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ARTICLE INFO ABSTRACT

In this paper, the authors explore the use of impedance-based monitoring techniques for in-situ detection of
additive manufacturing build defects. By physically coupling a piezoceramic (PZT) sensor to the part being
fabricated, the measured electrical impedance of the PZT can be directly linked to the mechanical impedance of
the part. It is hypothesized that one can detect build defects in geometry or material properties in-situ by
comparing the signatures collected during printing of parts with that of a defect-free control sample. In this
paper, the authors explore the layer-to-layer sensitivity for both PZT sensors embedded into printed parts and for
a fixture-based PZT sensor. For this work, this concept is evaluated in context of material jetting. A set of control
samples is created and used to establish a baseline signature. (e.g., internal voids) are fabricated and their layer-
to-layer signatures are compared to a control sample. Using this technique, the authors demonstrate an ability to
track print progress and detect defects as they occur. For embedded sensors the defects were detectable at 2.28%
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of the part volume (95.6 mm®) and by fixture-based sensors when it affected 1.38% of the part volume.

1. Introduction

The maturation and growing adoption of additive manufacturing
(AM) as a means for making end-use products has led to an increased
need for part traceability and process monitoring [1]. Unlike prototypes
or fixtures, end-use products must often meet rigorous performance
standards and be certified before they can be put into use. In particular,
the aerospace industry has begun to implement AM technologies for
fabricating high value, low volume parts. Some examples of AM parts
being produced and tested include direct printed metals (e.g., Rolls
Royce Trent-XWB bearing [2]) and polymers (e.g., FAA-approved
ULTEM 9085 aircraft air duct created by Stratasys and Orbis [3]). While
traditional quality control focuses on post-process inspection of parts, in
situ monitoring is desirable in AM for two reasons: to detect defects
before they become internal to the part, and to save cost by detecting
defects before the entire build has been completed.

1.1. In situ monitoring of AM

As AM has become more mature, there has been an increasing
amount of research into in situ monitoring techniques for all AM pro-
cesses. In particular, there has been a strong focus on the performance
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of metal AM processes such as powder bed fusion (PBF) and directed
energy deposition (DED). In situ monitoring approaches fall into three
categories: surface (monitoring the top layer), volumetric (monitoring
through some depth into a part), and indirect (monitoring the machine
performance instead of the part). In the first case, the primary focus is
with monitoring the formation of a layer either through optical tech-
nology or by monitoring the thermal characteristics (e.g. meltpool
temperature or extrudate temperature). These monitoring techniques
are able to identify defects that occur on the surface of the part, such as
geometry changes or small voids, but they lack the ability to directly
measure the material properties of the part [4]. Volumetric approaches
such as acoustic emission testing, ultrasonic testing, impedance-based
testing, eddy current testing, or x-ray computed tomography (CT) can
detect internal defects below the surface of a part and may be able to
detect changes in the material properties of a part. Indirect monitoring
may be able to predict that a part will contain a defect, but it is unable
to directly detect defects in the part.

One of the most popular approaches for in-situ monitoring in AM
systems is surface monitoring using image based sensors. For powder
bed fusion (PBF) and directed energy deposition (DED). A variety of
research approaches have been presented [5-7] including optical (using
high-speed cameras) [8-11], monitoring of the laser [12], and infrared
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[13]. Some optical methods focus on monitoring the entire layer while
other in-situ systems focus on monitoring the melt pool or melt plume
instream of the entire build area since this allows for increased re-
solution [14]. Another method is through the use of an illumination
laser in combination with a high-speed camera [15]. Similar ap-
proaches have been used for fused filament fabrication, with optical
monitoring [16] and laser scanning [17]. For stereolithography, inter-
ference monitoring has been used to detect curing and monitor geo-
metry [18].

