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ABSTRACT

The paper describes and demonstrates a hon-destructive evaluation method that can perform in space, in situ, and post-
production inspection for metallic and non-metallic products of additive manufacturing. The method, which is based upon
measuring the vibrational spectrum of an object and using it as a unique acoustical signature is capable, not only of
detecting defects and flaws, but also doing this in situ. The method combines Laser Doppler vibrometry with acoustical
resonance spectroscopy to extract acoustical information from exposed layers during the printing process to characterize
the part at any stage during its manufacture. Component samples with intentional defects were printed and correlated with
vibrational signatures. In future work we plan to develop the necessary hardware and software to adapt and integrate the
inspection system into commercial printing machines. The resulting machine will feature in situ monitoring of typical
parts while being printed in the machine.

Keywords: additive manufacturing, authentication, defect detection, acoustic resonance spectroscopy, laser Doppler
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1. INTRODUCTION

The Problem

There is a critical need for a capability to ensure repeatable product quality for In-Space Manufacturing (ISM), especially
where additive manufacturing (AM) is required and where real-time, in situ monitoring can save valuable time. Available
methods for qualification and certification of AM parts lack essential feedback and process monitoring capability,
requiring additional online/off-line quality control techniques to supplement them. New approaches are needed for real-
time, in situ quality assurance of parts manufactured in the space environment and specifically for manufacturing platforms
like those used on the International Space Station. Traditional qualification and certification methods are less applicable
because of constraints on crew time and equipment size. In situ monitoring that characterizes the quality during production
is desirable. Also, most of the NDE methods developed to date are not easy to apply to in-space applications[1]. The need
is for both non-metallic and metallic AM.

The Opportunity

Vibrational properties of components, such as resonant modes, damping, and spectral frequency response to various
forcing functions, depend strongly upon the mechanical properties of the material, including internal hardness, tensile
strength, composition, and defects. All objects possess unique vibrational spectra or signatures that characterize the object
and can be used to identify anomalies in the object. Components with the same shape but made of different materials,
different fatigue histories, damage, or post-processing treatment will have different vibrational signatures and will respond
differently to appropriately chosen stimulation. We demonstrated and reported previously?* the feasibility of a non-contact
NDE technology concept, Laser Acoustic Resonance Spectroscopy (LARS), which offers NDI/NDT potential not
possessed by existing methods and also offers the potential for in-space, in situ deployment.
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2. DISCUSSION OF NEW DEVELOPMENTS

Summary

Recently, we integrated LARS technology directly with the AM process by employing Laser Doppler Vibrometry (LDV)
to measure an object’s detailed vibrational response, adding on-line diagnostics and feedback for in-space applications.
LDV provides high sensitivity and broad bandwidth to measure the component’s frequency spectrum. By identifying
defects before the run is finished, LARS can save time, energy, and materials. LARS evaluation could take place regularly
throughout the build, and when the process is completed.

Figure 1 shows a conceptual design of a prototype instrument, where the LDV measures the vibration of a part inside the
3D printer.

Print head
Build model
Piezo transducer

LDV

Figure 1. Conceptual design of the prototype system.

We demonstrated feasibility of the concept by using LARS to detect typical defects in situ, as shown in Figure 2, in a
commercial, 3D printing machine. In future work, we will design, develop, and fully integrate the LARS inspection system
with a 3D printing machine to deploy an in situ inspection that is applicable in in-space, as well as on earth for additive
manufacturing. The system will be capable of detecting the onset of a defect during manufacturing in the course of the
printing process without employing complex and expensive NDI or destructive testing methods.
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Figure 2. Photograph of the LARS system, making measurements inside a 3D printer.

We designed, constructed, tested a breadboard LARS system that included direct-contact, piezo-electric excitation and
non-contact acoustical excitation, and developed and evaluated new measurement and analysis methods that improve
signal to noise ratio and resolution improvement. Starting with existing AM parts, we produced vibrational spectra of
many components, proving LARS feasibility for spectral characterization of small plastic parts. We printed over 100
specially designed cuboid AM parts, of relevance to in space manufacturing, for testing, with and without defects, and we
adapted and applied finite element analysis (FEA) methods to predict vibrational signatures, showing suitability for
component characterization, including defect detection.

