuned according to the defects under test to maximize the
response signal. The thickness of the material must be two-three times the standard penetration depth,
[8] since it is a rule of thumb to reduce the thickness variations interference with defects detection. When
evaluating ferromagnetic materials, a high frequency is helpful to compensate for the high permeability.
However, in the case of having small cracks, a high frequency is more suitable to increase the
concentration of the ECs at the surface [8].

Figure 2.1.2 illustrates the ECs penetration of two magnetic fields inside aluminum for two frequencies
(6, = 200 Hz and §,=10 kHz). The effect of changing the frequency of the magnetic field is evident. A
higher penetration is indeed observed for lower frequencies, as expected according to (2.1.6).

Regarding higher frequencies, the eddy currents concentrate closer to the surface.
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Figure 2.1.2: Penetration effect inside aluminum in [12]

2.1.3 Probe topologies

Various ECT probe topologies are employed in industry and scientific research. The distinct probes

come from the different application requirements found in NDT testing. There are two categories, the

separate-function probes, and the dual-function probes. The dual-function probes use the same coil as

the stimulation and sensing element, while the separate-function probe has an individual coil for each

task. Figure 2.1.3 presents four most common probe topologies.

Reference
Coil

= > -

Detector Display Detector Display

Sense

Coils
(a) (b)
Osc Osc
Detector Display Detector Display
Stimulation Sense Stimul?tion Magnetic
Coil Coil Coil Sensor
(c) (d)

Figure 2.1.3: Probe topologies; (a) absolute, (b) differential, (c) reflection, (d) hybrid

The probes generally have a high sensitivity when the eddy currents generated are affected by

discontinuities, the defects. The probes operation, according to [8], is:

e Absolute probe: uses a single coil to generate the magnetic field and measure the changes in

the eddy currents. It usually has a reference coil, far from the material, to eliminate the baseline

originated by the excitation primary field. This reference coil enables a high dynamic range since

the voltage is null when there is no defect. Moreover, it attenuates the relation with the

temperature. Besides the defects, it is possible to evaluate the materials’ electrical conductivity,

magnetic permeability, grain size, hardness, and stress measurement.
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o Differential probe: uses two equal coils, which are responsible for stimulation and sense at the
same time. These inspect close parts of the material. The coils are wound in opposite directions
to remove the strong baseline. This mode of operation typically detects small discontinuities but
does not detect gradual dimensional or composition variations due to the proximity between the
elements.

e Reflection probe: uses two coils, one for stimulation and the other for sensing. The dedicated
stimulation coil can maximize the magnetic field generated using the correct design. The same
is valid for the sense, which might present higher sensitivity to the secondary magnetic field.
Essentially this mode presents the advantage of optimizing each individual coil design for the
purposed target.

e Hybrid probe: uses a coil and a magnetic sensor element. The coil is responsible for creating
the magnetic field in the same way as the previous modes of operation. The sensitive magnetic
elements might be magnetoresistive or hall sensors which can detect the secondary field from
the induced eddy currents.

The topologies above illustrate the standalone fashion, which many use cases utilize. Nonetheless,
using multiple coils side by side is becoming more common, creating the typically called array probes.
These allow high-speed inspection of an entire 2D specimen while ensuring a good space resolution
[8]. The spatial resolution depends on the sense element pitch and, of course, their size. The concept

resides in using one of the topologies above, replicated, or multiplexing schemes [11].

2.1.4 Data interpretation

The interaction between a coil probe and the material under test is essential to obtain information
regarding the specimen. The coil impedance variations reflect the changes in the eddy currents. The
induced currents are sensitive to conductivity, magnetic permeability, and the distance between the coil
and the material under test (the lift-off [8]). The presence of defects will obstruct the eddy current flow
as well. As a result, the impedance plane is useful when interpreting data regarding material inspection.
Figure 2.1.4 illustrates the impedance plane variations in non-ferromagnetic and ferromagnetic materials

relative to the impedance in the air.

B

Magnetic

Nonmagnetic

Inductive Reactance, X

Aluminum

Resistance, R v
Figure 2.1.4: Impedance plane for ferromagnetic and non-ferromagnetic, adapted from [13].

The impedance plane is useful to understand and display EC data. The inductive reactance

(imaginary) and the resistance (real) change depending on the material [8], [13].
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When moving the coil from the air towards a non-ferromagnetic material, the resistance increases,
and the inductive reactance decreases. The real part change occurs since the eddy currents will
dissipate some coil power into the material. The imaginary part variation results from a weaker core coil
field due to the secondary magnetic field opposition. The secondary magnetic field is reduced in a crack
presence since the eddy current paths increase, and the inductive reactance and resistance revert.

The impedance changes differently when a coil gets closer to a ferromagnetic material. The
resistance will also increase due to the conductive similarities. Regarding inductive reactance, the
behavior is the opposite. The increase happens since the higher magnetic permeability concentrates
the coil's field. The primary field overshadows the eddy currents' magnetic field. In case of a crack or
conductive changes, the behavior is equal to the non-ferromagnetic material.

Typical ECT probes inspect a material under test by measuring the coil impedance variation. Besides
the analog front-end used to measure the impedance, the output typically resides in a standard
impedance plot [14]. This standard format provides users with an intuitive and easy way to interpret
information. In the past years, more and more advanced imaging techniques have appeared. The
equipment might allow the display of 2D and 3D scans, which are helpful in several applications. Figure
2.1.5 shows an example of an eddy current array used to scan an aluminum piece to detect and

characterize corrosion defects.

Figure 2.1.5: 2D and 3D scan of an aluminum piece in [15].

2.1.5 Instrumentation

Although compliance with the standards in the development of eddy currents equipment is typically
not mandatory, it holds significant recognition across various industries. These standards serve as a
mark of assurance for both suppliers and customers, indicating that specific measures have been
adhered to in the development and production processes. This compliance ensures that the probes
meet rigorous criteria, making them more reliable.

In the eddy currents field, several entities have established standards. Among them are the British
Standards (BS) and the American Society for Testing and Materials (ASTM), which provide guidelines
for magnetic flux leakage and eddy current testing methods [16], [17]. Additionally, the International
Organization for Standardization (ISO) addresses several related topics as well [16], [17].

This section, however, focus only on describing the instrumentation of general-purpose eddy current
equipment using the 1ISO 15548 perspective [18]-[20]. The standard has much more information,
providing details about the instrument, probe, and system regarding the characteristics and verification.

Figure 2.1.6 illustrates the functional block diagram of an eddy current instrument.
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Figure 2.1.6: Functional block diagram of an eddy current instrument.

An eddy current equipment typically performs at least three essential functions: generating,
measuring, and displaying. Depending on the requirements demand, the complexity might increase, and
others features appear.

The primary element of the equipment is the probe. Its structure and construction are specific to the
application requirements. It might use one of the probe topologies presented in previous sections. The
generator is the stimulation source and can be an alternating or multifrequency source. This block is
responsible for feeding the stimulation coil (driver coil) to enable the creation of the magnetic field and
the eddy currents induced in the material under test.

The input stage interfaces the probe to the equipment, providing impedance matching and
amplification. It refers to the first signal conditioning stage applied to the sense coil signal. The balance
block is crucial in the equipment, and it consists of the equipment's compensations to set the signal in
a predefined operating point. One is to remove the strong baseline expected with a reference coil, and
the other is during the initial equipment calibration, the offset removal after the demodulation stage.

The High Frequency (HF) signal processing is a three-stage operation. The first is HF filtering to
remove unwanted signal frequencies. It is typically a Band-Pass Filter (BPF) to suppress the signals
which do not correspond to the stimulation frequency. The second is the demodulation to extract the
vector components from the signal, namely the real and imaginary components. An amplification stage
might appear if required. This stage extracts the low-frequency amplitude variations.

The demodulated signal goes through a Low-Frequency (LF) signal processing stage. It starts by
amplifying the two signal components. Then it passes through the LF filter, typically a Low-Pass Filter
(LPF) with a bandwidth dependent on the application requirements. A phase setting might conclude the
stage, which allows the rotation of the demodulated signal vector on the complex plane.

The output stage characterizes the user interface. It can be a simple indicator or a screen display.
The information provided might include the complex plane, time-synchronous, and imaging. The final
block is digitization, and the use is optional since some devices might be completely analog. This block
concerns the digital integration interface, essentially the Analog to Digital Conversion (ADC).

The generic instrumentation above remains valid in scenarios involving multiple probes or using an
array composed of several sensing coils. However, the approaches typically use a multiplexed method
to reduce digital demand. This technique reduces the sampling frequency, meaning the achievable

resolution is lower without slowing down the recoater movement.
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2.2 Powder Bed Fusion Additive Manufacturing

Metal AM covers multiple methods of building three-dimensional pieces. It is a core process in many
industries nowadays, and contrary to the traditional methods, AM consists in adding material. It enables
high flexibility in the design of the pieces, optimizing the geometries and reducing weight and costs.
Figure 2.2.1 illustrates a great example of AM evolution, a lightweight and highly stable antenna bracket
for RUAG's Sentinel Satellite made from Aluminum on the EOS M 400 system [21].

Figure 2.2.1: AM antenna bracket for RUAG's Sentinel Satellite, adapted from [21].

This work development focus on PBF printing process, which might be the most used metal AM
technology worldwide. The procedure involves fusing powder particles, layer by layer, to form a solid
piece. PBF uses an electron beam or more commonly laser heat sources to melt and fuse the material

and form the required piece. Figure 2.2.2 shows the diagram of a typical PBF machine.

Heat source:
laser,
electron beams

Powder recoater

Powder
bed Powder
stock

Object chamber

Build
plataform

Powder
overflow
chamber

Figure 2.2.2: Diagram of a typical PBF machine, adapted from [22].

Printing a 3D piece using a PBF machine starts by filling the powder chamber with the required
powder material. The chamber might be heated to reduce the energy necessary from the heat source.
The re-coater then deposits (spreads) a thin layer of powder from the powder stock chamber over the
powder bed (build platform). The resulting excess falls into the powder overflow chamber.

The energy source afterward melts the first cross-section of the part. After the material is solid, the
elevator drops the powder chamber, and the stock chamber elevator raises. The machine in then ready

for the next layer, and the procedure repeats until the part is complete.
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In the realm of Additive Manufacturing (AM), a wide array of processes and methods exists, each
relying on distinct physical characteristics and principles. A comprehensive overview of these diverse

methods is detailed in Figure 2.2.3, offering a comprehensive overview of the existent technologies.
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Figure 2.2.3: AM methods defined DIN EN ISO/ASTM 52900:2018-06, adapted from [23].

This work, however, focuses specifically on PBF techniques within the AM domain due to their
capability to consolidate each metal layer, allowing a meticulous layer-by-layer ECT scan approach. The
Laser Beam PBF (LB-PBF) and Electron Beam PBF (EB-PBF) are the methods of election for the probe
developed to monitor since they are widely adopted in the industry. As elucidated by references [22]
and [24], the basic concepts of the appropriate methods are the following:

e LB-PBF: the different methods in this category use lasers as the heat source to fuse the powder
material. The Selective Laser Melting (SLM) reaches complete melting when heating powder. It
requires an inert atmosphere (argon gas) to prevent powder from oxidizing. It might use
materials like Aluminium, which creates light, robust, and unique metal pieces.

e EB-PBF: the Electron Beam Melting method uses high-energy electron beams to reach fusion.
It is restricted to materials like titanium alloys and cobalt chrome but can produce less residual
stress and lower distortion. Furthermore, it allows a higher speed while spending less energy:
aerospace, motorsports, and medical industries commonly use this method.

