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ABSTRACT

Additive manufacturing (AM) parts retain a certain degree of individuality and could suf-

fer from a combination of different defect types, and therefore the non-destructive evalua-

tion on AM parts remains a challenging task. Engineering non-contact and non-destructive

∗Address all correspondence related to ASME style format and figures to this author.
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real-time inspection and in-situ quality assurance of AM parts would be a net improvement

compared to current quality control methods that are conducted post-production. Here,

the authors propose to combine the use of a laser vibrometer with a compression-driven

shock tube to assess the quality of AM parts through the evaluation of the vibration spectra

of the part. An AM of a cylindrical part was selected for the study, along with different

defect types and sizes. These defects include internal voids of different sizes at different

locations, local changes in thickness (infill), and local changes in melting temperatures. A

numerical model was created and validated using experimental data to conduct model as-

sisted probability of detection (MAPOD). Results were analyzed by evaluating correlation

matrices between different models. Results showed that vibration spectra induced by a

shock wave were sensitive to different types and sizes of defects under the studied geom-

etry. The defect index yielded an approximately linear relationship with respect to defect

void severity. MAPOD curve studies revealed a minimum detectable void defect 0.039% of

the AM part’s volume.

Keywords: non-destructive evaluation (NDE), additive manufacturing, defect detection, 3D

printing, frequency spectrum, vibration spectrum, laser Doppler vibrometry, shock tube

INTRODUCTION

Additive manufacturing (AM), also known as 3D printing, is a transformative technology that

adds material in freeform layer-wise style using digitally controlled and operated material layering

tool to enable the creation of lighter, stronger, and more durable parts and systems [1]. This layer-

by-layer manufacturing approach allows an unprecedented freedom in the design [2, 3], fabrication

[4, 5], integration [6, 7], and embedment [8, 9] of complex, composite and hybrid structures with

a wide variety of materials in the manufacturing process, facilitating the development of the AM

technology with applications to the medical field [10, 11], sports [12, 13], polymer material [14, 15],

construction engineering [16, 17], smart sensors [18, 19], etc.

Unlike the material parameters that can be routinely determined by following the standards

prescribed in American Society for Testing and Materials (ASTM) protocols, parts manufactured
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by AM retain a certain degree of individuality, and the uniformity of material parameters from

one printing to others are not guaranteed [20]. With the rapid growth and application of the AM

technology, various AM parts inspection methods have been proposed for their quality control (QC)

using nondestructive evaluation (NDE) [21]. Examples of conventional QC technology include

shape deviation modeling used for dimensional quality control [22], X-ray computed tomography for

whole-part inspection [23], thermal methods for examining the quality of powder bend fusion [24],

and sensor-assisted flexible visual analysis [25]. However, AM fabricated parts could suffer from a

combination of defect types (e.g., porosity, hot cracking, and poor layer bonding), and thus careful

QC most be conducted on the parts [26]. At this time, the vast majority of QC processes are time-

consuming, labor-intensive, rely on an inspector’s judgment, and are conducted post-production,

mainly because of the lack of suitable NDE techniques that could be applied in real-time [27]. For

example, X-ray could provide more comprehensive inspection data, but is difficult to integrate in

a real-time setting during the fabrication process. Real-time QC of AM parts could substantially

reduce costs associated with defects, for example by immediately discarding specimens once a

critical defect is identified, which would save on productive time and materials costs.

Existing techniques for real-time inspection on AM parts mainly rely on photographic systems,

which are conducted by taking photographic images of each layer and comparing them with the a

numerical model for defect inspection [28, 29, 30]. However, those techniques are insensitive to

the improper interlayer mechanical bonding, because the analysis is limited and focuses on each

layer only superficially [31, 32]. Resonant methods have also been employed, where the vibration

response of the object is measured and analyzed based on the amplitude and wavenumber of the

frequency spectra [33]. This technology is capable of detecting foreign object damage, internal de-

fects, delamination between layers, and localized heating defect. Examples of technologies used

to conduct resonant analysis include laser acoustic resonance spectroscopy [34], resonant acous-

tic methods [35], a combination of acoustic resonance spectroscopy with laser doppler vibrometry

[36], resonant ultrasonic spectroscopy [37], and process compensated resonance testing [38].

However, a common feature with those technologies is that a vibration source is required to create

dynamic excitation with a slow frequency sweep to obtain the resonance spectra. Excitations used
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in the NDE of AM parts include piezoelectric (PZT) actuator [39, 20], acoustic [40, 41], magnetic

[42, 43], shaker-induced [44, 45], and hammer impact produced impulse [46, 47].

In this paper, a resonant method using a compression-driven shock tube (i.e. air cannon)

to excite the AM part during the fabrication process is investigated. Compression-driven shock

tubes have been widely used by researchers to produce air shock waves (air pulses) in order to

investigate the dynamic response of soft biological tissues [48, 49], blast waves [50, 51], chemical

mechanisms [52, 53], and ultrasoft elastomers [54, 55], due to the reproducible wave loadings

and controllable pressure signatures. Here, the shock tube is used to create a shock wave in air

to dynamically pressurize the surface of the AM parts, in which creating vibrations measured by

a laser vibrometer to enable a non-contact, non-destructive, and real-time evaluation of defects.

The study is conducted experimentally on a series of cylindrical models of different defect sizes,

locations, and shapes, along with different local thickness and temperature changes caused by 3D

printing malfunctions. Defects are identified, localized, and quantified through correlation coeffi-

cients of vibration spectra signatures taken during various stages of the AM fabrication process. A

numerical model is created to reproduce experimental results and produce model-assisted prob-

ability of detection (MAPOD) [56] curves. These MAPOD curves are used to assess performance

of the proposed experimental method as a function of air distance, air height, and laser height.