During the early experiments we discovered that components printed on a low-end 3D printer had widely varying
vibrational signatures, which signaled material parameters instability on the order of 10%. This suggested the inability of
such machines to print with high reproducibly or produce many truly identical parts in a single run, whereas the same parts
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printed on a high-end machine were reproducible (material parameters within 1%) and essentially identical for multiple
parts printed in a single run. Supporting mechanical tests done at UC Irvine’s Institute of Design and Manufacturing
Innovation (IDMI) on these samples confirmed that the suspect samples were, indeed, mechanically different. Subsequent
printings on the high-end machine enabled us to demonstrated defect detection in non-metallic AM components. Using
the specially printed samples, we demonstrated the ability of LARS to detect even the smallest programmed defects that
we purposely introduced in parts. Finally, we demonstrated in situ LARS inspection on a 3D printing machine, identified
problems with such an integration, and developed approaches to solve them.

Identifying Parts with Programmed Defects

Using the Stratasys Fortus 450mc 3D Printer, cuboids were printed with programmed defects. These defects were cracks
with a thickness of one layer (~ 200 microns), and lengths that were varied from 1.25 mm up to 5 mm. In addition, the
location of the crack was varied, from 1 mm down to 12 mm from the top of the part (Figures 3 and 4).

Figure 3. CAD models with programmed defects of different sizes and positions.

Figure 4. Photograph of three cuboids with programmed defects.

The first “defective” parts to be studied were those with a crack that is 1 layer (200 microns) high and 5 mm long (see the
part on the right side in Figure 4). When the part was excited with a frequency sweep from 20-25 kHz, the spectra showed
a dramatic change. While the “good” part showed a clean peak near 22.8 kHz, the “defective” parts showed a split of that
peak into two, with the lower peak near 21 kHz and the upper peak near 23.5 kHz (see Figure 5).
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Figure 5. Measured spectrum for two 1 x 1 x 3 cm ABS cuboids. (a) A “good” part shows a single peak
near 22.8 kHz. (b) Parts with a 200 micron high, 5 mm x 5mm crack, at a position of 4mm from the top
(red) or 8 mm from the top (blue); both led to a detectable split into two peaks.

LARS measurements were made on five different cuboids, each with a 200 micron by 5 mm crack, at heights of 1, 2, 4, 8,
and 12 mm from the top. Each “defective” cuboid was characterized by a split of the 22.8 kHz frequency band.

The parts built with smaller cracks did not show the splitting of the 22.8 kHz frequency band but did show some small but
measurable frequency shifts of over 300 Hz (well above the normal reproducibility variations). Figure 6 shows the
spectrum for a “good” part in green, and two parts with a single layer high crack of size 2.5 mm x 2.5 mm, at heights of 8
mm (red) and 12 mm (blue) from the top. Note that the cracks in Figure 5 were 5 mm x 5 mm, or 25% of the cross-sectional
area (0.16% of the total volume), while these cracks are only 2.5 mm x 2.5 mm, or 6% of the cross-sectional area (0.04%
of the total volume).
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Figure 6. Vibration spectra for a “good” part (green) and parts with a single layer crack, size 2.5 mm x 2.5 mm,
at a location of 8 mm (red) and 12 mm (blue) from the top.
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The frequency shift was smaller with a 1 mm crack, which is only 1% of the cross-sectional area, or less than 0.01% of
the total volume. This small shift of ~ 100 Hz indicates that for this part we are approaching the resolution limit of our
instrument as currently configured.
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Figure 7. Vibration spectra for a “good” part (green) and parts with a single layer crack, size 1 mm x 1 mm, at a
location of 8 mm (red) and 12 mm (blue) from the top.

Finite Element Analysis

Finite Element Analysis (FEA) can accurately predict, from a 3-D computer model of the part and corresponding material
properties, representative vibrational spectra of a component at different stages of the manufacturing process as well as
predict the effects of various types of potential defects on these spectra. We employ FEA to guide | experiments and will
use FEA even more extensively in future work to augment and guide the development and application of a LARS NDI
system.

3. DESIGN CONSIDERATIONS

Locating and Directing the LDV beam

We demonstrated that a part’s vibrational spectrum could be successfully measured from either the top or the side (see
Figure 8). While both directions can provide quality data, each presents specific challenges for implementation.

@) (b)

Figure 8. LDV measurements were successfully made from the top and from the side of the part during printing
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Measuring from the top while exciting from below provides the strongest and highest number of vibration modes.
However, measuring from above presents two significant challenges:

The presence of the print head usually blocks the laser beam from reaching the part.
The top cover of the printer can prevent optical access to the part.

The presence of the print head means that measurements from above can only be made while the print head is moved away
from the part. This can be accomplished if the head is sent to a different part of the platform during the measurement, or
by sending the print head back to its home position. In addition to the print head, the top of the printer also prevents optical
access to the part. In these experiments, we removed the top cover of the Flashforge Creative Pro 3D printer to aim the
laser on the component. However, this may be more difficult in a more advanced printer, which has more complex features
for maintaining the required environmental conditions.