The PBF process allows a low-cost production process capable of printing metal pieces with complex
designs. It is an excellent asset for producing prototypes rapidly and efficiently. The major disadvantage
is the lack of quality the final specimen might present since it relies on the quality and grain size of the
power and the production process. These dependencies lead to defects such as gas and elongated
pores with sizes ranging from 5 to 500 ym, as well as issues like balling, unfused powder, and cracking
[23]. Layer-wise scanning becomes essential to study the origin and with a more complex system to

control and attenuate in real time to prevent such results.
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2.3 State of the Art

AM underwent a considerable change since its development for prototypes in the ’80s [25]. The
disruptive technology consists of successively printing layers on top of each other in an additive fashion,
contrary to the conventional subtractive methods. The process advantages are incredible in the
fabrication of complex geometry with high precision, maximum material savings, flexibility in design, and
personal customization [26]. Nowadays is possible to use a wide range of materials including metals,
polymers, ceramics, and concrete [26].

Metal AM goes beyond the research field, industries like aerospace (e.g., turbine blades [27]),
automotive, and biomedical (e.g., metal implants [28]) depend on this technology. The requirement to
produce complex and functional metallic components is too demanding for traditional methods. PBF
techniques are highly adopted in the printing of metals since they offer design and processing flexibility
to produce end-use metallic components in a cost-effective manner [25]. The typical processes include
LB-PBF or EB-PBF, which use a laser or electron beam heat source to melt specific regions of a powder
layer spread with a recoater [27]. Once melting the layer, the bed adjusts, and the process repeats.

Despite all the evolution in PBF in recent years, the technology still demands more process
robustness, repeatability, and stability. It is essential to use QC [29] to surpass these barriers and ensure
quality to meet the requirements and certification in the leading industry sectors [30]. The QC involves
evaluating and controlling the raw materials (e.g., purity, particle size), consumables (e.g., powder
material, gas atmosphere), process parameters (e.g., scanning speed, layer thickness), and a sequence
of predefined operations [29]. In [31], process parameters such as vector size and gas atmosphere
determine the density of the metal specimen produced. Several process parameters impact, resulting
in unexpected defects such as pores, high surface roughness, thermal cracking, and delamination,
among others [29]. Figure 2.3.1 (a) illustrates a clear example of two internal pores of spherical shape,
and Figure 2.3.1 (b) a particular case of delamination that might occur. These are only a few examples

of what QC will help improve.

Figure 2.3.1: Example of two internal pores (a) and delamination/cracking (b), adapted from [30].

In situ monitoring is essential to perform QC layer-by-layer for detecting and avoiding defects [30],
which ensures monitoring of relevant process signatures in PBF. According to the level of detail required
by the process, the signatures are the melt pool, the track along the scan path, the slice (layer), and the

powder bed [30]. This method allows for adjustment of the process parameters in the fabrication of the
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metal piece. The ideal scenario consists of on-line process monitoring since it allows one to react
immediately if the quality control does not reach the standard using feedback control [32].

Research and commercial fields have lately made on-line processes a popular theme. Nevertheless,
it still requires attention since the results are still far from the industry requirements [30]. A co-axial
approach in [32] implements an optical sensor set-up allowing a high-quality measurement of the melt
pool. The study demonstrates the ability to monitor the process signatures by mapping each layer using
a photodiode and near-infrared thermal CMOS camera to acquire. It successfully linked the pores in the
produced parts to the melt pool variations. [33] reveals a similar process, In-line Coherent Imaging (ICI),
to measure the surface morphology in situ. It consists in scanning an imaging beam across the metal
part, collecting the backscatter, and inferring it with a reference beam. The approach enabled to QC of
powder and solid layer quality, acquiring signatures such as raised areas that might collide with the
recoater blade and extraction of the surface roughness.

In QC is possible to find off-axial methods as well. In [34], the system uses full-field infrared
thermography to measure the relative surface temperature during cool-down to identify defects
according to their thermal signature at the surface. The implementation uses a Long Wave Infrared
(LWIR) camera to detect subsurface lack of fusion defects in situ. Also, [35] uses two cameras operating
in the infrared and visible spectrum combining the advantage of high frame rate and spatial resolution.
The configuration allows for internal defects, melt pool depth, and porosity monitoring. [36] reports an
unusual approach which resides in projecting structured light and sensing it with two CCD stereo
cameras to reconstruct the metal pieces layers with high precision, qualified below 10 pm.

Beyond optical sensing, it is possible to find other methodologies for QC, [37] employs Spatially
Resolved Acoustic Spectroscopy (SRAS) to measure the surface wave velocity. The operation consists
of sensing the acoustic waves generated in the material due to the incident pulsed laser. It enables
measuring material properties and identifying surface and subsurface defect measurements to a depth
of 24 ym. The study revealed that pores increase significantly with lower melting power (lower density).
Furthermore, [38] proves another method to obtain 2D cross-sectional images using a laser to generate
and detect ultrasound waves with a resolution of 0.5 mm. Among others, the research developments
presented above, together with the clarified background of welding technologies [39] and the research
to understand in greater detail the interaction between the laser and metal [40], are allowing to improve
the confidence and reliability in the metal pieces produced with PBF technique.

Due to the indirect method characteristic, the previous in-situ methods present limitations in obtaining
process signatures. ECT is a popular method when inspecting electrically conductive materials within
the NDT category [8], [41]. The electrical conductivity measurements are closer to the material and
directly related to the material properties, making ECT an attractive technology to perform online QC of
PBF metal pieces. The operation concept consists of magnetic induction on the material and sensing
the electrical currents. The interaction between the magnetic field and the material characteristics (e.g.,
defects, porosity) leads to changes in the material magnetic field and, consequently, in coil impedance
changes [8]. The method is appropriate for superficial and sub-superficial crack detection [8], [42],
achieving higher penetration with lower frequencies [41]. The defects characterization improves typically
by using Multi-Frequency ECT (MF-ECT) or pulsed EC (PEC) techniques [43].
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Numerous ECT probes may be found in the industry [8], but most aim to inspect metal surfaces after
production (off-line fashion). Nevertheless, several developments targeting QC exist, [44] reports the
possibility of optimizing the results by using different topologies and coils for stimulation and sensing.
The optimization can lead to dedicated designs using probes unavailable commercially [45].
Furthermore, rotation or dynamic changes of the induced EC patterns enable better detection of several
defects [46], [47], [48]. Within the scope of magnetic field sensor technologies, Magneto-Resistive (MR)
sensors are notable for presenting a high sensitivity for weak magnetic fields, allowing for sub-surface
flaw detection [41] and surface-breaking defects [47] as well.

The development in this research field has widely increased in the past years, and it is possible to
find some experiments using NDT, including ECT techniques for in-situ monitoring [49]. The evaluation
[50] reports the feasibility of ECT to measure relative part density variations due to the defects caused
by the PBF process. It uses a standard commercial UPEC tester together with a ferrite rod coil operated
in absolute mode. The study shows a strong correlation between relative part density and the ECT signal
component, presenting a pathway for direct layer-wise QC. The research even progresses to mounting
an ECT system of two sensors into commercial PBF-LB/M to monitor the production of four metal cube
pieces [51]. Figure 2.3.2 presents the ECT signals acquired over the layers, allowing the detection of
flaws resulting from process interruptions in all parts. The set of studies verifies the success of using an
ECT system mounted on the recoater of a PBF machine without interfering with the production process.
[52] reinforces the legitimacy of ECT equipment by measuring several process signatures, such as

solidified layer thickness, track part height, and relative density.
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Figure 2.3.2: Vertical plane of the metal parts produced obtained by ECT, in [51].

The ECT concept of using a probe with a single sensing element is helpful in numerous cases but
might present some limitations. An array probe is key for surpassing most of the constraints since they
include several sensing elements allowing the capture of more information in a single pass, severely
improving the detection speed and efficiency, the accuracy and reliability of the results [53]. ECT arrays
enable imaging easily with a resolution dependent on the sensor's size, array spacing, and the spatial
resolution of the scan [49].

One critical use case of ECT array probes consists of QC complex surfaces such as blades of steam

turbines, [53] demonstrates the use of a flexible ECT array to allow defects detection in such a scenario.
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The array probe uses channels made with an LC oscillator circuit to monitor the inductance changes by
measuring the resonant frequency. The results provided the size, location, and shape of defects
consistently compared with the actual piece through an imaging approach.

In-situ monitoring with ECT array probes is used more frequently in QC within the PBF AM industry.
This method allows obtaining superficial and sub-superficial defect detection in a much effortless fashion
using layer-by-layer and imaging approaches [54] while inheriting the advantages discussed above,
considering the higher quantity of information in a unique readout sequence. Several years of significant
development allowed the fine-tuning of the requirements for an on-line monitoring system, the main
ones: being non-contact, detecting cracks and conditions; imaging for position and defect dimensions;
real-time data for closed-loop control [54].

The research in ECT array probes for this application aims to increase the spatial resolution, which
implies exploring different sensing elements and acquisition methods. The [54] reports a technology to
detect discontinuities, surface irregularities, and undesirable process transformations in PBF-LB. The
experiment uses a high-resolution commercial array probe, simultaneously stimulating all 32 integrated
coils. The interleaved coils with a pitch of 0.826 mm provided proper characterization and real-time
monitoring, ensuring defect detection and accurate imaging. In [55], an MR array probe uses a single-
wire stimulation coil with 32 sensitive elements and a pitch of 125 ym, targeting 100 um defects. Some
developments allow optimizing the resolution and speed by using a multi-channel approach [56] or
multiplexing [57]. The struggle of these implementations in [57], [58] is the inherent trade-off between
resolution and readout speed with only a single readout circuitry to multiplex the 32 available sensors.
Similar to [59], using an MR array with 128 giant MR elements required reducing to 1/10th (16:1
multiplexing ratio) the recoater speed to achieve the aimed 135 ym scan resolution.

This work continues the effort in [60], attempting to improve the limitations faced in the prototype
development. This previous system used four microcontrollers to measure impedance from 16 coil
channels independently. The concept differs from the classic approaches for achieving a simplification
of the Analog Front End (AFE). It uses phase shift adjustments between the stimulation and
demodulation signal to maximize the amplitude of the measured real-imaginary signal. The spatial

resolution obtained was 5 mm with an acquisition rate of 20 ksps.
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3.1 Overview

The Wireless Eddy Current Array Prototype (WECAP) is a demonstration kit aiming to prove the
concept of layer-wise imaging over PBF specimens. The design considers the industry requirements
and the existing standards mentioned in 2.1.5 to produce a powerful enough probe to scan PBF-

produced parts. Figure 3.1.1 presents the elements of the probe, and Table 3.1.1 the specifications.
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Figure 3.1.1: WECAP block diagram.

The probe architecture stands out for its minimal AFE in each channel, reducing the overall footprint
and minimizing the temperature dependency while achieving a spatial resolution of 1 mm. Simplification
in the probe channels circuitry appears from the stimulation and sensing electromagnetic geometry
design and the external stimulation using a powerful AC current source. The probe incorporates 40
sensing coils, allowing scanning PBF layers with a length of 40 mm.