The rest of the paper is organized as follows. Section “Experimental Method” describes the

different defect types and sizes along with the background of shock tube technology and illus-

tration of the experimental setup. Section “Numerical Method” presents the numerical simulation

and methodology applied in this study. Section “Results and Discussion” presents and discusses

results obtained from the experimental investigation. Section “Conclusion” concludes the paper.

EXPERIMENTAL METHOD

This section presents the experimental method applied in this research. First, the design of the

cylindrical model under investigation is described, along with the type and location of defects, and

the damage detection metric. Second, the experimental setup is presented, including a description

of the shock tube used to provide the external excitation.
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Design of AM parts

Fig. 1. Schematics showing: (a) 3D overall geometry of a cylindrical model; (b) section view showing pause heights (i.e. white

dashed horizontal lines) and a general defect of height h and defect length l; and top section views of the designed defects of widths

w for (c) 0 mm (intact); (d) 1.65 mm; (e) 3.30 mm; (f) 4.95 mm; and (g) 6.60 mm.

A hollow cylindrical geometry is selected for the AM parts (Fig. 1(a)) in order to provide a con-

stant exposure to the shock wave in all directions of the x− y plane and thus minimize errors as-

sociated with the placement of the cylindrical models, while lowering the fundamental frequencies

of the samples. Each part is fabricated by layers and paused during the process to take measure-

ments using the laser vibrometer. This is done by adding a 180 seconds pause in the GCODE (i.e.

program for the 3D printer) of each model via the 3D printing software CURA at heights of 12.16,

22.32, 32.48, 42.64, and 52.8 mm (indicated as the white dashed lines in Figure 1(b)). The effect

of pausing printing causing a cool down of the printed material is also investigated. It is foreseen

that this process could be applied in a continuous manner through proper synchronization of the

measurement process. This is left to future work. Here, a 1.75 mm silk pearlescent metal silver

shiny polylactic acid (PLA) reflective filament is used, so that a reflective tape was not necessary

for use with the laser vibrometer to minimize contact with the model. Experiments were conducted

with and without the use of a reflective tape for the collection of data to investigate requirements

for true real-time applications. Three main types of defects were studied representing malfunc-

tions of the additive manufacturing process: (i) localized defects represented as localized voids,

(ii) change in local thickness as a change in infill ratio, and (iii) temperature-induced defects as a

change in melting temperature. These defects and their implementations in the cylindrical models
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Fig. 2. 3D schematics illustrating section view of: (a) intact model; (b) defect case of size 3-3; (c) defect case of size 5-5 located

28.45 mm above the base (location 4); (d) change in infill ratio over the middle-third section; and (e) changes in temperature over the

two top-third sections (case Temperature C).

are described in what follows.

Defects were introduced by following the procedure described in [39], where the defect is in the

form of cuboid voids of height h, depth l, and width w, as annotated in Figures 1(b) and (d). Defect

height was left constant at h = 6.60 mm for all cylindrical models located 15.75 mm from the base,

and both the defect depth l and width w were individually varied from 0 to 6.60 mm in increments

of 1.65 mm, giving a total of 17 different defect cases including an intact case. Figures 2(a) and

(b) respectively present the section views of the intact model and of a defect case with a void width

and depth of 3.30 mm. All defects are located 90◦ with respect to the shock tube, as shown in

Figure 1(a). Table 1 lists the different defect size cases along with the associated loss in volume

α. The smallest volume lost is 0.058%, which is smaller than the minimum defect size of 0.16%

volume loss investigated in [34], where the authors conducted a similar study, but using a PZT

actuator as the excitation source. Squared cross-section defect geometries as indicated in the

diagonal entries in Table 1 and identified as sizes 1-1, 2-2, 3-3, 4-4, and 5-5 were selected to

study defect localization capabilities. These defects were located 3.05, 15.75, 28.45, and 41.15

mm from the base and identified as location 2, 3, 4, and 5, respectively, for a total of 16 cases.

Figure 2(c) illustrates the section view of a defect of size 5-5 located 28.45 mm above the base

(location 4).
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Table 1. Defect sizes under consideration along with the corresponding percentage loss in volume.

width (mm)

0 1.65 3.30 4.95 6.60

0 0% - - - -

de
pt

h
(m

m
) 1.65 - 0.058% 0.116% 0.175% 0.233%

3.30 - 0.116% 0.233% 0.349% 0.465%

4.95 - 0.175% 0.349% 0.524% 0.698%

6.60 - 0.233% 0.465% 0.698% 0.930%

Three different changes in layer thickness was studied by changing the infill ratio from 40%

(original) to 30% over one third of the cylinder’s height: over the bottom, middle, and top section

cylinder, identified as thicknesses B, C, and D. Figure 2(d) illustrates the change in infill ratio over

the middle section (thickness C). Lastly, changes in melting temperatures was investigated under

three different cases identified as Temperatures A, B, and C, respectively. Temperature A is the

printing of all sections of the cylindrical model under 210◦C. Temperature B is the printing of the

bottom section under 230◦C and the middle and top sections under 210◦C. Temperature C is the

printing of the bottom section under 230◦C, the middle section under 210◦C, and the top section

under 190◦C as shown in Figure 2(e).

The loss in Pearson correlation coefficient J is adopted here as the defect indicator. It is a

measure of linear correlation between two sets of data, defined as the ratio between the covariance

of two variables and the product of their standard deviations:

J = 1−
E [(Si,j − µs)]

[(
S0
i,j − µS0

)]
σsσs0

= 1−

∑
i,j (Si,k − µs)

(
S0
i,j − µS0

)
√∑n

i=1 (Si,j − µs)
2

√∑n
i=1

(
S0
i,j − µS0

)2
(1)

where Si,j and S0
i,j are the frequency spectrum resulting from the measured time domain signal

of the defect model and the intact model, respectively, E is the expectation, µS and µS0 are the
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Fig. 3. Schematic drawing of the customized compression-driven shock tube.

means of Si,j and S0
i,j , and σs and σs0 are their standard deviation, respectively.