Another option is to integrate the LDV into the print head itself, so that it moves with the head and can always look down
on the part. While this would probably be a good method for obtaining the part’s vibration spectrum, it also presents
significant risks because it requires major modifications to both the print head and the vibrometer.

Measurement with the LDV from the side is more straightforward than from the top, since the laser can be aimed through
the front window of the printer. The main questions associated with a side measurement are:

1. Does the front window significantly distort or attenuate the laser beam?
2. Does vibration of the front window affect the measurement of the part’s vibration spectrum?
3. Are there a sufficient number of vibration modes that can be measured from the side?

The answer to the first question is specific to each individual printer, and this will be a factor in the selection of the 3D
printer. However, we do not anticipate that this will be a significant problem since most printer windows are designed so
that people can see clearly through them, and therefore, the laser beam should also pass through without any adverse
effects.

The vibration of the window itself also should not be a significant problem, especially if the measurements are made while
the printing process is paused. In addition, even during printing, the vibration frequencies of the window should be
significantly lower than the 20-40 kHz vibrations that we need to be measured, so the window vibrations could always be
separated in the Fourier spectrum.

We demonstrated that the cuboid’s spectrum could be successfully measured from both the top and the side. There are
differences in the relative amplitudes of the vibration modes as well as which specific modes can be measured at a
particular angle and testing point location on the part, but we are confident that measurements from the side will provide
enough information to uniquely characterize a component.

Type and Location of the Excitation Source

We have successfully obtained a part’s unique vibrational spectrum with both non-contact and contact methods (see Figure
9). The non-contact method was an acoustic speaker which was driven with a frequency sweep over the desired frequency
band. The contact method used a piezo-electric transducer attached to the part or to the mount holding the part.
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Figure 9. Non-contact and contact excitation of a part.
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Our experiments showed that while both methods delivered sufficient energy to the part to produce a measurable
vibration spectrum, the contact PZT was much more efficient than the speaker.

The presence of the PZT, which is creating vibrations on the scale of tens of nanometers, did not affect the
performance of the printer. Figure 10 shows the measured spectrum of a part printed without the excitation by PZT
(green) and the same part printed with the PZT turned on continuously throughout the 40-minute print. Both spectra
show the same peaks, and if there are any differences, the spectra produced while the PZT was on during the printing
looks better. Therefore, our expectation is that the PZT attached to the print platform will be the preferable
excitation method for exciting the part.. To date, we have only mounted the PZT to excite the platform in the vertical
direction, but we plan to try other orientations.
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Figure 10. Comparison of parts printed without the PZT (green), and with the PZT attached to the print
platform and turned ‘On’ (blue).

Open Questions currently under study
1. What is the best way to direct the laser beam from the LDV into an advanced 3D printer?
2. What is the optimum excitation method for in situ LARS?
3. When is the best time to make LARS measurements during the 3D build?
4

Can we adapt FEA to predict a part’s vibrational resonances at any intermediate step during the use these
predictions to augment in situ monitoring with the LARS system?

5. How soon in a 3D printing process can LARS detect defects?
4. SIGNAL PROSESSING AND IMPROVEMENT

Measurements timing synchronization during the printing process

We made LARS measurements on parts inside a 3D printer, both while the printer was printing and while the printer was
paused or stopped. We discovered that the printer itself imposes large vibrations onto the part during printing. Figure 11
shows the LDV output signal recorded over 120 seconds during the printing process. The vertical scale, in Volts, shows
the LDV output being saturated (signals of over 10 Volts) many times during the process. Each saturation means that a
large velocity (greater than 50 mm/sec) has occurred that exceeds the measurement range of the LDV. In contrast, a typical
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measurement when the printer is paused or stopped has an output voltage below 0.5 Volts, and combining the two presents
a challenge to the dynamic range of the instruments. We suspect that these large voltage spikes occur every time the
printing head changes directions rapidly.

Figure 11. Raw LDV output for 120 seconds of during the 3D printing process.

Looking more closely at the waveform in Figure 11, notice two interesting points. The first is that there are several time
windows where the voltage spikes are less frequent. These seem to occur at intervals of approximately 15 or 30 seconds —
15 seconds is approximately the time to print one layer, and 30 seconds is the time to print two layers.

If we zoom into the LDV signal between the spikes, such as the first 5 seconds of the data in Figure 11, we see that there
are actually a few seconds of “clean” data that could have usable vibration data representative of the part itself (see Figure
12).