The high-frequency readout is possible using four high-speed dsPIC microcontrollers. The WECAP
is an wireless device, battery-powered with data acquisition through Bluetooth Low Energy (BLE) using
an ESP32-S3. The digital domain elements all share an external oscillator for synchronization. The Hall-

Effect sensor is an optional feature for scan position purposes.

Table 3.1.1: WECAP overall specifications.

Dimensions 100x100 mm
Spatial Resolution (Coils pitch) 1 mm
Scan length 40 mm
Scan resolution (250 mm/s) 0.48 mm
Sampling rate 31.25 kHz
Readout Frequency 520.83 Hz
Stimulation frequency 1 MHz
Array Segment clock 180 MHz
Interface clock 240 MHz
Supply voltage 5V
Power consumption 2.748 W
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3.2 Hardware

The hardware design starts around the probe topology since it is the core element that defines the
level of signal conditioning required. It aims to improve the spatial resolution to its lowest while
maintaining it simple and with an overall small footprint. This section presents the hardware developed

for the stimulation, readout components, and auxiliary elements.

3.2.1 Stimulation
The Stimulation Coil Module (SCM) is a PCB module developed for driving coils in general. For
WECAP, its use consists in generating the array probe stimulus. A Direct Digital Synthesis (DDS) chip

creates the sinusoidal signal. This signal drives the stimulation coil through a current source.

Signal Generator

The DDS element is suitable for generating a sinusoidal signal, requiring only a simple configuration.
The Analog Devices AD9838 DDS, with a 28-bit phase accumulator, produces a sinusoidal signal
through a 10-bit output Digital to Analog Converter (DAC). The consumption is reasonably low, achieving

a maximum of 7.4 mA Figure 3.2.1 illustrates the interface with the microcontroller.
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Figure 3.2.1: DDS microcontroller interface schematic.

The MCLK comes from the common external oscillator. Using the Serial Peripheral Interface (SPI)
protocol, the microcontroller interfaces the DDS with the SCLK, SDATA, and FSYNC signals. The
RESET pin is crucial for synchronization since it resets the internal registers to provide an analog
midscale output. The present version does not consider using the other available digital pins.

The full-scale DAC current's magnitude (Izs) is variable by fine-tunning the Full-Scale Adjust Control

(FADJUST) resistor value, following the equation below

20,52

R =
set Ip

(3.2.1)

FS.
The chip output can operate in differential mode using IOUT and IOUTB. The design only uses the

IOUT in single-ended mode. The voltage output is

= I, X Rs. (3.2.2)

VOFS

As there is no need for deep penetration of the ECs into the specimens, given the probe layer-wise
operation, the stimulation frequency in use is 1 MHz. This frequency results in a standard depth of
penetration around 400 um for stainless steel 316, allowing for scanning the surface layer and the
preceding layers, considering the 60 pm thickness of each LB-PBF layer [61]. The MCLK has a

frequency of 8 MHz, so the generation of the stimulation signal only uses eight cycles in the phase
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accumulator. For generating a smooth signal, the high-frequency aliases produced by the DAC are

attenuated using R; and C;, forming an Anti-Aliasing LPF with a transfer function of

1

T(s) = 2% (3.2.3)

S+R3C3

The first-order filter presents a low cutoff frequency, with a value of 1.32 MHz, which introduces some

attenuation around the frequency of interest but eliminates the frequencies above the Nyquist rate.

Current source

The current source circuit takes the signal from the DDS and feeds the stimulation coil. Traditionally,
a constant voltage source drives the coll, but the current flowing might not be constant due to impedance
variations. The impedance might change according to the material being tested. Considering the
example in Figure 3.2.2, when the WECAP starts passing over the ferromagnetic part, the electrical
conductivity and magnetic permeability difference would change the stimulation coil impedance. The

scan of the non-ferromagnetic part would suffer variations due to the primary magnetic field variations.

Stimulation
Coil

>
Sense
Coils
c—

Figure 3.2.2: Scan example for stimulation coil with impedance variations.

Non-ferromagnetic

In order to provide a constant current flowing through the coil to ensure a stationary and material-
independent magnetic field, the hardware is a voltage-controlled current source with high output
capability. It will provide a higher detection sensitivity since only the secondary magnetic field is

expected to change with the surface inspection. Figure 3.2.3 presents the final stimulation schematic.

oD

0os

Figure 3.2.3: Stimulation driver schematic.
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A current source behavior ideally provides an amplitude fixed current signal independently of the load
characteristics. The design has a high-power Operational Amplifier (OPAMP) in the forward network
and a subtractor topology in the feedback. A deeper analysis is beneficial to understand, starting with

the subtractor equation
Vb, = kp(Vs1 — Vs2), (3.2.4)

with kp being the subtractor gain equal to % = %. The equation can be simplified as
6 5

Vi, = kpRsl,, (3.2.5)

regarding the output current and sense resistor.
Considering the virtual short and the feedback network sensing the voltage drop on R, the OPAMP

output voltage will equal the input voltage, Vp, = Vpps. This results in the output load current being

_ Vbps
kpRs’

(3.2.6)

o

controlled and proportional to the input voltage. If the load assumes a different value, the voltage sensed
changes making the OPAMP adjust the output voltage, and the load's current is maintained within limits.
Since the current source is voltage controlled, R, from the DDS plays a significant role in defining
the current in the stimulation coil. According to the values of the resistors in use, the relation is 1V/1A,
meaning that 400 mV at the DDS output leads to a 400 mA of peak current flowing through the load coil.
The input of the circuit biases the signal to mid-supply. It filters low-frequency components with the
High-Pass Filter (HPF) made from C; and R, tunned for 0.8 Hz. In opposition, C, and C; ensure proper
AC feedback without amplifying the DC component. The output DC blocking capacitors for driving the
coil, with several values in parallel, ensure a low impedance path for the total operation frequency range.
The feedback network must meet the minimum Common Mode Rejection Ratio (CMRR). Otherwise,
it will provide incoherent feedback of the sensing voltage, delivering a current to the load that deviates
from the one in Equation (3.2.6). The precautions are like the traditional high-side current sensing, where
the good practices are valid for this design. First it is recommended, to use high-precision resistors, or
the mismatch limits the maximum CMRR reachable. An instrumentation amplifier with the proper input
common-mode range could also be an option. This design only makes use of high-precision resistors.
The forward network uses an AD8018 OPAMP, aiming for a high current output performing with
frequencies up to 10 MHz. The OPAMP presents a rail-to-rail and 400 mA output current capability, with
a maximum supply voltage of 8 V and a 130 MHz bandwidth. The feedback amplifier (U2), wired in the
subtractor configuration, should be faster than the forward OPAMP (U1) to prevent instability and must
have a high CMRR. The solution uses a low-power AD8014, with a bandwidth of around 430 MHz and
a CMRR of around 65 dB at the stimulation frequency of 1 MHz.
The SCM performance is characterized according to the phase margin and bandwidth, Table 3.2.1.
The simulations analyze the behavior for different PCB designed load coils. The coils' characteristics
were measured using a Hioki 3522-50 LCR Meter to guarantee an accurate simulation. The equipment,

unfortunately, has a maximum frequency of 100 kHz compared to the 1 MHz operation frequency.
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Table 3.2.1: SCM performance simulation results.

Load characteristics Simulation Results
Resistance [Q] Inductance [uH] Phase margin -3dB Bandwidth

10 0 80° 26 [MHz]

4 1.13 22° 7 MHz
4.63 4.10 40° 3.9 MHz
5.81 14.62 70° 2.1 MHz

9 4.66 45° 3.7 MHz
13.21 12.65 68° 2.3 MHz
27.53 57.46 99° 737 kHz

Using a resistor as a load, the SCM has a very robust performance, but the scenario changes when
using a coil. The phase margin for lower inductance values does not comply with the 45° rule of thumb.
In contrast, it improves with high inductance coils, but the bandwidth is low, and the resistance value is
too high, making these unsuitable for providing high currents.

The ideal scenario would be using the coil design with more turns and the maximum current flowing
to provide a stronger magnetic field. The output voltage swing of the current source (4.5 V) severely
limits the current. E.g., at 1 MHz, a 2 pH coil impedance modulus is ~13 Q (ideally), meaning that 400 mA
requires more than 7V (Z, x I + V:/2), which is unfeasible. The strategy to overcome this is to place a
resonant series output capacitor (Cs) to cancel out the reactive components seen by the current source

at the stimulation frequency, as shown in Figure 3.2.4.
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Figure 3.2.4: Series resonance circuit for enhanced stimulation.

The following equation gives the load impedance:
Zload = R +]XC +]XL (327)

At the resonant frequency (f = 1/2nVLC), the reactances X, = wL and X, = —1/wC are equal and
opposite, canceling each other, and the load impedance becomes purely resistive (R). The new
impedance at resonance is the lowest, and the current source can deliver much higher currents since
the voltage necessary to drive is low.

Considering the previous details, WECAP uses a coil design with a series resistance of 3.43 Q and
an inductance of 2.26 pyH. Figure 3.2.5 displays the corresponding open-loop voltage response, showing

a phase margin of 29.9 °, a value below the ideal yet stable.
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Figure 3.2.5: Stimulation driver voltage open loop frequency response.

Additionally, Figure 3.2.6 illustrates the closed-loop current response. Due to the low phase margin,
it presents an overshoot, leading to a lower flat response compared to the standard -3dB bandwidth.
The dashed signal represents the output characteristic of the forward OPAMP, clearly demonstrating

the operation of the resonance capacitor around the stimulation frequency of 1 MHz.
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Figure 3.2.6: Stimulation driver current closed loop frequency response.

Initially, the OPAMP U2 exhibited undesired oscillations at the output. The instability resulted from
the capacitance loading effect. Essentially, the inverting input of Ul introduces a capacitance that

causes instability by itself. The solution added R;, allowing to minimize the capacitance impact.

3.2.2 Probe readout

The probe readout refers to the AFE comprising the necessary hardware for adequately handling the
sense coil signal. The AFE guarantees maximizing the signal according to the microcontroller
characteristics. The hardware is equal for each coil (channel) to minimize the dissimilarity.

As seen in the background, usually, acquiring the signal requires several stages to get a suitable
signal for inferring process parameters required by the industry. The current PCB started with a
traditional design: a cancellation reference coil, a subtractor amplifier stage, a demodulator, and offset
removal. However, the new approach with an external stimulation coil generating a strong magnetic field

made the reading coils highly sensitive. The result of the observation led to a radical change in the AFE.
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Input Amplifier
The AFE initial stage is an inverter amplifier. This stage biases the coil signal to mid-supply. The
amplification enhances the signal's dynamic range to use the Full-Scale Range (FSR) of the next stage,

ADC. Figure 3.2.7 presents the first stage amplifier schematic.

Ry
22k 0

Uy
GS8051-TR

Figure 3.2.7: Sense coil inverter amplifier schematic.

The most crucial component in the stage is the sensing element. The coil is a standalone sensor used
only for sensing. The primary goal is to ensure the lowest pitch possible, leading to the coil package
0402 establishing a spatial resolution of 1 mm. The coils are encapsulate-free with the maximum
inductance available on the market of 10 yuH, guaranteeing an appropriate acquisition sensitivity.