The body of research for material jetting is significantly smaller than
that for metal or extrusion based systems. For polymer systems, the use
of IR LEDs and detectors to monitor spatial location of droplets has been
demonstrated [19]. For liquid metal jetting, a CCD camera and strobing
LED have been used to monitor droplet shape for quality assurance
purposes [20]. In both cases, these approaches are limited to mon-
itoring single or small numbers of nozzles and are currently not suited
for the large jetting arrays used in many commercial systems. These
systems also do not monitor the material properties of the process.
While optical techniques limit inspection to the surface geometry of the
part at each layer, when used in-situ, surface techniques are able to
monitor cross-sections of the part throughout the print. In this way, in-
situ surface techniques are able to approximate volumetric inspection of
the part. The limitation of this approach is that surface inspection is
unable to capture any changes that occur below the layer being mon-
itored. Surface monitoring cannot directly detect thermal or other ef-
fects that propagate down through many layers.

With machine behavior, the focus is on detecting when the machine
is operating outside of normal parameters. In traditional manufacturing
processes, like CNC milling, the material properties are fixed and only
the geometry and surface finish need to be monitored. In AM both the
material properties and the geometry can by affected by the process
parameters and toolpath used to fabricate the geometry can affect the
internal material properties of the part. Monitoring process parameters
can detect potential build failures, but does nothing to directly monitor
the material properties of the part [21].

Other approaches exist to monitor the thermal characteristics of the
system using thermocouples and pyrometers [7,22,23]. Ultrasonic
[24-26] and laser ultrasonic [4] testing has also been investigated as a
means for detecting surface defects and they have some capability to
detect volumetric properties such as thickness and internal defects.
Acoustic emission (AE) testing is another vibration-based approach that
detects energy released from irreversible changes that occur on a micro
scale in a part when it is loaded (e.g. crack growth) [27,28]. Thermo-
graphy can detect internal defects close to the surface by monitoring the
heating and cooling of an object, as defects cause irregularities com-
pared to the bulk material properties [27]. More exotic methods of in-
situ inspection have also been considered, such as neutron diffraction
and X-ray backscattering [29]. These methods can detect defects vo-
lumetrically, but require expensive radiation sources. Some work out-
side of direct-metal AM has been conducted using a variety of sensors
and integrating their results together. This work has demonstrated the
use of data fusion techniques to leverage signals from thermocouples,
accelerometers, an IR temperature sensor, and a borescope to monitor
and detect build defects in an material extrusion process [30,31].

An ideal monitoring technique for AM would be able to monitor
material properties and geometry layer-by-layer. This technique could
be used to qualify parts and would be inexpensive and non-invasive.
While current monitoring techniques are able to achieve some of these
qualities, they are limited in others (e.g. optical layer-by-layer imaging
cannot interrogate material properties throughout the part, x-ray CT
scanning can volumetrically image a part, but is expensive [32]).

1.2. Impedance-based monitoring

Based on the previous work that has been done on in-situ mon-
itoring, the authors believe that there is still a need for additional in-
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situ monitoring techniques that are able to directly interrogate both the
material properties and the geometry of the entire part as it is being
fabricated. One technique that has been used successfully in structural
health monitoring (SHM) applications is impedance-based monitoring.
This technique utilizes piezoelectric materials, specifically lead zirco-
nate titanate (PZT) wafers, as collocated sensors and actuators to si-
multaneously excite the structure and measure its response [33,34].The
fundamental basis for impedance based SHM is that the presence of
damage will alter the mass, stiffness, or dampening characteristics of
the structure, which in turn reflects on its measured dynamic response.
Impedance based SHM has been shown to be a promising, non-in-
trusive, cost-effective, and sensitive solution for real-time damage as-
sessment [35].