Experimental Setup

The overall experimental setup is shown in Figure 4(a). It includes a fused filament fabrication

3D printer (Ender 3 Pro), a laser doppler vibrometer (Polytec PDV-100), a custom-built shock tube

(air cannon), a signal conditioner (PCB Piezotronics, Model 482C16), along with an oscilloscope

(Tektronix, MDO3024) used to acquire data.

The shock wave created by the shock tube generates a controlled excitation on the AM part.

Figure 3 is a schematic drawing showing the organization and geometry of the customized compression-

driven shock tube used in this study. The shock tube consists of a 180 mm driver and a 525 mm

driven section both fabricated from a 705 mm (27.8 in) Schedule 80 polyvinyl chloride (PVC) pipe

with an 18 mm inner diameter and 4.4 mm thickness, and the two sections are separated using a

0.025 mm thick dead soft aluminum diaphragm. The driver section is pressurized with air until the

rupture of the aluminum diaphragm, which creates a propagating shock wave through the driven

section that is exposed to atmospheric conditions. This particular diaphragm used with the shock

tube yields a peak pressure of 59.3 kPa (8.6 psi). A picture of the ruptured aluminum diaphragm

after testing is shown in Figure 4(c).

Two high frequency integrated circuit piezoelectric (ICP) pressure transducers (PCB Piezotron-

ics, Model 102B15) are screwed in tapped holes on the driven section of the shock tube and

placed 300 mm apart, as illustrated in Figure 3, with one of the pressure transducers (transducer

B) placed 25 mm from the shock tube outlet. The location of the pressure transducers enables the
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Fig. 4. Pictures showing: (a) overall experimental configuration with the onset presenting the setup of pressure transducers; (b)

close-up view of the shock tube and AM part showing air height; (c) ruptured aluminum diaphragm; (d) laser spot, adhered reflective

tape, and adjusted laser height; and (e) cylinder model printed with 40% grid infill under the largest defect size (size 5-5).

capture of the interior pressure-time characteristics and velocity of the shock wave. The bottom

surface of pressure transducers A and B are aligned with the inner surface of the shock tube to

minimize disruption of the pressure profile caused by the protruding sensors. The shock tube is

rigidly fixed onto an optical table through two adjustable support poles allowing adjustment of the

tube’s height during printing of the AM part.

The laser vibrometer is placed in front of the printed cylindrical model with a stand-off distance

d of 372 mm (14.64 in) to measure vibrations of the model. The stand-off distance d was obtained

from the equation d = 96 + (n · l) prescribed in the user manual, where l = 138 and n = 2 are

arbitrary integers. The selection of n value was designed to optimize the visibility of the laser such
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that the laser spot was the most “in focus” when aimed at the surface of the cylinder model. A

rectangular-shaped peel-and-stick reflective tape was adhered onto the laser spot, which was a

concentrated region of the surface on the cylinder to augment the resolution. The 3D printer was

placed in front of the shock tube, and the air distance, which is defined as the distance measured

from the tube exit to the surface of the cylinder (as shown in Figure 4(a)) was set to 254 mm (10

in) to prevent the over-decay of the experimental shock wave during the transmission process.

The shock tube and the cylindrical model were aligned by using a bubble level. The pressure

transducers were connected to the signal conditioner, and the signal conditioner and laser vibrom-

eter were connected to the oscilloscope for data collection. After the diaphragm ruptured, the

oscilloscope was triggered to begin recording the output of the signal conditioner as the air shock

wave reached pressure transducer A. The data recording process continued for 400 ms with a

sampling frequency of 312.5 kS/s for a total of 125,000 data points per test. This procedure was

repeated three times after each experiment for a total of 15 datasets on each sample. The shock

tube and 3D printer were placed on two separated optical tables to prevent the transition of the

excitation caused by the shock tube to the printed cylindrical model.

For a controlled study, the intact model and a defect model with the largest defect size (size

5-5) were selected to investigate the effect of laser height, air height, and air distance. The laser

height is defined as the distance from the center of the laser spot to the base of the cylindrical

model, as shown in Figure 4(d), and the air height is taken as the cylinder’s height under in-plane

alignment, as shown in Figure 4(b). The first set of tests held the air height fixed at 52.8 mm and

varied the laser height from 7.62 to 48.26 mm at 10.16 mm intervals and the air distance was set

to 76.2, 127, 254, 381, and 508 mm under each laser height, for a total of 25 different cases. The

second set of tests held the air distance fixed at 254 mm (10 in), and varied the laser height from

7.62 to 48.26 mm at 10.16 mm interval along with air height set to 12.16, 22.32, 32.48, 42.64, and

52.8 mm under each laser height, for a total of another 25 different cases.
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NUMERICAL METHOD

This section provides the necessary background about the numerical simulation along with

the illustration of the MAPOD theory used to evaluate the capability and accuracy of the proposed

technique in this study.

Numerical Model

3D numerical simulations were conducted in ANSYS 2021 R1 through computational fluid

dynamics (CFD) analysis to reproduce laboratory experiments, and thus produce a numerical

model that could be used to conduct a MAPOD study. The creation and simulation of the numerical

model is presented in what follows.