The amplifier topology is AC coupled, meaning only the time variant signal undergoes amplification.
The C; guarantees only to pass the AC signal, and the voltage divider with R, and R; forces the OPAMP

to replicate the mid-supply at its output. The output voltage follows the Equation below

Vo = ot Voense + 5 (3.2.8)

According to the resistors' values, the gain is 22. However, individually adjusting the gain for all 40
channels would be time-consuming. As a more efficient alternative, the approach involved precisely
adjusting the stimulation current using a single resistor.

The topology has limitations in conditioning the coil signal, but it was the only topology option due to
the initial PCB design. The constraints are around the input impedance of the non-inverter being
substantially low, equal to R,. Firstly, the current flowing through the sensing coil will be higher than
desired, creating a magnetic field that might affect the neighbor channels. Additionally, the resulting
amplified voltage is lower since using a coil with 10 pyH, a frequency of 1 MHz, means 63 Ohm of
impedance, not as bad as the initial 68 uH coils but still not the best performance desired.

The GS8051 has a gain bandwidth of 250 MHz, much higher than the interval of stimulation
frequencies. The component also counts with a reasonable CMRR of -80 dB and an average

consumption of around 2.8 mA.

Synchronous Demodulation & Sampling
The AFE final stage is the Synchronous Demodulation & Sampling (SDS) and defines the interface
of the previous amplified sensing signal with the microcontroller ADC. In this phase, the signal

demodulation occurs through synchronous sampling. Figure 3.2.8 represents the interface design.
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Figure 3.2.8: Stimulation signal microcontroller interface schematic.

The approach developed involves modifying the internal microcontroller ADC Sample & Hold (S&H)
circuit operation concept. Using R, with a tuned value allows for modifying the time constant (t) made

with the capacitor Cy,;p to perform an integration process, as the equation below describes
1t
Vsample = ;fo V; dt, (3.2.9)

with 7 = (Ry + R;¢)Cyhop, Valid for t « 7. To understand the method entirely, Figure 3.2.9 illustrates a
generic example. The V., is the signal after amplification (input of the SDS), the S&H is the sampling

switch activation signal, and Vsgmp,e is the signal on the Cyopp.

Vsense £

S&H

0

Figure 3.2.9: SDS generic example.

The example only shows a single cycle of Vg,,.., but the process keeps occurring as long as S&H
asserts to acquire measures. Usually, every time the S&H goes high, the signal on the capacitor would
be a replica slightly shifted from the original signal. Nevertheless, with the design above, the result is an
integration of the positive half-cycle of V,.,.... The concept resides in establishing a fixed point (blue dot)
for sampling. E.g., When having the WECAP statically over a material, the acquired voltage is constant,
but when scanning, it changes proportionally with the material conditions.

The operation resembles demodulation with a single-phase reference, with the sampling switch being
the mixer. The demodulator process uses the previous array probe's model, simplifying the standard 1Q
demodulator. The phase rotation (time alignment) between the S&H activation and the stimulation signal
allows maximizing the signal amplitude, resulting in a signal with the minimum information loss.

A complete simulation analysis initially proved the optimal value for R; to be 20 kQ. At the time, the
value presented the advantage of integration noise removal and having voltage values around
mid-supply. However, the SDS stage was tested with greater detail, exploring the possibilities of R,
values and S&H activation, and the conclusion was different. The optimal performance was achieved
with a low integration factor, using only R,. and activating the S&H to acquire sample points of V...

with 69° or 249° of phase. Essentially, the sample point aligns with either the negative or positive peak.
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3.2.3 Auxiliary hardware
Apart from the core hardware described until now, the WECAP still integrates other components to
guarantee its regular operation. The remaining hardware comprises the data processing, external

oscillator, and power management.

Data Processing

WECAP is an embedded system designed to reconstruct PBF parts using the ECs data acquired.
The probe employs four array segments to acquire signals from 40 sensing channels. These signals go
through simple digital processing before being transmitted to a powerful host system.

The digital core consists of four Microchip dsPIC33CK32MC105 microcontrollers inserted in the array
segments. Each acquires ten sensing signals through an internal 12-bit Successive Approximation
Register (SAR) ADC, performs the digital processing required (explained later), and redirects the data
through SPI. One also interfaces the DDS for initial programming. These are suitable for achieving high-
speed CPU frequencies through on-chip Phase-Locked-Loop (PLL) by boosting the external oscillator
source. The speed characteristic is the foremost step for solving the scanning speed constraints.

An external computer acquires the scan data using BLE. An ESP32-S3 performs the wireless
operation and interfaces the microcontrollers through SPI. This interface achieves a high data output
rate with a 16 MHz bit rate. A micro Secure Digital (SD) card is used as a buffer to store the scan data

since the BLE data throughput is insufficient for the speed and quantity of data generated.

External Oscillator

The external oscillator is vital for the WECAP to have a proper operation. The critical point resides in
sharing the clock signal among all the microcontrollers and the DDS. Using such a method allows the
synchronization between the stimulation and demodulation signals. It is possible to align with zero phase

shift the signals and apply phase rotation between them to improve the amplitude of the signal sampled.

Power Management

The WECAP is battery-powered with a supply voltage of 5 V and 2.748 W (549 mA) dissipation. It
integrates a 5200 mAh battery, allowing continuous operation around 9 hours, enough for a demo
prototype. Considering the development of an embedded system, it uses mainly 3.3 V linear regulators.

Power management in a measuring system is crucial to maintain the voltage levels within limits to
ensure better accuracy in the measures. The design follows a common approach of having dedicated
digital and analog voltage sources to ensure proper decoupling to attenuate the interferences.
Considering the relatively low voltage supply, the regulators are LDOs with a good PSRR. The AFE
regulators have a proper line regulation for lower voltage fluctuations besides having too high-power
capabilities due to the intermediate design. Also, the dedicated SCM regulator is an ultra LDO since it

supplies 4.5 V (very close to the maximum) for the reasons explained earlier.
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3.2.4 PCB Design
The WECAP includes a PCB implementation developed under Altium Designer 16.1 and produced
using JLCPCB supplier. The unique hardware concept uses a stackup of four PCBs illustrated in Figure

3.2.10 (a), forming the complete device in Figure 3.2.10 (b) with 100x100 mm dimension.

Stacking

Completed

view[
(b)

Figure 3.2.10: WECAP PCB stackup (a) and WECAP real PCB view (b).

ECP_Child

The newest architecture splits the required hardware among several PCB designs. To understand
the separation, consider the following PCB-dedicated descriptions:

e ECP_Child: readout integrating the AFE previously described and two dsPIC microcontrollers
for signal acquisition. The PCB also has independent digital and analog LDOs.

e SCM: as explained earlier, is the independent module responsible for generating a
voltage-controlled excitation to drive the stimulation coil with a decent performance.

e ECP_SS: the 40 sensing coils and the stimulation coil, which induces the ECs in the material
under test. This PCB has two variations, the one illustrated is a three-turn design. The
stimulation traces cover a wider length than the sensing line, ensuring a uniform magnetic field
through all the sensing coils.

e ECP_Parent: interfaces the child PCBs, the stimulation coil, the SCM, and the ESP32-S3,
providing the necessary signals. It uses a digital LDO for the shared oscillator and the
microcontrollers reset circuit while having the analog dedicated for the SCM.

The initial spatial resolution target for the WECAP was 2 mm, using 0805 interleaved coils placed in
each ECP_CHILD. The approach presented crucial disadvantages: first, the distance between the
sensing coils and the stimulation coil, and second, their symmetrical geometry, making the scan
reconstruction difficult. The new design with the smaller coils placed within the same PCB attenuates

the previous problems severely while enhancing the pitch to 1 mm.
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3.3 Firmware

The firmware englobes all the code development for the dsPIC microcontrollers and the ESP32-S3.
The implementation goal is to keep the operations simple, ensuring that most of the processing relies
on the peripherals while having the CPU with the minimum possible tasks. This way, the implementation
aims for the best performance of the probe to obtain higher readout frequency without affecting the

accuracy of the results. This section describes the essential considerations of firmware development.

3.3.1 Synchronization
The WECAP, as explained before, must guarantee a zero-phase shift between the stimulation and
sampling signal. It is crucial to devise an accurate method for synchronization for this effect. Figure 3.3.1

presents a generic diagram of the hardware connections.
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Figure 3.3.1: Synchronization hardware generic representation.

The approach shares a synchronization signal among all the microcontrollers and the DDS. The
microcontroller one (master), is responsible for generating the signal at power-up. The DDS has a reset
input which sets the output to mid-supply, and after the value becomes zero (sampled on MCLK falling
edge), the signal restarts after an eight-clock delay. On the microcontroller side, the sync_in on the rising

edge essentially triggers the start of cycle, a counter reset.

3.3.2 Stimulation

Generating the stimulation signal is less demanding for the microcontroller since it resides in the
external DDS operation. The only aspect required by the firmware is the configuration.

Considering the SPI communication interface of the DDS, the implementation starts with a generic
SPI driver. It is simple, with an initialization allowing to configure SPI characteristics dependent on the
target and a direct write function. On top sits the actual driver of the DDS, where it sends the initial
configurations, the frequency, and the phase shift of the DDS.

The stimulation frequency is 1 MHz, while the phase shift requires proper fine-tuning to ensure the
sampling integration on the positive half of the sine wave. The programmed phase shift must consider
the following:

e The zero-phase synchronization method delay.

e The probe input inverters in the AFE introduce 180°.
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3.3.3 Probe readout
The readout concerns all the microcontroller operations required for acquiring the sensing coil signals.
The architecture developed enhances the readout frequency by handling most of the operations through

hardware peripherals. Figure 3.3.2 illustrates the readout stages.
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Figure 3.3.2: Microcontroller readout stages.

The readout operation has two main stages, acquisition, and processing. The acquisition block
samples the analog signals using the internal ADC continuously triggered by a Pulse Width Modulation
(PWM) signal. The processing consists of simple data filtering using a Moving Average Filter (MAF).
The procedure of a single readout resumes on three operations:

e ADC samples and stores the ten analog channels.
o Direct Memory Access (DMA) triggers and transfers the data to a Samples Buffer.
e The CPU does the arithmetic operations of the MAF and places it in a Collect buffer.

For the high-frequency readout goal, having the microcontroller free to perform tasks like the SPI
interface is crucial. The implementation only requires CPU intervention over the processing part (step

3). Below is a discussion regarding the important aspects considered while developing the peripherals.