Ultrasonic testing and acoustic emission testing share some simila-
rities with impedance based monitoring (e.g. all are vibration-based
approaches) however, there are several important differences. Acoustic
emission occurs when a material undergoes irreversible changes in its
internal structure during mechanical loading. This limits detection to
dynamic defects (i.e. a defect can only be detected once and if missed,
higher loading is need). While AE can detect very small cracks (25 um)
it requires a reference signature and is best suited for continuous
testing. Ultrasonic testing is able to detect internal defects by propa-
gating waves through a part and monitoring their reflections. This al-
lows for accurate localization of defects within a part; however it also
means that the waves need a clear path to be able to travel along. In a
complex part like a lattice structure, waves may be unable to reach a
location hidden from “line-of-sight” and therefore any defects in that
location will be undetectable [36]. Impedance based monitoring is
steady state instead of dynamic and monitors the impedance response
of the entire part at a given frequency [37,38]. This allows it to re-
peatedly identify the same defect (unlike AE) and to detect defects that
are hidden from “line-of-sight” since they affect the overall response of
the part.

In an AM context, each part design has a distinct mass, stiffness, and
dampening response that can be detected through impedance-based
monitoring. The introduction of a defect into a part will cause a cor-
responding change in the response. By physically attaching a PZT
sensor to a part, it is possible to couple the mechanical response of the
system to the electrical response of the sensor. In a manufacturing
context, this means that a simple electrical signal can be used to eval-
uate the mechanical properties of a part without the need for destruc-
tive testing. The authors’ previous work has established that piezo-
ceramic sensors can be used as a post process NDE tool to detect defects
in fully fabricated AM parts [39]. An initial series of defect free control
parts, are fabricated and measured using this technique to establish a
baseline response signature. These control parts can be validated as
needed with methods such as CT scanning and destructive testing. Once
a baseline signature has been established, the signature of each sub-
sequent part is compared to the baseline to determine if a defect has
occurred. In post process inspection, this technique detected defects as
small as 8 mm? in polymer AM parts fabricated by material jetting and
material extrusion [39].

The overall goal of this paper is to assess the feasibility of using
electromechanical impedance measurements for in-situ non-destructive
evaluation of AM parts. For in-situ impedance -based monitoring a si-
milar approach is proposed. After mounting, sensors monitor several
control parts at select layers during fabrication. These control parts are
validated and a baseline signature is generated for each layer. As new
parts are fabricated their signatures are compared to the baseline sig-
nature at each monitored layer. If the variation in the part signature
exceeds the established variation threshold it indicates the presence of a
build defect.

There are three primary goals for this research. The first goal is to
assess the feasibility of using impedance-based monitoring in-situ. The
second is to compare approaches for mounting the sensors in-situ,
specifically by comparing embedded sensors to fixture based sensors.
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Fig. 1. A) Example of embedded sensor method B) Example of fixture based sensor method.

The third is to determine the size of the defects that are detectable when
using impedance based measuring in-situ on plastic AM parts, specifi-
cally VeroWhite parts made using material jetting.

2. Experimental methods
2.1. Method overview

The first goal of this study is to evaluate the suitability of using
impedance-based monitoring in-situ on an AM system. To investigate
this, the authors’ designed (i) a test part that a sensor could be em-
bedded into during fabrication, and (ii) a fixture with a mounted sensor
on which parts could be fabricated. After embedding the sensor, mul-
tiple measurements are taken to ensure that a consistent baseline can be
obtained.

The second goal is to compare two methods of in-situ monitoring,
embedded sensors and fixture-based sensors. In the first case, the sensor
is embedded in a small cavity in the part during fabrication (Fig. 1 A).
This method permanently attaches the sensor to the part and requires a
separate sensor for each test part. In the second case, a sensor is
mounted to a fixture and the parts are directly fabricated on the fixture
(Fig. 1B). After fabrication, the part is removed and the fixture is re-
used. In this way a single sensor (or set of sensors) can be used to
measure a large number of parts. To compare these two methods, two
identical sets of parts are fabricated: one using the embedded technique
and the other using the fixture technique and the sensitivity of both
methods are compared.

The final goal is to determine the resolution of defects that in-situ
sensing can detect. To accomplish this, a defect with an increasing size
is fabricated. During fabrication, measurements are taken at set inter-
vals and compared to the baseline signature. When the deviation from
the baseline becomes significant, the layer number is noted and used to
calculate the size of the defect based on the model. Since the defect is
increasing in size, the first layer that the defect is detected on indicates
the size of the smallest detectable defect.