Figure 12. First 5 seconds of the data shown in Figure 11.

In fact, if we zoom into the time segment between 1.4 and 2.4 seconds (see Figure 13), we do see real vibration information
in the signal.
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Figure 13. A closer look at the velocity measurement between 1.4 and 2.4 seconds, during the printing process.

However, an FFT analysis of this data shows that the vibration is dominated by large low frequency motion (below 100
Hz) and it is difficult to see the typical cuboid signatures in the 20-40 kHz region (see Figure 14 and Figure 15).
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Figure 14. FFT of the data in Figure 13, between 0 and 400 Hz.

Figure 15. FFT of the data in Figure 13, between 0 and 40000 Hz.

The breadboard system (shown in Figure 16) was employed first to demonstrate that LARS could discriminate between
“good” parts and those with a programmed defect by measuring the vibration spectrum of the finished part. Next, the
LARS system was moved to an actual 3D printer, and we showed that the vibration spectrum could be measured accurately
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by vibrating the printing platform (with a submicron displacement) and aiming the LDV at either the top or the side of the
part. The next step in the development of in situ LARS is to evaluate and optimize the ability and benefit of making such

measurements during the printing process.

Figure 16. Breadboard LARS system

Spatial Location on the Part

FEA simulations can indicate which sections of the AM part will vibrate the most at a given frequency. For example,
Figure 17 show the vibration mode of the cuboid near 22 kHz. The red and blue areas show the areas with the largest
absolute motion, while the green areas are moving less. The LDV should be mounted so the beam can be directed to the

areas with the largest motion, thus increasing the SNR of the measurement.

Figure 17. FEA showing the vibration modes of the cuboid near 22 kHz and the preferred measurement locations
with the largest movement (in red).

Excitation Frequencies
We generally excited the part over a wide frequency range, such as from 10 -40 kHz, to scan/search for the “unknown”
resonant frequencies. The FEA can be adapted to include not only the cuboid being printed, but also the printing platform

Proc. of SPIE Vol. 11102 1110217-11



and the coupling of the AM part to the platform. This more representative model will better predict the resonant frequencies
so that the excitation can be applied with a narrower frequency range. For example, if we know that the part has frequency
peaks at 15 kHz, 22 kHz, and 31 kHz, we can apply narrow sweeps around each frequency, such as from 14-16 kHz for
the first peak, greatly increasing the SNR and still sufficient to identify the frequency splits and shifts that characterize
defects. Applying a 2 kHz wide sweep near all three expected frequencies takes about 3 seconds and produces much better
results than applying a wider 10-40 kHz sweep over the same time span.

Signal Post-Processing

The primary method of processing the data was by taking the Fast Fourier Transform (FFT) of the LDV data and applying
smoothing and averaging techniques. Currently we are enhancing the method by using techniques such as singular value
decomposition, wavelet transforms, and Short-Term Fourier Transforms (STFTs). An example of the use of the STFT is
shown below.

For example, the raw LDV measurement is shown in Figure 18 when a frequency sweep from 20 kHz to 40 kHz is applied
over 1 second.
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Figure 18. Raw LDV output for a frequency sweep from 20 kHz to 40 kHz over 1 second.

Calculating an FFT over this data produces the spectrum shown in Figure 19.
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Figure 19. Fourier Transform of the data shown in Figure 18.

While the frequency peaks can be seen, the signal-to-noise ratio (SNR) is only around 2:1. The SNR can be
improved by repeating the excitation several times, and then averaging the FFTs. In Figure 20, the orange curve
shows that the SNR is significantly improved by when 50 FFTs are averaged together.
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Figure 20. Averaging multiple FFT spectra can improve the SNR. The orange trace is an average of 50 FFTs.

While averaging FFTs does improve the SNR, it also extends the measurement time significantly, which may
not be a realistic option for an in situ measurement. Another way to process the raw LDV data is to use a Short
Term Fourier Transform (STFT) method. This method divides the one second of data shown in Figure 18 into
smaller segments, and calculates the FFT on each segment. The STFT is useful when the frequency is changing
during the measurement time. Since we are using a frequency sweep of 20-40 kHz over one second, that means
that the frequency is changing by 20 Hz every millisecond, or by 2 kHz every 100 milliseconds. Since the
frequency resonances are fairly sharp (~300 Hz), the all-important resonance response occurs only during a
small fraction of the total recording time. The peak at 22 kHz, for example, would be excited only in the range
of 90 — 110 ms of the time window, and then its effective excitation would be “off” for the reminder of the one
second frequency sweep. Therefore, the SNR of this peak will be stronger in an FFT of this small time window
than in an FFT over the entire time window.