PWM

The PWM controls the S&H of the ADC, where its frequency will correspond to the acquisition
sampling rate. Additionally, it has the option to phase shift to guarantee the phase rotation according to
the stimulation signal for maximizing the amplitude sampled. This characteristic is the reason for

choosing the PWM peripheral because it allows operating with a frequency equal to

FPLLO
Tpwmcore = ) (3.3.1)

n

being the FPLLO, the PLL clock with a value of 360 MHz. It is a very high-frequency clock, allowing it to

shift 180 degrees with a resolution of

. _ Fstim
Phase resolution = 360 FPLLO’ (3.3.2)

with Fy;,n corresponding to the desired stimulation frequency. Considering the value in use of 1 MHz,
the phase resolution is about 1°. Such resolution allows the modification of the phase very accurately

for better results. The driver is still missing the auto-phase calculation algorithm for initial calibration.
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ADC

The internal high-speed ADC is a 12-BIT SAR with 16 analog channels. The implementation only
uses ten inputs due to hardware pins and firmware limitations. The total acquisition time per channel
requires attention, so the analog signals integration sample occurs as intended. The S&H circuit

sampling time, the period where the switch remains closed follows the Equation below
Tsampiing = SHRSAMC X Tppcore, (3.3.3)
and the conversion to acquire the digital correspondent word takes
Teonversion = (Bit resolution + 1) X Tapcorg, (3.34)

with SHRSAMC being a defined value to fine-tune Tsgmpiing @Nd Tapcore beING the internal ADC clock.

The sum of Equations (3.3.3) and (3.3.4) is the total time (Ts) used to acquire the digital sample and
needs to be lower than the sampling period of the PWM signal. Additionally, after a single PWM trigger,
the channel samples occur sequentially, meaning after the digital word of CHO outputs, the ADC core
restarts the process for CH1 until the last one. As a result, for each analog channel sampling (integrate)
the positive half of the stimulation signal, Ts must equal the period of the signal.

It is essential to increase the ADC performance by increasing the internal clock or the sampling
frequency. However, neither can assume a random high value since the frequency is required to be a
multiple of the stimulation frequency. Otherwise, Ts; would not be equal to the stimulation period neither

the sampling trigger would equal the initial point of the input sine waveform.

DMA

The peripheral DMA resides in a simple concept but with a significant role in the microcontroller
operation. After the ADC finishes acquiring the ten channels, the DMA receives a trigger and handles
the transference of the digital words to a dedicated buffer through hardware. It is essential since the
CPU can service peripherals that are not on the DMA bus. This way, the CPU can perform other tasks

without stalling, increasing the effective bandwidth for handling data.

Processing
The processing stage employs an oversampling and averaging method to increase the output
estimate resolution and Signal-to-Noise Ratio (SNR). This concept operates on the principle that

oversampling the input signal increases the resolution. According to the Nyquist frequency

fa=2Xfn (3.3.5)

with f,, equal to the highest frequency of interest (bandwidth), any sampling frequencies (f;) above f,

is considered oversampling. According to [62], the Effective Number of Bits (ENOB) increase follows

fos = 4% X f,, (3.3.6)

where w represents the number of additional bits, f,, is the oversampling frequency, and f; is the
original sampling frequency (f,,). For each additional bit of resolution, the oversampling increases the

sampling frequency factor by four, defined by the Oversampling Ratio (OSR).
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Considering using a f,,, equal to 1 kHz to detect structures as small as 0.26 mm at a recoater speed
of 250 mm/s, the sampling frequency required is 31.25 kHz, the closest suitable for the SDS operation,
allowing to gain two extra bits. The next step indicated in [62] is decimation, accumulating (sum) enough

samples and dividing the total by 2 (two right shifts). The decimation part uses the MAF defined below,
yli] = =Tt xli = j1, (3.3.7)

where x is the input signal, y is the filtered signal, and w is the extra bits gained. The MAF equation
traditionally used the number of samples accumulated in the denominator, but to scale the signal

correctly, it uses the number of additional samples [63]. Figure 3.3.3 illustrates the frequency response.
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Figure 3.3.3: MAF response.

The resulting filter accumulates 16 samples, yielding a cutoff frequency at 866 Hz. Considering the

oversample and average (decimate), the throughput is lowered to 2 kHz, since f; is reduced by OSR.

3.3.4 Data interface
The data interface connects the four high-speed dsPIC microcontrollers to the ESP32-S3 through

SPI. Figure 3 illustrates the design to perform such an operation.
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Figure 3.3.4: SPI bus configuration for ESP32-S3 data interface.

The configuration chosen is standard, commonly known as cascade mode. The communication bus
is shared among all the microcontrollers and has individual Chip Select (CS) for independent access.
An integral aspect of the slave firmware development is the data-ready pin. The full-duplex SPI
transmission uses two DMA channels. However, since the data readout uses another channel, the
operations could not overlap, or one of the operations would be affected. The approach provides a data-
ready signal that triggers at the end of each acquisition, making both processes possible to co-exist.

This signal has 1.5625 kHz frequency to align with the data throughput after decimation. Considering a
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250 mm/s recoater speed and the readout frequency established, the scan resolution would be at
0.16 mm (250 mm/1.5625 kHz ).

However, due to the latency in the ESP32-S3 within the process of attending to the data-ready trigger,
performing the SPI transfer, and asserting the necessary variables, the newer trigger could not be
attended in time. This bottleneck led to performing a conservative access, as illustrated in Figure 3.3.5.

Data Ready
f=6.25 kHz
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Figure 3.3.5: Generic time diagram of ESP32-S3 data transfer.

The data transfer occurs every three cycles of the data-ready signal, meaning the resolution is lower.
Considering the same recoater speed target and the 520.83 Hz readout frequency, the scan resolution

stands at 0.48 mm (250 mm/520.83 Hz), translating to half the spatial resolution.

3.3.5 Wireless interface

The Wireless interface fully uses the ESP32-S3 capabilities to achieve such an anticipated goal.
Firmware development was one of the most challenging parts of the WECAP, but it was simplified using
the Espressif Software Development Kit (SDK). The architecture uses the FreeRTOS operating system
kernel to manage concurrent threads integral to the system's operation.

The initial approach planned to use the Serial Port Profile (SPP) from Classic Bluetooth. This native
profile would have enabled a fast integration with the LabView Software, emulating the device as a serial
cable connection. However, for improved SPI performance, the ESP32-S3 was selected. This
microcontroller offers only BLE capabilities, thus lacking a native option for direct emulation of SPP.

The solution begins by defining the devices’ role to function as a peripheral within the network, utilizing
the Generic Access Profile (GAP) capabilities. Subsequently, the device effectively simulates two
distinct communication channels as serial communication: one for writing data and another for reading.
This emulation is achieved by establishing two crucial characteristics within the Generic Attribute (GATT)
services table, namely the Receiver (RX) and Transmitter (TX). On top of this, the solution incorporates
a third-party Python library on the computer side. This library facilitates selecting specific characteristics
and maps them onto the appropriate COM Port channel.

The second development phase centered on integrating the SPI master, which orchestrates the
transmission of commands received from the host and the collection of scan data. Given BLES' inherent
low data throughput, a micro-SD card serves as a buffer for acquired samples. The host only receives
these samples upon completion of the scan process. A dual-core configuration is employed to mitigate
the significant overhead the BLE stack introduces on the microcontroller. One core is dedicated to

managing the BLE stack, while the other focuses on data management.
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3.4 Software

The WECAP user interface represents a sophisticated computer application developed using the
LabVIEW Software capabilities, as shown in Figure 3.4.1. This new application, developed from scratch,

simplifies the legacy version, providing easy integration with several inspection systems.
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Figure 3.4.1: GUI to control the WECAP and CNC.

The implementation uses a parent probe class with pre-defined empty functions (LabView VIs) such
as initialization, command transmission, data retrieval, and close. When installing a new device, the only
requirement is to develop the drivers or even inherit some functions from other probes for simplification.
Furthermore, some graphical tabs adjust dynamically based on the probe, facilitating the display of
different connection types, configuration parameters, and calibration methods. The users only need to
select the appropriate drivers during the operation.

Regarding the WECAP, starting the scan acquisition requires two steps. The first involves configuring
the phase rotation parameter, while the second is calibration. Calibration requires placing the probe in
the air and over metal to capture data samples, which are then used in the reconstruction process to
compensate for channel mismatches and sensitivity variations.

The application also maintains the Computer Numerical Control (CNC) control capabilities since other
inspection probes rely on it for achieving higher precision scans. This portion of the software has
remained unchanged, except for its update into a class structure and enhancements to improve speed.

It continues to support manual and automatic control of the probes' position.

37



3.5 Probe Demonstrator

The WECAP demonstrator aims to provide users with an effortless and intuitive process of scanning

specimens produced with PBF. Figure 3.5.1 presents the demonstrator built to integrate the WECAP.

Figure 3.5.1: Probe demonstrator (a) and WECAP close-up (b).

This setup features a scan area of 173x40mm, allowing users to manually pass the WECAP over any
object. It includes a non-slip base with a grid to align the objects correctly. It also uses two linear guides
for smooth and vibration-free scans, with springs at the ends to dampen any impacts on the probe.

The device requires configuration and calibration before performing scans. The operation comes
down to pressing the start button in the application, moving the probe, and pressing the button again.
The software automatically zooms in on the specimen, ignoring the empty areas. The equipment also
contains a hall-effect sensor that can detect the start and end of the scan. However, it is currently

deactivated due to the magnets required in the scan area, which may obstruct the scan area.
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4.1 Overview

The StrixVision is a complete ECP array aiming to enter the AM industry to QC PBF process
parameters layer-by-layer. It is an upgraded and more powerful version of WECAP, improving the less
optimal characteristics while enhancing the scan length and the resolution capabilities. Figure 4.1.1 and

Table 4.1.1 present the new block diagram and probe specifications.
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Figure 4.1.1: StrixVision block diagram.

The developed architecture grows on top of the previous version core, with the main difference
residing in scaling up the number of Array Segments from 4 to 24, with several stacked side by side.
The electromagnetic geometry between stimulation and sensing is very similar, with upgrades only on
the PCB design. The AFE, on the other hand, suffered upgrades to solve the previous limitations.

Currently, the device design supports 240 sensing coils, requiring 24 dsPIC microcontrollers for
sampling, leading to a massive data amount with considerably high throughput. To keep up with the
massive processing demand, StrixVision uses an Zyng 7000 System on Chip (SoC) to retrieve the six
Array Segment Cluster data in parallel. The device operates in wireless mode using a 9800 mAh battery

with a data interface through Bluetooth or cable mode with mains power and ethernet output.

Table 4.1.1: StrixVision overall specifications.

Dimensions 250x97 mm
Spatial Resolution (Coils pitch) 1 mm
Scan length 240 mm
Scan resolution (250 mm/s) 0.16 mm
Sampling rate 31.25 kHz
Readout Frequency 1.5625 kHz
Stimulation frequency 1 MHz
Array Segment clock 180 MHz
Interface clock 666 MHz
Supply voltage 10V
Power consumption 12.89 W
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4.2 Hardware

The hardware design of the StrixVision is a refinement of the WECAP design. The insights gained
during the previous development allowed the identification of the critical enhancements required to
achieve a more robust design while keeping the primary goal of a compact device. The chapter shows

the modifications made and introduces the new features incorporated into the new design.

4.2.1 Stimulation

The core component of WECAP, the dedicated SCM, remained unchanged due to its decent
performance in driving independent stimulation coils, particularly with the resonant capacitor, enabling
compatibility with a wide range of coils. Only two factors had the potential to affect its regular operation:
the maximum rated supply voltage and the CMRR of the feedback network.

The main concern revolved around the maximum voltage limit of 5 V. The new stimulation coil
configuration covers a significantly larger scanning area, resulting in a longer coil length and higher
impedance. Sustaining the capacity for driving the coil with a high current to generate a strong primary
magnetic field with such a low voltage could be challenging.