2.2. Material jetting process

Material Jetting (MJ) is an AM process that uses an array of nozzles

17mm

to selectively deposit material (usually a resin) that is cured by a broad
area energy source (e.g. a UV lamp). These systems can offer high re-
solution (droplet and layer sizes < 100 microns) and are used for fab-
ricating dental and medical models [40]. Material jetting systems also
have the ability to fabricate models using multiple materials, which
allows for performance testing of composite (hard/soft) designs
[41,42]. In the context of this study, material jetting was chosen due to
accessibility of the system for embedding sensors and for the ability to
selectively change the material/stiffness of a part while maintaining the
overall geometry and mass. While material jetting was selected, the
monitoring process as used should also be applicable to extrusion sys-
tems, and potentially stereolithography systems.

2.3. Materials

All parts were printed using a Stratasys Connex 350 with a resolu-
tion of 300 x 600 DPI in the x-y plane with 0.03 mm layers [43]. The
material used was VeroWhite [44] (a hard acrylate based photo-
polymer), and SUP705 support material with a matte finish. VeroWhite
was chosen because it is a standard material used for fabricating parts
on this system. While the specific results, such as sensitivity, cannot be
directly transferred to other materials (e.g. stiffer materials may be
more sensitive, softer materials may be less), the general approach and
methods should be applicable to different types of materials as de-
monstrated in the authors’ previous work [39]. The piezoelectric ma-
terial was 0.1905 mm thick lead zirconate titanate (PZT) wafers [45]
cut into 20 mm x 8 mm pieces. Cyanoacrylate was used to bond the
sensors to the part and the fixture. Copper tape with a conductive ad-
hesive and flux core solder were used to attach electrodes to the PZTs.
The fixture consisted of 1/8” acrylic sheet and 1/16” stainless steel cut
into a 2” x 3” section and mounted on top of a 3D printed stand.

2.4. Test specimen design

For the embedded sensing, two test parts were designed, (i) a con-
trol (Fig. 2A, “A”) and (ii) a triangular prism cavity (Fig. 2B, “B”). The
triangular cavity feature was chosen so that the defect would start small
and grow increasingly larger with each layer. The defect simulates the
effect of a void being placed in the model file. Both parts also contained

Fig. 2. Test parts A) Control sample “A”, B) Triangular prism
cavity “B” (lines indicate defect dimensions).

9.5mm
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a small cavity at the base for embedding the PZT sensor/actuator. The
piezos are embedded after 2.5 mm (layer# 83) of the parts have been
printed. The defects begin after 4.5 mm (layer# 151). The thickness of
the wall containing the defects is 1 mm. Part “B” has a right triangular
cross-section with dimensions shown in Fig. 2B. The total volume of the
defect is 2665 mmS (26.7% of total volume). Due to the ramp shape, the
size of the fabricated defect increases with each layer and the smallest
increase in defect size in a layer is 0.027 mm? (0.00027% of total vo-
lume).

2.4.1. Embedded measurements

Because the defect is enclosed, it will be filled with a supporting
material that has similar density, but significantly different stiffness.
The mass and geometry of the part remain the same. The defect does
simulate how a void in the model file would be fabricated (e.g. through
a malicious cyber-attack [46]), and the substitution of model material
for support material weakens a part in a similar way that an empty void
would.

Three copies of each test part were printed simultaneously, arrayed
in a random layout. The print was paused at the completion of the small
cavity (2.5mm, layer# 83) and support material was removed. The
sensors were bonded to the parts and allowed to set for one hour. After
resuming printing, measurements were taken at the layers shown in
Table 1. To avoid any interference in the signal caused by the machine
operating, the printer was paused before each measurement and re-
sumed after all parts had been measured ("5s per part).