First, the geometry of the cylindrical part in the numerical models were constructed in SPACE-CLAIM

where a l × w × h = 550 mm × 80 mm × 80 mm cuboid cell was built as the enclosure contain-

ing air. A single-cylinder that has the exact geometry and dimension of the printed cylinder was

placed 25.4 mm from the left side of the enclosure, mimicking an air distance of 25.4 mm (1 in), as

illustrated in the closeup view of Figure 5(a). The size of the enclosure is selected following a solid

volume fraction (SVF) that can be adopted for a fluid-solid interaction with a cushion of 2.73% for

air circulation [57]. Figure 5(a) also shows the boundary conditions, where a hole with a diame-

ter of 18 mm was added on the left side of the enclosure to represent the inlet region mimicking

the airflow exiting from the shock tube, and the entire surface on the right side of the enclosure

was assigned as the outlet to simulate the open-air environment. The constructed models were

imported in ANSYS WORKBENCH for the next step.

Second, CFD simulations were conducted using 3D fluid flow (fluent with fluent meshing) with

a double precision setting, and with meshing and solver processes both assigned as 4 to enable

parallel processing and balance the computational loads. A local sizing was added on the cylindri-

cal model by setting the face size control type with a growth rate of 1.2 and a target mesh size of

0.0006 m. The surface mesh was generated using the curvature Proximity size function with the

minimum size set to 0.0005 m and maximum size to 0.003 m. The curvature normal angle and

quality improving maximum angle were assigned to 20 and 100, respectively, and clustering was

removed by enabling auto remeshing. Figure 5(b) shows the generated surface mesh.
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Fig. 5. Numerical model: (a) dimensioned geometry and boundary conditions of the enclosure and cylinder; (b) curvature Proximity

size function-generated surface mesh elements on the enclosure and cylinder; and (c) volume mesh generated with polyhedral mesh

feature and through the parallel meshing style.

Third, the geometry of the cylindrical model was set to comprise only fluid regions with no

voids, and no shared topology was applied. The boundary conditions are shown in the inset of

Figure 5(a) where the inlet and outlet region types were assigned as velocity-inlet and pressure-

outlet, respectively, and the inlet region is taken as the upstream of airflow to ensure that the

assumption of a uniform flow field at the inlet is accurate [58]. Fluid-solid boundary types were

all assigned as “wall” with the enclosure-fluid-domain type assigned as fluid. To generate volume

mesh, a 5-layer boundary layer was added in the fluid regions for a smooth transition over offset,

and the layers growing on “only-wall” with a growth rate of 3 and transition ratio of 0.2. After,

the volume mesh was generated by setting the filling type as poly-hexcore and assigning buffer

layers as 3, peel layers as 2, minimum cell length as 0.0005, maximum cell length as 0.008,

polyhedral mesh feature angle as 80, gap factor as 0.25, and aspect ratio between 1 to 25. Parallel

meshing was enabled during the meshing process, creating a total of 302,952 volume mesh cells,

(Figure 5(c)), which is converged on results in this study.

Fourth, the generated cylindrical model was switched to a solution process using a pressure-

based solver, absolute velocity formulation, and transient time type. The gravity effect was con-

sidered in this simulation by setting the gravitational acceleration as 9.8 m/s2 in the z direction

(indicated in Figure 5(c) and (d)). A viscous (SST k-omega) model was used with the curvature

correction to capture the effect of turbulent flow conditions [59]. The air density and viscosity were

respectively assigned as constant values of 1.225 kg/m3 and 1.7894e-5 kg/(m·s), and the cylinder

was assigned as PLA using the material properties tabulated in Table 2. The boundary condi-
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tions of the velocity inlet region were refined by assigning the experimentally obtained velocity

magnitude of 439 m/s (1.28 Mach) and initial gauge pressure of 59.3 kPa (8.3 psi). Turbulence

was specified through the intensity and viscosity ratio method with a 1% turbulent intensity and

turbulent viscosity ratio of 5. The boundary of the pressure-outlet region was refined by assigning

a gauge pressure of 0 Pa and pressure profile multiplier of 1, mimicking the natural (open atmo-

sphere) laboratory environment. The cylindrical model was considered as a stationary wall with a

standard roughness coefficient of 0.5 without slip action.

Table 2. Assigned material properties of the PLA used in the numerical simulation.

variable value test method

density 1,240 kg/m3 ISO 1183

Young’s Modulus 3,027 MPa ISO 527

Poisson’s ratio 0.4089 ISO 527

shear modulus 2,400 MPa ISO 1827

tensile yield strength 66 MPa ISO 527

tensile ultimate strength 80 MPa ISO 527

impact strength - Charpy method 23oC 3.4 kJ/m2 ISO 179

moisture absorption 1,968 ppm ISO 62

glass transition temperature 57oC ISO 11357

Fifth, a surface report was developed over a circular area termed region of interest (ROI),

indicated as the red spot “ROI” in the upper-right of Figure 5(a). The ROI is located 48.26 mm

above the base plate and has a diameter of 1.5 mm, and corresponds to the location and geometry

of the laser spot under a laser height of 50.26 mm. A total of 30 face nodes were assigned and

uniformly distributed over the ROI to extract the velocity of the cylinder in the x, y, and z directions

under the air shock wave. Finally, the solver was initialized using the hybrid initialization method,

and simulations ran with 100 iterations.
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Model Assistance Probability of Detection (MAPOD)

From literature on MAPOD [60], the defect severity a, here defined as the volume loss ratio in

this study (Table 1), can be expressed:

â = β0 + β1f(a, β2) + ε ε ∼ N(0, σ2
ε) (2)

where f is a function, β0 and β1 are model calibration parameters determined from a least-square

estimator, β2 is a random variable associated with the defect size (volume ratio), and ε is the model

error that follows a normal distribution of zero mean and standard deviation σε. The signal strength