Regarding the CMRR, the goal was to enhance it by replacing the feedback OPAMP with an
instrumentation amplifier for precise current sensing. However, before modifying the working topology,
the performance was evaluated using a sinusoidal signal across a 10 kHz to 1.4 MHz frequency range.
CMRR was assessed by comparing feedback voltage (expected load current) to the 1 Ohm load voltage.
Results indicated minimal CMRR impact on load current, with the deviations at a maximum of 5%.

A newer SCM version with updated components has been developed, operating with a power supply
rated at 12 V, delivering 1.2 A output. This design aims to drive the stimulation coil and generate a
stronger magnetic field. However, due to time constraints, validating its performance was not possible.

Currently, the device uses a coil design with 0.15 mm width in the sensing area. The remaining path
uses two layers with 3 mm to decrease the resistivity, resulting in a resistance of only 5 Q. This allows

driving the coil effortlessly with 700 mA, all without the need for the resonant capacitor.

4.2.2 Probe Readout

The current AFE, like its predecessor, connects the sensing coil to the microcontroller ADC channel

input. This design uses an AC-coupled non-inverter amplifier topology, as illustrated in Figure 4.2.1.
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Figure 4.2.1: Sense coil non-inverter amplifier schematic.
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The topology operation is simple, starting by the coupling capacitor ¢, removing any DC voltage from
the input signal. Subsequently, the resistive voltage divider created by R, and R, defines the voltage
input to one-half of the power supply. The feedback capacitor, C,, prevents DC amplification, buffering

it to the output through the feedback resistor. The feedback network defines the AC gain according to

svce

R
Vo= (5 41) Vsense + 75 (4.2.1)

The gain value employed is around 20, a value very much in line with its predecessor. This choice
was validated as it effectively produces a signal close to the power supply rails while having a powerful
primary magnetic field stimulation. Notably, C; and the parallel combination of R, and R, form an HPF
tunned to 16 Hz, ensuring a flat frequency response around the stimulation frequency.

The rationale behind adopting this new topology arises from the limitations presented earlier. Most
notably, the input impedance is ten times higher, attenuating the loading effect on the source signal to
acceptable levels. Furthermore, the topology separates the feedback network from the input, facilitating
the maintenance of low resistor values for reduced noise. Additionally, this configuration eliminates
phase inversion, simplifying the synchronization process. It is worth noting that the OPAMP is the same,
with only the package being switched to a dual OPAMP option to reduce the overall footprint.

The ideal scenario for this AFE, attending the SDS operation, would be to sample only the positive
part of the sinusoidal signal to produce higher-resolution samples. However, this approach would
increase circuit complexity and, consequently, the overall footprint. An alternative explored involved
removing mid-supply bias from the previous topology, allowing the OPAMP to saturate during the
negative portion of the signal. However, this led to undesirable consequences, including recovery delay

and signal distortion, making it an unacceptable choice.

4.2.3 Auxiliary Hardware
Up to this point, the hardware discussion revolves around the acquisition and stimulation stages, the
core of the sensing interface. Below are the remaining hardware elements responsible for data

processing, external oscillator, and system power management.

Data Processing

The StrixVision aims to reconstruct the PBF specimens in a 3D fashion, using the scans gathered in
each layer of the construction process. The data acquisition relies on the array segment cluster, a design
mostly inherited, with dedicated microcontrollers acquiring data from 240 sensing channels.

The latest addition to the setup is a Zyng-7000 SoC. The importance of this addition lies in its
capability to acquire data from multiple microcontrollers simultaneously through SPI. Specifically, it
enables data acquisition from 24 microcontrollers, with the ability to communicate with six in parallel.
This parallelism accelerates data acquisition and improves the previous scanning resolution while
increasing the coil number from 40 to 240. The SoC incorporates a dual-core ARM Cortex A9 in the
Processing System (PS) and an Artix-7 equivalent in the Programmable Logic (PL). The main features
of XC72020-2CLG400I are summarized in Table 4.2.1.
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Table 4.2.1: XC7Z020-2CLG400I SoC specifications.

Maximum Frequency 766 MHz
On-Chip Memory 256 KB
PS External Memory Support DDR3
Peripherals UART, SPI, GPIO
Peripherals with built-in DMA USB 2.0, Gigabit Ethernet, SD/SDIO
Logic Cells 85 k
Look-Up Tables (LUTSs) 53,200
PL Flip-Flops 106,400
Block Random Access Memory (BRAM) 4.9 Mb
Maximum I/O Pins 200

Designing a PCB to accommodate an SoC was out of the equation since it is a complex development
with several challenges to guarantee an appropriate operation. Instead, the device uses a complete
design board, the Z-turn Board V2. This board was carefully selected to meet StrixVision requirements,
access to numerous I/O pins, onboard memory for data retrieval, and ethernet connectivity.

Ultimately, the collected data is transmitted to a host computer for scan data processing, with two
options available for the two operation modes. The mode depends on the host interface capabilities and
the PBF printer limitations. The Z-turn Board Ethernet port facilitates data transfer when powered by the
mains. However, when operating wirelessly on battery power, the FPGA communicates via UART with

CYBT-343026-01, a versatile module capable of supporting both Classic Bluetooth and BLE.

External Oscillator
The approach of utilizing an external common oscillator across all digital elements remains in this
new version. However, the board now offers the flexibility to either select an 8 MHz or 16 MHz oscillator.

It predominantly aims to improve the SCM signal resolution if necessary.

Power Management

The probes’ power design is crucial to ensure a stable operation, especially given the substantial
hardware expansion compared to its predecessor and the expected consumption of around 2.8 A.

When using a battery or mains power source, the power supply input ranges from 10 V to 15.5 V. To
efficiently power the SoC and the array segment cluster, two dedicated DC-DC regulators step down
the voltage to a stable 5 V level. This conversion minimizes power dissipation and extends battery life.

Each array segment maintains the LDOs’ approach, decreasing the voltage from 5V to 3.3 V. This
design choice allows the attenuation of any noise and ripple the DC-DC might introduce. The SoC board
already comes with dedicated regulators ensuring its operation. The SCM benefits from a dedicated
LDO that steps down from 10 V to 5 V. While this approach may not be highly efficient, it produces a
steady high voltage, allowing the generation of a robust current signal to drive the stimulation coil.

The probes’ final power consumption is around 1.289 A using 10 V (12.89 W) when supplied from

mains or a 9800 mAh battery. This comprehensive power management guarantees reliable operation.
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4.2.4 PCB Design
The StrixVision PCB, designed using Altium Designer 23.6, uses an eight-PCB stackup to guarantee
a small form factor, measuring only 250x97x34 mm. Figure 4.2.2 (a) and (b) exhibit the 3D models from

the front and back perspectives of the device, respectively.
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Figure 4.2.2: StrixVision PCB front view (a) and back view (b).

The hardware separation between the three distinct PCB designs follows the WECAP concept. The
architecture allows the different PCBs to be replaced independently without requiring a complete
redesign. Most important is the ability to switch between different stimulation and sensing
electromagnetic geometries to improve the results depending on the specimens in production.

Concerning the PCBs, the SSProbe integrates the stimulation coil and the sensing coils spaced by
1 mm. The ECP_Childs, referred to as Array Segment Cluster, have all the necessary readout hardware.
Meanwhile, the ECP_Parent is responsible for power management, connecting all the PCBs, and
incorporating the SoC, the SCM, and the future Bluetooth module. The connections are made through

low-profile connectors to reduce the overall height, resulting in a compact design.
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4.3 SoC Integration

The integration of Zyng-7000 into the system results from the demand for parallel processing to
handle the amount of data generated by the array segment cluster, aiming to maintain the predecessor
scanning resolution. The development process for the SoC includes two main components, the
hardware description for the PL using VHDL and the firmware for the PS using C language. Figure 4.3.1

illustrates the general functional blocks of the architecture designed for the StrixVision application.
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Figure 4.3.1: Zyng-7000 SoC architecture block diagram.

The Xilinx native tools, the well-known Vivado 2022.2 and Xilinx Vitis 2022.2, allowed a very efficient
development process. Vivado facilitated the design of Intellectual Property (IP) cores, including modules
from scratch like Synchronism (SYNC) and Eddy Current Probes Interface (ECPI) and configuring pre-
existing IPs such as DMA and the ARM cores. On the other hand, Xilinx Vitis supported the
implementation of the firmware component, which is responsible for managing all the IP cores in use,
the necessary PS peripherals, and the ethernet stack.

The system follows a bare-metal approach using a single core. It comprises four main processes:
power management, digital synchronization, data acquisition and storage, and host interface. The PS
and PL sides are actively responsible for performing these processes, with the PL responsible for the
most demanding tasks. Communication between the PL and PS or between IP cores occurs through
the standard Advanced eXtensible Interface 4 (AMBA AXI4) defined and controlled by Arm. This section

provides detailed explanations of each process implementation.
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4.3.1 Power Management

The power management operations are simple features offering significant advantages. All the
regulators can be enabled or disabled as required. The system starts with all regulators disabled,
activating them only during the scans. This approach extends battery life and prevents unnecessary
energy consumption, especially considering the layer scans occupy a significantly lower percentage of
total production time. As a result, only the SoC is functioning during the idle state.

Additionally, the system follows a safe power-up sequence. Regulators are enabled sequentially to
prevent a significant current peak. The control is obtained through the Extended multiplexed I/O interface

(EMIO), redirected from the PL to the PS, allowing a simple pin state management through firmware.

4.3.2 Digital Synchronization

Digital synchronization is mandatory considering the SDS concept, a feature already embedded in
the WECAP version. Previously, the method relied on a master microcontroller within the array segment.
However, the SoC offers a more accessible and flexible solution. The concept remains the same, it uses
the shared oscillator signal (mclk) to generate a trigger for the DDS and the dsPIC microcontrollers to
guarantee synchronization between the stimulation and the demodulation with a deterministic delay.
Programming the DDS also shifted to the SoC Arm core responsibility.

Most of the operation occurs on the PL side. A simple state machine generates a trigger signal (tsync)
upon a rising edge of the shared clock with a predefined high duration. The PS is responsible for writing
to an internal module register to start the synchronization and then waits for the high-status bit to indicate
the operations' completion. Communication between the PL and PS takes place through the AXIS-Lite

bus, a lightweight version of AXI4 allowing the read and write operations of internal SYNC registers.

4.3.3 Data acquisition and storage

Data acquisition and storage are the core processes in the system and are the primary reasons for
integrating the SoC. ECPI is the IP core designed to acquire the sensing data from all the
microcontrollers. Additionally, it is responsible for handling the transmission of the configuration

commands received from the host. Figure 4.3.2 illustrates the ECPI functional blocks.
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Figure 4.3.2: ECPI architecture block diagram.

47



The PS side configures and controls the IP behavior through the AXI4-Lite slave interface. The AXI4-
Stream interface is a high-performance streaming interface that allows faster transfer of the acquired
data for further storage. However, the primary operations occur under ACQuisition Interface (ACQI), a
wrapper to manage the master SPI cores with two internal state machines, one dedicated to sending
commands and the other for retrieving the sensing data. The ECPI interfaces each array segment with
a dedicated SPI bus with four microcontrollers. In order to better comprehend the operation, the

explanation of the two transmission processes is given in greater detail below.