2.4.2. Fixture-based measurements

For the fixture-based sensing, a PZT sensor was prepared similarly
to the embedded sensors, but was mounted to a steel sheet using cya-
noacrylate. Steel was chosen as the fixture material because initial ex-
periments with acrylic demonstrated that the stiffer material trans-
ferred vibrations better, resulting in better signatures. After the sensors
were mounted to the sheet, the piece was placed on top of a 3D printed
fixture aligned to the top left corner of the build area. Parts were
printed one at a time and a single measurement was taken at each layer
shown in Table 1 without pausing the printer. A total of three control
samples and three defective parts were printed on the fixture for a total
of six prints. To ensure good transfer of vibration, the standard pedestal
of support material was removed for the fixture prints and they were
built directly on the fixture surface. The defect starts in layer 151,

Table 1

Part layers where measurements were taken. For each layer, the volume of
model material in each part is shown along with the size of the defect, and the
percentage of the printed material that the defect represents.

Part Height Model Material Volume mm? Defect Size

mm Layer Control Defect %

4.20 140 2793.0 2793.0 0.00%
4.35 145 2892.8 2892.8 0.00%
4.50 150 2992.5 2992.5 0.00%
4.65 155 3092.3 3091.6 0.02%
4.80 160 3192.0 3189.3 0.08%
4.95 165 3291.8 3285.8 0.18%
5.10 170 3391.5 3380.9 0.31%
5.25 175 3491.3 3474.7 0.48%
5.40 180 3591.0 3567.1 0.67%
5.55 185 3690.8 3658.2 0.88%
5.70 190 3790.5 3748.0 1.12%
5.85 195 3890.3 3836.5 1.38%
6.00 200 3990.0 3923.6 1.66%
6.30 210 4189.5 4093.9 2.28%
6.60 220 4389.0 4258.9 2.96%
6.90 230 4588.5 4418.6 3.70%
7.20 240 4788.0 4573.0 4.49%
7.50 250 4987.5 4722.0 5.32%
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which is 4.23 mm into the print.

2.5. Impedance measurements and analysis

The response of the sensor was measured using a Keysight E4990A
impedance analyzer over a frequency range of 10-100 kHz. Each embed
part was measured ("5s per measurement) three times at the end of
each of the layers shown in Table 1 and the mean of the measurements
was used for comparison. The fixture-based parts were measured a
single time after the layer while the print was running. To quantify the
difference between signatures, the damage metric defined in Eq. (1)
was used:

RMSD = \/z @p —ZZBL)2

Zpy (€8]
Where Zp, is the impedance at a given frequency of the part being
measured and Zg;, is the impedance at a given frequency of the baseline
(established by averaging together the control samples). This damage
metric is explained more in detail in the authors’ previous work [39].
After establishing a baseline signature and variance with the control
samples new specimens are compared to the baseline and if the damage
metric is greater than the sample variance it indicates the presence of a
defect.

3. Results
3.1. Embedded piezo repeatability

Fig. 3 shows an example of an impedance signature taken at (layer
150#, embedded part Al). As shown in Fig. 3 multiple measurements of
a single part at a set layer had very little deviation. The small variations
that do occur can be attributed to normal noise experienced by the
analyzer when performing impedance measurements. This lack of de-
viation shows that there is little to no machine interference or sources
of random error occurring in the measurements, outside of what is
normally expected from the monitoring equipment.

3.2. Embedded piezos

Fig. 4a. provides a visualization of the damage metric (Eq. (1))
calculated from comparing control to defect specimens each part at
each layer. The y-axis indicates the sample and the x-axis indicates the
layer number. Thus each cell in the array represents the comparison of a
signature, like the one shown in Fig. 3, to the baseline signature using
the RMSD (Eq. (1)) damage metric. In this representation, dark purple
(as shown on the baseline row) indicates little to no difference from the
baseline signature at that layer. Brighter colors indicate increasingly
large deviations from the baseline signature. The difference is deemed
significant when the damage metric indicates a greater change in the
defective parts than the variance in the control parts.