S is characterizes as a function of the defect size a, with

g(S) = f(a) + ε′ = β0 + β1 · aλ + εf + εr (3)

where ε′ is a random variable computed as εf + εr that represents the residuals from the average,

in which the εf represents the defect-to-defect variation and εt represents the inspection varia-

tion. Defect is detected when the signal exceeds threshold T . Assuming that the function g(S) is

monotonically increasing, S ≥ T if and only if g(S) ≥ g(T ). Thus,

POD(a) = Prob(g(S) ≥ g(T )) = Prob(ε ≥ g(T )− f(a)) = Prob(ε ≥ T σ − β0 − β1 · aλ) (4)

Assuming a Gaussian distribution for ε of mean 0 and variance σ2:
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POD(a) = Prob
(
ε

σ
≥ T σ − β0 − β1 · aλ

σ

)
= Φ(β′

0 + β′
1 · aλ) = Φ

(
aλ − µ

τ

) (5)

where Φ() is the standard normal distribution function, β′
0 = (β0 − T σ)σ, β′

1 = β1/σ, µ = (T σ −

β0)/β1, and τ = σ/β1. For a given defect size â, the probability of the defect severity being higher

than the threshold ā is computed as:

Prob(â ≥ ā) = 1− Φ

(
ā− β0 − β1 · aλ

σε

)
(6)

The POD function becomes a cumulative normal distribution function of mean (ā − β0)/β1 and

standard deviation σε/β1. The defect index versus defect severity (J - a) plot can be constructed

from the realizations with the data fitted using a linear regression [61].

RESULTS AND DISCUSSION

This section presents and discusses the experimental and numerical results. First, the vi-

bration spectra of the cylindrical models for different defect types are inspected to determine the

magnitude of frequencies sensitive to alterations. Second, the numerical model is validated with

the experimental data, and the correlation matrix for each type of defect and under different air

heights and laser heights are examined. Third, the MAPOD curves are obtained using the numer-

ical model and evaluated.

Vibration Spectra

Figure 6(a) is a typical time series plot of the raw data obtained from a test conducted on

an intact model with a laser height of 50.26 mm, air distance of 254 mm, and air height of 50.8
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mm. Data from the laser and pressure transducer is presented in voltage, which can be converted

to velocity and pressure values using the scale factors 5 mm/s/mv (vibrometer), 3,619 mv/MPa

(transducer A), and 3,651 mv/MPa (transducer B).It can be observed that the cylinder vibrates in

a free vibration mode after it is exposed to the shock wave. The bottom-right inset in Figure 6(a)

presents the measurements from pressure transducers A and B, showing the spatio-temporal

propagation of the shock wave. It can be noticed that the incident pressure captured by pressure

transducers A and B decrease as the shock wave approaches the shock tube exit (i.e. end of the

driven section), but the two peak pressures remain approximately at the same magnitude (∽ 60

kPa), indicating nearly no pressure loss during the transition process. The shock wave velocity of

439 m/s (Mach 1.28) is computed using the distance between pressure transducers A and B and

the time interval of the two peak pressures.

Figure 6(b) compares the vibration spectrum of the intact model under cylinder heights of

12.16, 22.32, 32.48, 42.64, and 52.8 mm using the Fast Fourier Transform (FFT) on the laser

vibrometer mesaurements. The frequency varies inversely with the cylinder height, as expected

from the decrease in stiffness and increase in weight as the cylinder model being printed higher

[62].

Figure 6(c) shows the frequency spectrum of the intact model (size 1-1) measured at a height

of 52.80 mm that compared against those obtained from the defect models with different defect

sizes (post-production). Four obvious frequency peaks can be observed along with a weak fre-

quency peak (5th peak) on all vibrational frequency spectra, as well as a visually noticeable differ-

ence in both the magnitudes and frequencies across different defects. Frequencies corresponding

to the second, third, and fourth frequency peaks of defect models are consistently lower than those

of the intact model, particularly for the second and third frequencies. Here, the frequencies of the

second and third peaks, which have magnitudes higher than that of the fourth peak, are selected

as key defect features. Remark that the first and fifth frequency peaks are consistently concen-

trated at 42 Hz and 2,016 Hz, respectively, for all models investigated in this study, attributable

to the level of noise, consistent material properties of the PLA used for printing, and the intrinsic

frequency of the laser signal [63, 64].
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Fig. 6. Study of typical signals: (a) time series plot of the raw data measured from the laser vibrometer with the onset showing

the signal measured from pressure transducers A and B; (b) comparison of the frequency spectra of an intact cylinder model under

different cylinder heights; (c) comparison of the frequency spectra measured from models with different defect sizes; (e) comparison

of the frequency spectra measured from models with the same defect size but at different locations.

Figure 6(d) shows the frequency spectra measured from five defect models of the same defect

size (size 3-3) but at different defect locations (location 1 to 5). Results are all taken under a

cylinder height of 52.8 mm (post-production), and a decrease in frequency can be observed at the

second, third, and fourth peaks as the heights of defects increased, which provides an insight on

expected frequency variations in assessing experimental results.

Numerical Model Validation

The validation of the numerical model was conducted by matching the simulated vibration ve-

locities with the measured vibration velocities. A line/rake surface was created with x1, y1, z1 set

as 0.2 m, 0.2 m, and 0.6 m, and the pathline was developed for the flow velocity. Figure 7(a) pre-

sented the simulated airflow using the developed pathline at time t = 0.1 s, which gives a valuable
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insight into the airflow behavior when the shock wave impacts the cylindrical model. A relatively

higher velocity was observed around the middle portion of the cylinder, and a recirculation zone

occurred over the cylindrical model.