Send Operation

The microcontrollers in the cluster array segment still run identical firmware to the previous version,
except for the explained synchronization process. Consequently, the data packet structure remains
unchanged, having fields for the function and value to receive.

The transmission initiates with the PS writing the registers cmd_function and cmd_value with the
configuration data received from the host. Subsequently, the operation starts by setting the cmd_send
bit, initiating the core internal process, a dedicated state machine in ACQI. This state machine manages
the six master SPI cores, providing the correct sequencing of data, byte by byte, forming the data packet.
This sequence repeats four times to address all the microcontrollers, six simultaneously. The operation
ends after these sequences, resulting in the assertion of the cmd_done status bit. It ensures the delivery

of the commands to all the microcontrollers, allowing the PS to resume operations.

Receive Data
In the receiving operation, the ECPI performs a demanding and complex task responsible for
acquiring 480 bytes of data from the microcontrollers within the array segment cluster. The acquisition
process state machine in ACQI starts or ends with the acq_en bit definition in the control register.
Upon initiation, data transfer begins in synchronization with a data-ready signal provided by one of
the microcontrollers. This approach, similar to the one used in WECAP and represented in Figure 4.3.3,

ensures that the normal sampling process of the array segments microcontrollers is not disturbed.

Data Ready
f=6.25 kHz

Enable I IR
f=781.25 Hz : i : ! : : i
uC Access uCO | uC1 | uC2 | uCs XX uCO | uC1 | uC2 | uCs

Figure 4.3.3: Generic time diagram example of ACQI data transfer.

In the diagram above, each data-ready rising edge triggers parallel data transfer from six
microcontrollers, one of each array segment. This transfer occurs at a frequency of 781.85 Hz, changing

according to the value set in the dready_div register following Equation (4.3.1).
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As a result, the maximum enable-signal frequency achievable is 1.5625 kHz solving the WECAP
latency issue. This frequency aligns with the 0.16 mm resolution goal for commercial PBF machines
operating at 250 mm/s speed. The dready_div provides flexibility for slower setups, e.g., the CNC test
assembly with a 160 mm/min speed requires setting the value to 371 to maintain the desired resolution.
Itis important to emphasize that the sampling frequency within the array segment cluster is much higher,
operating at 31.125 kHz.

During the 120-byte transfer cycle, from six microcontrollers, the acquired data remains stored in a
local array. After receiving all 480 bytes, the data is transferred to a local dual port, BRAM. This action
triggers an interrupt from the IP core to the PS through the irq port, resulting in the PS initiating a DMA
transfer. The AXI4-Stream Master design handles the BRAM addressing, enabling the data to shift
through a dedicated bus in 64-bit packets. The data follows the path illustrated in Figure 4.3.2 until it

reaches the external DDR3 memory. This process repeats as long as the acq_en bit is high.

4.3.4 Host Interface

The host interface represents the communication between an external computer running the LabView
application and the StrixVision. Depending on the operation mode, this interface can use Bluetooth or
ethernet. In compliance with the development roadmap, the device only supports the ethernet interface.

Concerning the ethernet development, the PL component is relatively straightforward, only requiring
the peripheral configuration. The true challenge lies in the PS, the firmware development. Initially, the
approach started with Petalinux [64], an embedded Linux development toolkit to enable ethernet
functionality. However, it was unsuitable due to its significant overhead on the SoC resources.

Instead, the implementation relies on the most efficient approach, a bare-metal method using the
Lightweight IP (LwIP), an open-source TCP/IP stack designed for embedded systems. It is suitable since
it uses minimal resources while providing low latency and high throughput. The system behaves as a
TCP server using a static IP address in the current configuration. In this design, the system waits for
incoming TCP connections from the host to react accordingly.

In the typical operation sequence, the device enters an idle state on the power-up, waiting to establish
a connection with the client (host computer) via the Ethernet cable. Afterward, the host system can open
a TCP connection, allowing data exchange. The communication follows the data packet format used
until now. This method allows the use of a similar interface process to the predecessor, which means

handling the commands and the transference of the layers scan data follows the same concept.
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4.4 Software

The application responsible for controlling and acquiring layer-wise scanning data remains consistent
with the LabView for the WECAP version. Figure 4.4.1 shows the GUI interfacing with the StrixVision.
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Figure 4.4.1: GUI to control the StrixVision and CNC.

Config File| Ci\..._0\config_strixvision_v1_0.tct

Software development for StrixVision was minimal and straightforward. The existing software skeleton
provides everything, requiring only the development of drivers for the new communication layer,
resulting in a fast implementation. One noticeable change above is the Devices dynamic tab, which now
displays the fields related to the ethernet connection instead of the previous COM ports.

The operation procedure, starting from the initial configuration and calibration measurements to
initiating scan acquisitions, remains unchanged since using the same software structure. The main
difference lies only in the backend in the data packets received from StrixVision, which now contain 512
bytes, with 480 valuable data from all the 240 channels within the device.

Currently, the StrixVision operates mounted on a CNC table with a single moving axis, the y-axis. The
movement is continuous, achieving a 160 mm/min speed, resulting in a y resolution, as mentioned
earlier, of 0.16 mm. The x-axis no longer incorporates a stepper to move to replicate the PBF operation

conditions, resulting in a resolution of 1 mm determined by the sensing coils' pitch.
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5. Results
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5.1 Electromagnetic Geometry Simulations

The present section provides the stimulation and sensing electromagnetic geometries studies during
the development of this project. It begins by providing the design choices and explanations behind the
WECAP operation. The subsequent part discusses the StrixVision, focusing on an enhanced design to

overcome limitations identified in the previous iteration.

5.1.1 WECAP

The WECAP development started by defining the stimulation and sensing topology. The prototype
uses the reflection topology, where a single coil creates a uniform magnetic field, and sense coils monitor
the EC. As stated in the background, the approach appears from the freedom to optimize the sensing
and stimulation coils individually. Figure 5.1.1 illustrates the two designs developed.

The designs only differ in the number of turns of the stimulation coil. In principle, the design with more
turns is better because the current flowing in each turn, with the same direction, adds up to a stronger
magnetic field. The strengthened magnetic field induces larger eddy currents in the specimen, improving
sensitivity. On the other hand, a higher number of turns also increases the coils' impedance, making it

more challenging to drive. The other design appears in case the coil driver capabilities are insufficient.
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Figure 5.1.1: Stimulation and Sensing design; (a) 1 turn, (b) 3 turns.

ANSYS Maxwell software was used to validate the magnetic field distribution within the two designs.
Itis a highly used and sophisticated Finite Element Analysis (FEA) simulation tool that facilitates defining
the geometrical parameters, the material properties, and excitation conditions. The simulation verifies
the magnetic field distribution and intensity levels in stainless steel with a sinusoidal 1 A stimulation at

1 MHz frequency, illustrated in Figure 5.1.2 (a) and Figure 5.1.2 (b).

(@
Figure 5.1.2: Material magnetic field distribution; 1 turn design (a), 3 turns design (b).

The previous images confirm a magnetic field concentration beneath the stimulation coil traces,
displaying similar distributions. As anticipated, the three-turn coil configuration yields a significantly
higher intensity magnetic field at the metal surface due to the tripled current passing closely over the
material. WECAP adopts this configuration to enhance sensitivity but with the potential risk of a higher

baseline signal. This strategic choice balances sensitivity and baseline considerations.
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5.1.2 StrixVision

Before starting StrixVision development, the primary focus was refining the stimulation and sensing
electromagnetic geometry design. The objective was to enhance the system sensitivity and spatial
resolution. It is vital to recognize that spatial resolution is not solely dependent on the number of sensor
elements in use; the stimulation and proximity to the material are equally critical, as elucidated in the
upcoming explanations addressing two specific limitations contributing to the systems' performance.

The first challenge appears as a consequence of simplifying the AFE, resulting in a low dynamic range
due to the absence of a reference coil to eliminate the baseline originated from the stimulation primary
field. Consequently, this limits the maximum sensitivity achievable by the device. The studied solution
involved placing the sensing coils parallel to the specimen under analysis. The stimulation coil would
have several turns over the material, with current flowing in the same direction, canceling the primary
magnetic field when placed in the air, replicating the reference coil concept. However, maintaining an
effective intersection between the sensing coil winds and the secondary magnetic field (high flux linkage)
required multilayer coils. The challenge appeared due to the market availability having only low
inductance coils (2.7 pH), which is not a practical approach because of the low sensitivity.

The second limitation was detected when scanning PBF specimens using the WECAP version. While
the results were decent in dense metal parts made with several negative structures (e.g., holes, voids),
the device exhibited a significantly lower performance when detecting small metallic structures (e.g.,
lattices). Therefore, StrixVision presents a new design to enhance the results in such specimens,

illustrated in Figure 5.1.3.

SmCHD ED (ED (ID (ID (D (ED a4
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Figure 5.1.3: Enhanced Stimulation and Sensing design.

The low-quality results from the one-turn configuration coil result from its inability to induce enough
eddy current loops in small metallic structures. Negative structure detection is a different scenario
because the eddy current loops have a wide metallic area to close, generating a strong secondary
magnetic field. The proposed solution uses the new stimulation coil design in Figure 5.1.3, with the coill
path passing under the sensing coils and the current flowing in opposite directions. This design aims to
increase the number of eddy current loops closing in the small metallic structures.

The design validation was carried out with ANSYS Maxwell simulations, considering a stainless-steel
plate with an electrical conductivity of 1.1 MS/m. The stimulation uses a 1 A current flow at 1 MHz

frequency. The first simulation, in Figure 5.1.4, analyzes the magnetic field distribution.
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Figure 5.1.4: Material magnetic field distribution for the enhanced design.

The anticipated behavior is visible in the image above, with small localized magnetic fields under each
sensing coil. The dedicated magnetic fields have equal magnitudes and opposite directions, creating
null areas. The expectation is that the localized magnetic fields will help improve the spatial resolution
by increasing the concentration of eddy currents in the small metallic structures.

The final simulations to validate the new design concept involves scanning two metal specimens,
replicating both cases the WECAP was subjected to, a specimen with negative structure and a small
positive structure, illustrated in Figure 5.1.5 (a) and (b) respectively. The structure in the specimens is a
2.5 mm diameter circle with 0.5 mm height.

Figure 5.1.5: Simulation model using a negative structure (a) and positive structure (b)

The models’ metal parts are still considered stainless steel plates and use the same stimulation
characteristics. The following results, in Figure 5.1.6 and Figure 5.1.7, present the scan along the y-axis
of the magnetics’ field imaginary component at the height of the coils Im{B,}, for the positive and
negative structures respectively. The images (a) and (c) use 0.01 mm x-axis resolution, the raw result
from simulation with high-resolution. In order to emulate the sensing coil array view, the images (b) and

(c) reflect a down-scaled image in the x-axis to a 1 mm pitch.
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Figure 5.1.6: Positive structure magnetic field scan using (a) one-turn coil high-resolution,

(b) one-turn low-resolution, (c) enhanced coil high-resolution, and (d) enhanced coil low-resolution.