The red line indicates the layer at which the defect starts to be
fabricated (layer# 151) and the red oval indicates the point where the
damage metric reports a significant change (i.e. the RMSD is greater
than that of the controls). Using the signature from the embedded
piezos, the damage metric was able to detect the triangular prism cavity
at layer 210 as shown in Fig. 4a. The defect size when detected is
95.6 mm® (2.28% of printed volume) (Table 1). Fig. 4b. shows the
signature for the controls, baseline, and defective parts at layer 245.

3.3. Fixture-based piezos

When using the damage metric with the steel fixture, it was able to
detect the defect at layer 195 (Fig. 5a) This corresponds to a defect of
size 53.8 mm? (1.38% of printed volume). Mounting the piezo to a steel
fixture results in significantly more distinct peaks (due to the higher
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Embedded Piezos: Layer 150
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Fig. 3. A comparison of multiple signatures taken at the same layer from the same part using an embedded sensor.

stiffness of the material), the variation between measurements is also
significantly reduced. The increased mass of the system significantly
reduces the magnitude of the differences. For the best results it is ne-
cessary to identify the peaks where the defect is manifested and to
compare the curves in those areas, otherwise the noise of small sharp
peaks may reduce the sensitivity. By visual comparison of the sig-
natures, it was determined that the defect was manifested in the sig-
nature primarily in the following four frequency ranges, 30-33 kHz,
37-40 kHz, 41-44 kHz, and 53-56 kHz. This subset of frequencies was
used to calculate the damage metric, which showed a significant dif-
ference between the baseline and the defective parts.

4. Discussion

By embedding piezos into printed parts it was possible to detect
changes in parts’ stiffness introduced by creating cavities containing
support material. These defects were detectable as small as 95.6 mm?>
(2.28% of printed volume). Natural variation between each sensor, and
differences in how the piezos are mounted, can cause variation in
sensor readings. These natural variations introduce noise that effec-
tively reduces the sensitivity of the technique. While smaller print de-
fects might be detectable, the sensor variation results in the resulting
signal being undistinguishable from that of the control specimen.
Another drawback of the embedding method is that it requires mod-
ification of the model design to accommodate the sensor and for the
build to be paused to allow the sensor to be embedded.

The fixture-based method addresses these issues by using the same
piezo sensor across multiple parts. This eliminates the variation that
occurs between sensors and keeps the mounting constant. There still is
some variation based on the adhesion of the part to the fixture. This
reduction in variation allowed for the defect to be detected 15 layers
earlier, at layer 195 instead of layer 210. The use of a fixture adds
additional mass to the system, which has the potential to reduce the
sensitivity of the system. The signatures showed more peaks in the
fixture than for the embedded piezos. This is due to the stiffer steel
fixture having more resonance at higher frequencies than the model
material. The presences of these peaks present more areas where
changes might be detected. The material of the fixture is quite im-
portant in transferring the vibrations from the piezo to the part. When
using an acrylic fixture, the dampening effect was significant enough to
render defects undetectable from baseline variation. A steel fixture has
significantly greater stiffness, which allows for better transfer of vi-
brations from the sensor to the part. Using a steel fixture, it was possible
to detect a 53.8 mm°® defect (1.38% of printed volume). The steel fixture
has the ability to detect smaller defects than the embedded piezos. A
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drawback of the fixture method is the need for the part to be located in
the same position each time. Small variation in location will cause
changes in the signature. This variation introduces noise that can make
the detection of very small defects impossible.

The authors’ previous work using impedance-based monitoring as a
post processing inspection technique were able to detect internal
“voids” as small as 8 mm> (0.083% of volume) for the VeroWhite ma-
terial on the Connex. While the current in-situ work only able to detect
defects as small as 53.8 mm?, the prior work shows that improved re-
solution should be possible. While this is large compared to the size of
droplets ("100 um), the nature of material jetting means that small
geometric defects will be filled by fluid flow, while large defects will be
visible on the surface. Changes to the material properties will be more
likely to affect entire layers resulting in much larger affected areas (a
single layer of the test part is 19.95 mm®). Part of for less sensitivity can
be attributed to the fact that these techniques are highly dependent on
the stiffness of the material being used. The support structure used in
Material Jetting has a high amount of dampening, which reduces the
sensitivity of the sensors. In post process application, the surrounding
support material is removed before the sensors are attached, which may
help increase the sensitivity. For the parts with embedded sensors an-
other factor that may reduce the sensitivity is the difficulty of cleaning
the embedding location of support material in-situ. Any residual sup-
port material would interfere with the attachment of the sensor to the
part and could cause variation that would reduce the sensitivity.