The velocities of the assigned 30 surface nodes in the x, y, and z directions under the airflow

caused excitations that were extracted and averaged. Results are presented in Figure 7(b). A

similar underlying decay trend vibration phase was observed on the velocities in three directions

but with the velocity in the x direction exhibiting the highest magnitude, explained by the boundary

condition where x direction is along the direction of the airflow such that the frontal area exposed

to the shock wave is the largest.

The simulated velocities in the x and y directions are treated as two vectors and combined

as the resultant to represent a “composite” in-plane velocity scanned by the laser vibrometer in

the experimental tests. A FFT function is applied on the resulting time series data to convert the

signal to the frequency domain and compared against those obtained experimentally, as shown in

Figure 7(c). An overall match between the two frequency spectra is observed, yielding a correlation

coefficient of 0.8932. Slight discrepancies can be attributed to the incident shock wave causing

a rotating vortex ring generated due to the Kelvin–Helmholtz instability, causing adverse pressure

gradient on the shear layer and the spread of the jet in the azimuthal direction, thus yielding

additional torsion on the real cylinder [65].

Figure 7(d) shows the experimental to numerical correlation coefficients over five different

models (size 1-1 to size 5-5) taken under air distance of 5.08, 25.4, 76.2, 127, 254, 381, and

508 mm. Values of the correlation coefficients remained in the range of approximately 0.84 to

0.9 with a mean value of 0.8772, illustrating an overall good agreement and therefore validating

the accuracy of the numerical model. Slightly lower correlation values under 381 and 508 mm

air distances can be explained by the turbulence in the simulation and decay of the experimental

shock wave during the transmission process, where air shock waves propagated differenly [66].
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Fig. 7. Validation of the numerical model: (a) simulated airflow at time t = 0.1 s; (b) time series plot of simulated vibration velocities

in the x, y, and z directions; (c) comparison of the numerically simulated and experimentally measured frequency spectra of an intact

model; and (d) experimental versus numerical correlation coefficients of each model under different air distances.

Correlation Matrix

Defect Size

Table 3 is a correlation matrix that displays the three-test averaged correlation coefficients

between all pairs of models under a cylinder height of 52.8 mm, where the outliers, defined as

values over 10% of the three-test mean, were removed. The color scale is such that values above

0.95 are purple, values between 0.95 and 0.80 are blue, values between 0.80 and 0.73 are green,

values between 0.73 and 0.66 are yellow, values between 0.66 and 0.60 are orange, and values

below 0.60 are red.

It can be observed that all models yield high values on their self-correlation coefficient (diag-

onal line of Table 3), verifying the repeatability of the proposed experimental method. All defect

models resulted in different correlation coefficients with respect to the intact model (size 1-1) and

with the correlation values decreasing with the increasing defect sizes, observable in the first row of
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the matrix. The coefficients can generally be used to rank defect samples, even when comparing

two different defect cylindrical models.

Five cylindrical models with representative defect sizes (diagonal of Table 1) with the same

defect location (location 2 where the defect starts at 15.75 and end at 22.35 mm) are selected

to investigate the correlation coefficients between each cylindrical model under different cylinder

built heights to mimic real-time monitoring. The correlation coefficients are computed with respect

to the intact model (size 1-1) under each cylinder built heights of 12.16, 22.32, 32.48, 42.64,

52.80 mm, and the resulting correlation coefficients are tabulated in Table 4. It can be observed

that correlation coefficients are high over the first cylinder height because the defect is yet to

be produced. Also, upon defect, the coefficient values decrease with increasing defect size, as

expected, and within a given defect size (a column), the values decrease with the height of the

cylinder, as expected given the relative changes in dynamics.

Table 5 lists the correlation coefficients for all of the defect cylindrical models (Table 1) com-

puted with respect to the intact model using a cylinder height of 52.8 mm (post-production). All

defect models resulted in different correlations with the loss in correlation increasing with the in-

crease in defect sizes. Models of the same defect volume exhibit a similar loss in correlation.

Note: values outside the diagonal were obtained from the numerical model presented in the prior

section. Overall, results verified that the correlation coefficient can be use a an indicator of defect

and could be applied in real-time.

Table 3. Pearson correlation coefficients matrix between each cylinder model under different defect size under a cylinder height of

52.8 mm.

defect size 1-1 size 2-2 size 3-3 size 4-4 size 5-5

size 1-1 0.9832 0.8169 0.7505 0.6270 0.5261

size 2-2 0.9766 0.7249 0.7203 0.5686

size 3-3 0.9721 0.7392 0.6624

size 4-4 0.9704 0.7701

size 5-5 0.9683
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Table 4. Pearson correlation coefficients matrix computed with respect to the intact cylinder model (size 1-1) under different cylinder

heights (real-time).

size 1-1 size 2-2 size 3-3 size 4-4 size 5-5

cy
lin

de
rh

ei
gh

t(
m

m
)

12.16 1 0.9805 0.9768 0.9650 0.9739

22.32 1 0.9134 0.8802 0.8691 0.8024

32.48 1 0.8405 0.7926 0.7622 0.7197

42.64 1 0.8216 0.7782 0.7170 0.6447

52.80 1 0.8169 0.7505 0.6270 0.5261

Table 5. Pearson correlation coefficients matrix computed with respect to the intact cylinder model under a cylinder height of 52.8

mm (post-production).