The results are evident: the magnetic field distribution is higher over the specimen with the one-turn
configuration coil, resembling a dipole distribution. In contrast, the enhanced coil provides a much more
confined dispersion around the circle contour, indicating a higher resolution over the specimen.
However, the sensing coils measure a field with intensity 2.5 times lower, resulting in a lower sensitivity,

an effect of having a shorter coil length over the metallic structure.
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Figure 5.1.7: Negative structure magnetic field scan using (a) one-turn coil high-resolution,

(b) one-turn low-resolution, (c) enhanced coil high-resolution, and (d) enhanced coil low-resolution.

Concerning the negative structure scan, it remains detectable with the enhanced design, but the
resolution improvements are barely noticeable. An interesting observation, yet to be experimentally
confirmed, is the invisibility of the null magnetic field in the sensing coils 2D reconstruction above. It
happens because the design places the sensing coils in the middle of the localized fields. This
phenomenon is also evident in the positive structure.

In summary, the new geometry design improves the results for small metallic structures. However, it
is necessary to consider the tradeoff between sensitivity and resolution, especially for the negative
structures. The experimental evaluation is going to dictate the optimal choice for the equipment.
However, the enhanced design, although promising, remains untested due to the complex design,
making it highly resistive, with an overall value of 68 Q. The StrixVision still uses the standard one-wire

configuration, but in the future, with the newer SCM operating, it will be tested to validate the concept.
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5.2 Measurement Setup

Access to a real PBF machine is challenging, particularly in Portugal, where only a handful of
companies might have. Negotiating an agreement to assemble the StrixVision on such expensive
equipment is complex. Instead, the measurement setup, illustrated in Figure 5.2.1, emulates the L-PBF
setup. The StrixVision mounts on a CNC (1) using a custom PVC fixture (2). The specimens (3) are
placed on a wood base, enabling scan speeds up to 160 mm/min. The laptop (4), running the developed

LabView application (5), handles the control, data acquisition, and the 2D image reconstruction.

Figure 5.2.1: StrixVision measurement setup.

In this chapter, several results are presented and discussed using the measurement setup above.
The discussion initiates with the evaluation of the equipment through generic PCB scans, followed by a
detailed analysis of scans conducted on LB-PBF-produced specimens. Notice that WECAP results are

not analyzed since the overall device design is identical, producing similar results.
5.3 Preliminary

After testing the equipment, the first step is to perform scans over 100x100 mm sample PCBs with
distinct patterns. It is essential to assess what requires fine-tuning, such as stimulation current amplitude
and MAF number of samples, and to verify the actual imaging reconstruction outcome. The PCBs' dark
regions correspond to the Flame Retardant 4 (FR4) material and brighter areas to 0.35 ymm copper.

The first scan is a simple circle pattern with an outer diameter of 25 mm and an inner of 15 mm (5 mm

thickness), illustrated in Figure 5.3.1 (a) with the amplitude imaging results in Figure 5.3.1 (a) and (b).

Ydistance mm)
Amplitude [V]

PT1 50%

0 5 10 15 20 25 30 0 5 10 15 20 25 30
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(a) (b) (c)

Figure 5.3.1: Circle pattern (a), imaging result without compensation (b), and final imaging (c).

57



The imaging result in Figure 5.3.1 (b) presents a significant mismatch among all the channels. The
most evident reason is the channels' AFE differences, especially having 1% tolerance components
defining the gain and the bias point, which could explain part of the problem. Second, the amplifier output
impedance mismatches and the ADC sample and hold capacitor dispersion also contribute. However,
the source is mainly from the coils' lift-off and orientation, which even with automated assembly is
inevitable. Fortunately, there is a solution, and it is possible to improve the raw image and obtain the
result in Figure 5.3.1 (c). The method to enhance the data consists of performing a simple data

processing under LabView before showing the final reconstruction, following

result = —scan”Cair (5.3.1)

Cmetal~Cair

where raw.,, is the scan measurement matrix, c,;,., and c,..q are calibration measures obtained
before initializing the scan with the probe placed on the air and over the metal, respectively. The
Equation aims to compensate the raws.,, measurements for sensitivity and offset mismatches. In the
numerator, subtracting c,;, from the raw.,, allows removing the effects of lift-off. The division by
Cmetal — Cqir NOrmMalizes the data, ensuring the numerator falls into the expected range between metal
and air, improving the sensitivity and the offset mismatches among all the channels.

Scanning with the StrixVision, covering a 240 mm length array, allowed the same scan pass to include
two additional patterns. The first pattern is a 25x25 mm squared frame with a 5 mm width in Figure 5.3.2

(a), while the second concerns a QR code pattern with a more complex design in Figure 5.3.2 (c).
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Figure 5.3.2: Frame pattern (a), frame imaging (b), QR code pattern (c), QR code imaging (d).
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Considering the scan travel direction, the squared frame result in Figure 5.3.2 (b) shows an early
increase of the magnetic field in the transitions from FR4 to copper. These regions are marked in red in
the auxiliary voltage graph transient at the 15 mm x-axis position. The phenomenon is a legacy issue
resulting from the physical offset between the stimulation coil and the sensing line. Although StrixVision
reduced the offset, the effect persists. This effect arises because, during the transitions, the stimulation
coil moves in front of the sensing line. Consequently, the sensing line starts picking up a stronger
magnetic field sooner as the stimulation approaches the copper first.

In Figure 5.3.2 (c), the reconstruction of the QR code demonstrates that even when scanning complex
metallic designs, the pattern remains recognizable but contains the offset issue more often. There are
two possible solutions to overcome the issue. The first is software compensation to counteract the early
increases. The second approach consists of scanning each layer twice but requires probe rotation. The
problem would manifest symmetrically, allowing the two images to overlap, potentially improving the
overall result. However, some LB-PBF recoaters only pass over the specimen once to distribute the
metal powder. An alternative could involve aligning the stimulation coil with the sensing coils, besides

being discarded in 5.1.1, it might be worth exploring in future tests to address the problem effectively.
5.4 LB-PBF Specimens Imaging

The final validation test for StrixVisions’ capabilities consists of one-layer imaging on two-dimensional
scans over LB-PBF-produced parts. These samples, manufactured using SS316 powder in a RenAM
500S Flex LB-PBF machine present in Instituto de Soldadura e Qualidade (ISQ), were designed to
emulate two variants of what an additive-manufactured part can be. Part one, illustrated in Figure 5.4.1,
is a high-density metal with negative structures, while part 2, in opposition, features positive metal

structures depicted in Figure 5.4.1 (b).

@) (b)
Figure 5.4.1: Top view of the LB-PBF produced part 1 (a) and part 2 (b).

59



The specimens are designed with a frustum cone placed at different heights to create negative and
positive structures. This design enables the evaluation of the probe with different superficial sizes and
depths. The scanning area in the right image is an inversion of the negative part.

The probe setup includes a total lift-off of around 0.4 mm, with 0.3 mm attributed to the circular parts
frame and 0.1 mm to prevent the probe from scratching the metal. In a real scenario, it would be reduced
to 0.1 mm, providing higher sensitivity, but the probe still features a raw voltage variation between air
and metal around 104 mV. As stated in 4.2.1, the stimulation coil driving current is 700 mA peak to peak.

The combined length of both parts side-by-side is 206 mm, requiring a single pass to obtain both results.
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Figure 5.4.2: Amplitude imaging result on a two-dimensional scan over the LB-PBF part 1.

The imaging results for part one, in Figure 5.4.2, accurately reconstruct the metal part, capturing
variations in the superficial size corresponding to the structures. Additionally, it is possible to verify an
apparent decrease in amplitude with the increase of the y-axis, which relates to the decrease in depth
of the structures. Despite the channels mismatch over the metal, the variation in value is low compared
to the structures’ detection. Due to the decent SNR, the mismatch is neglectable in the reconstruction.
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Figure 5.4.3: Amplitude imaging result on a two-dimensional scan over the LB-PBF part 2.

The imaging result for metal part two, in Figure 5.4.3 is decent, showing higher intensity in the
superficial metal and a fadeout effect representing the depth of the structures. However, there is a
decrease in sensitivity over the metal structures compared to the previous negative structures. It

confirms the statements in 5.1.2 about the lack of spatial resolution over the specimens.
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The results above do not include the powder due to the post-cleaning process. However, the electrical
conductivity of the powder is significantly lower than the consolidated material, not affecting the results
[61]. In summary, the results align with the expectations for the StrixVision design. Retrieving data from
the 240 channels in parallel with a 0.16 mm resolution along the y-axis is possible. However, the x-axis

resolution must improve to characterize the smaller structures, either negative or positive.
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6. Conclusions
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This work presents the development process of a new ECP array to scan PBF-produced parts
layer-by-layer. Achieving the objectives demanded a deep dive into several domains, the
electromagnetism fundamentals, and the architecture and design of a mixed signals embedded system.

WECAP is a development platform for studying, modeling, and validating the new concept, aiming for
a high-frequency readout probe with enhanced spatial resolution. This new probe presents an optimized
approach for acquiring material integrity data. Starting with the AFE, with remarkably low complexity
compared to the traditional methods, leads to a small form factor and improves the spatial resolution.
Additionally, it attenuates channel mismatch and minimizes temperature dependencies. Second, the
SCM provides a method to drive coils with a current achieving 700 mA peak-to-peak effectively and
generate a strong magnetic field. Lastly, the high-speed digital core, together with all the optimizations,
provides 0.48 mm scan resolution without slowing down the PBF recoater.

The WECAP development led to the creation of a versatile wireless demo kit that is battery-powered
and makes scanning PBF parts effortless. Besides operating as a demonstrator, the system holds great
potential to integrate an AM machine to prove the concept. Efforts are underway to validate the layer-
wise imaging capabilities in the RenAM 500S Flex LB-PBF machine of 1SQ. The plans are to monitor
an entire specimen production, marking a significant step towards the industry.

The final iteration, the StrixVision, was developed to fulfill the scalability objective, extending the scan
length from 40 mm to an impressive 240 mm. The implementation aligns multiple enhanced WECAP
designs and incorporates a powerful SoC to retrieve and transmit all scanning data to a host system.
The SoC integration brings flexibility to the probe, leaving the addition of features open. The system
exhibited an outstanding performance that was aligned with the objectives, decreasing the scan
resolution to 0.16 mm, with the only drawback being the lack of time preventing further development.

The current design successfully demonstrated the probes' imaging capabilities and ability to
reconstruct the PBF specimens. However, it also exhibited a lack of resolution along the sensing line
axis, a limitation resulting from the stimulation and sensing electromagnetic geometry. The inferior
performance was clear from the beginning. It is important to remember that the simulations using an
enhanced stimulation coil present encouraging results to overcome the spatial resolution limitations.
However, the focus on improving the physical spatial resolution down to 1 mm and accommodating a
significant number of channels to cover the PBF powder bed was achieved.

This thesis ends up providing a complete ECP array device. Nonetheless, there is work remaining to
fulfill the industry requirements. Below is listed the future work recognized as crucial:

e Continue the StrixVision missing features development: the wireless functionality and the
position sensor (e.g., optical) to obtain the produced layers' start and finish positions.

e Validate the probes' layer-wise imaging performance in a real PBF machine.

e Improve the sensing and stimulation electromagnetic geometry. Improving the stimulation
spatial resolution, attenuating the primary magnetic field baseline, and eliminating the offset
problem are vital for enhancing the imaging results.

e Study the possibility of using lower-size package coils or replacing the sensing sensors with MR

to decrease the spatial resolution to better characterize the small structures on the specimens.
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