The authors believe that the sensitivity of the in-situ measurements
could be brought close to that of the post process application with
further refinements of the process. It should be noted that these sensi-
tivity results are specific to the material being used, in this study
VeroWhite. The use of stiffer materials, such as those found in direct
metal AM processes, can significantly improve the ability of the tech-
nique to detect small defects. This was shown in the difference between
the acrylic and steel fixtures.

Another opportunity for improving sensitivity is in the calculation
of the damage metric. While the current technique is capable of de-
tecting differences between signatures, it gives more weight to RMS
magnitude differences than changes to the shape of the curve. These
shape changes, while potentially small in magnitude, are indicators of
significant changes in the response of the part. In parts fabricated on the
fixture, the changes in the signatures are happening in a small subset of
the frequency range tested. By reducing the range measured, similar to
the post-process measurements, and increasing the resolution of the
measurements, it should be possible to detect smaller defects without
increasing the time needed to acquire the measurements.
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Fig. 4. A) Difference comparison for embedded piezos between baseline, control samples, and defect samples across each layer. The defect is introduced in layer 151
(as indicated by the red line) and detectable in all samples at layer 210 (red oval). The defect size when detected is 95.6 mm? (2.28% of printed volume). B) The part
signatures at layer 210. The red oval indicates the area where the defect is evident.

5. Conclusions

The layer-by-layer fabrication process of AM systems makes a vo-
lumetric evaluation of part quality important. With existing in-situ
techniques it can be difficult to directly measure the quality of a part.
Because impedance monitoring is linked to the mass, stiffness, and
damping of a part, it is able to detect both geometric changes and
material property changes volumetrically throughout a part. This
ability allows impedance-based monitoring to be used as a side-channel
technique (an indirect measurement that can be correlated to the de-
sired properties). The study sucessfully demonstrated the ability of
impedance-based techniques to be used as an in-situ monitoring ap-
proach for AM. The study demsontrated that both embedded and fixture
based approaches were feasible in a Material Jetting system, with the
fixture based method being more sensitive to internal defects.
Specifically, internal defects could be detected by embedded piezos

when they affected 2.28% of the part volume (95.6 mm®) and by steel
fixture-based piezos when they affected 1.38% of the part volume
(53.8 mm®). While this was demonstrated for simple parts the authors’
previous work shows that this approach can also be used on complexed
geometries [39]. By inspection it was possible to determine the fre-
quency ranges where the defect was manifested in the signature. By
narrowing the sampled frequency range it is possible to increase the
resolution without increasing the time required. Increasing the sam-
pling resolution should make it possible to increase the resolution of the
detection method. The improved performance by increasing the stiff-
ness of the fixture indicates that higher resolution detection should be
possible in parts fabricated out of stiffer materials, such as metals.

In future work the authors hope to expand the application of this
technic technique to other AM processes, to examine additional types of
defects, and to improve the sensitivity by increasing the size/number of
the sensor(s), by refining the damage metric to be able to more
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Fig. 5. A) Difference comparison for embedded piezos between baseline, control samples, and defect samples across each layer. The defect is introduced in layer 150
(as indicated by the red line) and detectable in all samples at layer 245 (red oval). The defect size when detected is 53.8 mm® (1.38% of printed volume). B) The part
signatures at layer 195. The red oval indicates the area where the defect is evident. White areas indicate frequency ranges that were used in analysis.

precisely determine when variation is occurring the signature, and by
refining the frequency range being measured.
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