width (mm)

defect 0 1.65 3.30 4.95 6.60

0 0.9832 1 1 1 1

de
pt

h
(m

m
) 1.65 1 0.8167 0.7908 0.7719 0.7392

3.30 1 0.7932 0.7505 0.7229 0.6838

4.95 1 0.7721 0.7206 0.6270 0.6072

6.60 1 0.7408 0.6901 0.6133 0.5261

Defect Location

A series of models with the same defect size but at different defect locations were selected to

investigate the capability of the proposed method at localizing defects. Figure 8(a) and (b) respec-

tively show the frequencies corresponding to the 2nd and 3rd peaks obtained from five models of

same defect size (size 3-3). Results are presented as a function of the cylinder built height where

printing is paused for data acquisition using the vibrometer. The four vertical lines indicate the

heights where the defects first appear in the cylinder, with defect locations 2 shown in black, 3 in

blue, 4 in orange, and 5 in green, as indicated in Figure 8. The frequencies of both the 2nd and 3rd

peaks follow a decreasing trend with the increase of the defect heights on the cylinder. Compared

to the intact model, the frequencies of defect models are in the same range as the intact model
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Fig. 8. Comparison of frequencies corresponding to the (a) 2nd and (b) 3rd peak measured from defect models with different defect

locations under different cylinder heights.

before the defect is printed, and a loss on frequency is observed immediately after the defect ap-

pears and those losses in frequency remain until printing is finished. By observing the frequency

peaks under the 52.8 mm height, the models with the defects printed at higher locations (e.g.,

location 5) consistently resulted in lower frequency values than those models with defects printed

at the lower positions (e.g., location 1). Similar phenomena are observed on the cylinder models

with different defect sizes.

Local Thickness

To investigate the local change in thickness, the vibrational frequency spectra are evaluated in

real-time by computing correlation coefficients under different heights during the printing process,

and results for the correlation coefficients are listed in Tables 6 and 7. Here, the color scale is

such that values above 0.95 are purple, values between 0.95 and 0.90 are blue, values between

0.90 and 0.86 are green, and values below 0.86 are yellow for a higher resolution. Correlations

are computed with respect to thickness A, and a general loss of correlations is observed over

each thickness cases as soon at the lower infill ratio is introduced. Compared to the loss in

correlations induced by voids, the loss induced by the local thickness resembles that of defect size

2-2, explainable by the defect distribution.
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Table 6. Pearson correlation coefficients matrix showing local thickness change-caused defects computed with respect to the intact

cylindrical model (size 1-1).

thickness A thickness B thickness C thickness D

cy
lin

de
rh

ei
gh

t(
m

m
)

12.16 1 0.9016 0.9816 0.9901

22.32 1 0.8383 0.8932 0.9842

32.48 1 0.8612 0.8219 0.9766

42.64 1 0.8879 0.8542 0.8903

52.80 1 0.8721 0.8810 0.8398

Printing Temperature

Table 7 shows the correlation coefficients for the melting temperature-induced defects. A loss

in correlation coefficients similar to that under a change in thicknesses was observed, but with

the maximum and average loss in correlations are approximately 42% and 31% lower, attributable

to the more dynamically negligible effect of the defect. Overall, the analysis has shown that the

cylindrical model’s vibrational spectra are sensitive to different types and sizes of defects caused

by the changes in part dimensions, locations, interior voids, and layer bonding.

Table 7. Pearson correlation coefficients matrix showing printing temperature change caused defects computed with respect to the

intact cylindrical model (size 1-1).

temperature A temperature B temperature C

cy
lin

de
rh

ei
gh

t(
m

m
)

12.16 mm 1 0.9834 0.9861

22.32 mm 1 0.9719 0.9633

32.48 mm 1 0.9433 0.9410

42.64 mm 1 0.9157 0.8919

52.80 mm 1 0.9001 0.8730

Laser Height and Air Height

Table 8 lists the computed correlation coefficients between an intact model and a defect model

with of size 5-5 under five pairs of air and laser heights. Under each air height, the correlations
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consistently decrease with the increase of laser height, explained by the increase in vibration

responses. However, the correlations remained in the same range under different air heights.

Table 8. Pearson correlation coefficients matrix showing effects of air and laser heights on frequency spectral.

laser height (mm)

9.62 19.78 29.94 40.10 50.26
ai

rh
ei

gh
t(

m
m

) 12.16 0.8448 0.8261 0.7687 0.6163 0.5681

22.32 0.8882 0.7805 0.7004 0.5914 0.5832

32.48 0.8720 0.8170 0.7380 0.6108 0.5990

42.64 0.9067 0.8344 0.7639 0.5971 0.5816

52.8 0.8963 0.8562 0.7103 0.6031 0.5728

Laser Height and Air Distance

Figure 9(a) is a time series plot comparing the laser-scanned velocity of an intact cylindrical model

measured under laser heights of 9.62 and 50.26 mm, and the air distance and air height for both

tests are set to 254 and 52.8 mm. The measured vibration velocity shows a lower amplitude under

a laser height of 9.62 mm, attributable to the smaller vibrations of the cylinder near the lower

portion. Figure 9(b) is the same time series plot, but comparing results measured from the air

distance of 76.2 mm against those measured from 508 mm, and the laser height and air height

are set to 50.26 and 52.8 mm, respectively. Both signals illustrate a similar trend, but the signal

resulting from an air distance of 76.2 mm shows a much higher magnitude, which can be explained

by the air shock wave generating larger vibrations under a smaller air distance.

Figure 9(c) compares the correlation coefficients between the intact and the defect model (size

5-5) resulting from different laser height and air distance. A decrease of the values of correlations

coefficients is observed with the increase of the laser height and with the decrease of air distance.

The lowest value was found under the laser height of 50.26 mm and air distance of 76.2 mm,

corresponding to the case where the highest vibrations can be measured. The effects of air

distance, air height, and laser height on cylinder vibration will be investigated in more details
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Fig. 9. (a) comparison of measured vibration velocities of the intact model measured with laser heights of 9.62 and 50.26 mm; (b)

comparison of measured vibration velocities of the intact model measured with air distances of 76.2 and 508 mm; (c) comparison of

correlation coefficients between the intact model and defect model (size 5-5) resulting from different air distances and laser heights;

(d) comparison of frequency spectra of intact models printed with and without pause.

under the MAPOD curves.