As an example, let’s look at the one second of data presented earlier in Figure 18, and divide the data into 100
segments of 10 milliseconds each. For each 10 millisecond segment, an FFT is calculated. Three characteristic
segments are shown below in Figure 21. The top plot shows the full velocity vs. time record over one second.
The three sets of red bars look at the data between 0.090 to 0.010 seconds, 0.160 to 0.170 seconds, and 0.720
to 0.730 seconds. The three plots below show the FFT over each one of these small time segments. The red
trace shown in each lower graph shows the FFT of the excitation signal (which was recorded simultaneously
with the LDV signal) during that same time interval. In future work, we plan to use the STFT method to better
evaluate the resonance peaks of the components.

Proc. of SPIE Vol. 11102 1110217-13



-0.30-

=ﬂ.4ﬂ ~¥ i i i i i ¥ i i ¥
0.000 0100 0.200 0.200 0400 0500 0600 0.700 0800 0900 1.000

1500.0- - ! — 2

1250.0- [ @

1000.0-

750.0-

Ty

500.0-

250.0-

o.ﬂ". ] 1 1 1 0 [0 ¥ [0 ¥ [
20000 22000 24000 26000 28000 320000 32000 34000 36000 38000 40000

P TRy
1250.0- 1 @
1000.0- 1

750.0-

500.0-

250.0-

0.0-F—— T g i i i i i i g
20000 22000 24000 26000 28000 30000 32000 34000 36000 38000 40000

1250.0-
3
¢ 1000.0- O

750.0-

I WPy

500.0-

250.0-

0.0+ i 3 : g y i ; : ] 3
20000 22000 24000 26000 28000 30000 32000 34000 36000 38000 4000C

Figure 21. The top graph shows the full LDV measurement over one second. The three lower graphs show the
FFT of the data within each pair of red bars, between 0.090-0.1010, 0.160-0.170, and 0.720-0.730 seconds.
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5. CONCLUSIONS

Our experiments and computations so far have allowed us to make some important conclusions. LARS can produce
reproducible vibrational spectra for components to within a few Hertz. This degree of resolution enables detecting very
small changes in the structure, weight, and anomalies of metallic and non-metallic additive manufactured components.

This concept has great potential for application in additive manufacturing for both ground and space deployment. We have
demonstrated that the LARS concept can measure a unique acoustical signature that is useful for component certification
and for in-process, in situ monitoring of a part printed in an AM machine. The concept has the potential for saving time
and materials, especially valuable in space manufacturing applications, as well as the possibility of preventing failures,
improving safety, and even saving lives. Additive manufacturing is a relatively new process that is rapidly improving and
growing in potential applications. The LARS concept can help accelerate that process and may be important in the overall
field development. This can result in an extremely valuable tool for government and industry and an advancement in the
state-of-the-art. In summary: We

1. Developed a printing plan to print batches that included “identical” good samples and samples with pre-programmed
“defects” located at various locations in the print volume.

2. Printed batches of samples for signaturing and analysis.

3. Produced vibrational spectra for these specially printed samples and developed new signal processing procedures to
improve signal quality.

4. Discovered that some supposedly identical components printed in the same run or in separate runs had significantly
different acoustical signatures (>5% variations in resonance frequencies), suggesting that a low-end 3D printing
machine is incapable of printing multiple, identical AM components. Subsequent destructive testing confirmed this
hypothesis.

5. Parts printed on a high-end (Stratasys Fortus 450mc) printer, unlike the low-end printer, exhibited essentially identical
spectra (less than 0.5% variations), proving the better capability of the high-end printer.

6. Demonstrated that parts with defects of various sizes and locations can be identified by LARS.

7. Defects that were 5 x 5 mm in area and one layer thick (200 microns) produced clear splits of certain frequencies in
the spectrum of a 10 x 10 x 30 mm cuboid.

8. Defects that were smaller, such as 2.5 x 2.5 mm or even 1 x 1 mm, produced measurable shifts in the spectrum. We
believe that these smallest defects (1 x 1 mm x 200 microns), which represent less than 0.01% of the total volume, are
at the resolution limit of the current LARS system.

9. Demonstrated that these defects could be detected in situ inside a commercial 3D printer.

6. FUTURE WORK

In future work we plan to develop the necessary hardware and software to adapt and integrate the inspection system into
commercial printing machines. The resulting machine will feature in situ monitoring of typical parts while being printed
in the machine.
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