Pause Effect

Because the printing process of each model is paused 4 times for data collection under the

cylinder heights of 12.16, 22.32, 32.48, and 42.64 mm, the imperfect and incomplete alignment

of the nozzle after resuming of printing every time may lead to defects. Here, the impact of the

start/stop is characterized and quantified to understand potential negative effects of pausing print-

ing. To do so, two intact models are designed to be respectively printed with and without a pause,

and a defect inspection is conducted through vibration spectral analysis after being fully printed

(post-production). Figure 9(d) compared the frequency spectral of both models. Both signals

match very well in both phase and amplitude, yielding a correlation coefficient of 0.9726, implying

that the pause/resume did not cause negative impacts on the studied cylinder models. The intact
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model printed without a pause was further used to measure vibrations with and without adhering

reflective tape, and results are also plotted in Figure 9(d). A correlation coefficient of 0.9392 was

obtained, indicating the potential of tapeless applications, and thus ease of real-time deployments.

MAPOD Curve for Void Detection

To conduct the MAPOD study, 50 experimental tests were conducted on an intact and defect

cylindrical model (size 5-5), and the self-correlation coefficients were computed to determine the

decision thresholds. Figure 10(a) is a histogram graph presenting the frequency distributions of the

data measured from the two cylinder models. Both distributions are approximately bell-shaped,

and normal distribution functions were applied to the histograms to determine the mean values

(vertical lines) and corresponding 95% confidence interval (vertical dashed lines). Mean values of

approximately 0.96 along with low variances of 0.01 were found, illustrating the repeatability and

accuracy of the shock tube methodology.

Figure 10(b) is a J - a plot that shows the defect index J as a function of degree of defect

(defect severity) a under an air distance of 254 mm, air height of 52.8 mm, and laser height

of 50.26 mm, where the defect index J is the loss in correlations as defined in Eq. 1, and a

denotes the degree of defect defined as the fraction loss in volume resulting from the printed

defects. Numerical simulations were conducted to complement limited experimental data and

improve the POD evaluation by addressing a wider array of variables. Some of the simulated

values are benchmarked with the experimental data. The plot also includes a linear fit (red solid

line) conducted using a least squares regression, the 50% (dashed blue) and 95% (dot-dashed

green) interval line (dotted-dashed blue and green), and detection threshold (orange dashed).

Here, the threshold of 0.0312 is determined by subtracting from 1 the mean value of the µ1 and

µ2, presented in Figure 10(a), and a detection of the defect occurs if the resulting defect index J

exceeds the threshold.
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Fig. 10. (a) Histogram showing the frequency distribution of the self correlation coefficients measured from an intact model and a

defect model (size 5-5) with the fitted normal distribution curves and corresponding 95% confidence intervals; and (b) defect index J
as a function of degree of defect α (defect severity) with the resulting linear regression and confidence intervals.

Figure 11(a) plots the POD curves resulting from the J - a linear regression under air distances

of 25.4, 127, 254, 381, and 508 mm, along with the POD curves (dashed lines) resulting from

their upper (conservative) and lower 95% confidence bounds of the linear regressions. Results

show that the probabilities of detecting void defects decreases with the increase of air distance,

attributable to smaller vibrations and weaker transmitted air shock wave. It can be noticed that

there is a 50% probability with 95% confidence of detecting a defect greater than a50/95 = 0.039 on

the cylinder (bottom black dashed arrow), and a 90% probability with 95% confidence of detecting

a defect greater than a90/95 = 0.056 (upper red dashed arrow) under an air distance of 25.4 mm

(blue line).
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Fig. 11. MAPOD analysis, showing (a) POD curves with corresponding 95% confidence interval under air distances of 25.4, 127,

254, 381, and 508 mm; and 95% POD surface plots showing POD as a function of (b) air distance; (c) air height; and (d) laser height.

The POD assessments were further repeated on different setup configurations to demonstrate

how the proposed framework can be leveraged in designing a setup and future procedures. Fig-

ure 11(b)-(d) reports the generated POD surface plots for defect detection in which the POD curves

are shown as a function of air distance, air height, and laser height. Figure 11(b) was generated

under air height of 52.8 mm and laser height of 50.26 mm, Figure 11(c) was generated under

air distance of 254 mm and laser height of 50.26 mm, and Figure 11(d) was generated under air

distance of 254 mm and air height of 52.8 mm. The values of the two metrics a50/95 and a90/95

under each case are tabulated in Table 9.

Results shows that by decreasing the air distance or increasing the laser height, both yielding

a higher vibration measurements, values of a50/95 increase to maximums of 74.4% and 48.9%,

respectively, and values of a90/95) increased to maximum of 73.6% and 52.6%. Additionally, values

of a90/95 are approximately 35% to 50% higher than the values of a50/95 under each different

setup. One can also be observed that the values of both metrics of a50/95 and a90/95 remain
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nearly constant and only vary over a small range under different air height setups, verifying the

prior finding of the relatively negligible effect of the air height. From these results, an optimal

measurement setup would have an air distance of 9.2 mm, laser height of 52.3 mm, and air height

of 40.8 mm, yielding a minimum detectable void defect of 0.026% of the cylinder’s volume in this

study.

Table 9. MAPOD resulted a50/95 and a90/95 values under different air distances, air heights, and laser heights (values of a50/95
and a90/95 are in percentage).

parameter

(Units: mm)

value

(mm)

a50/95

(-)

a90/95

(-)

a50/95 change

(%)

a90/95 change

(%)

a90/95 to a50/95 increase

(%)

25.4 0.039 0.053 - - 35.9

air distance 127 0.042 0.058 7.7 9.4 38.1

(air height = 52.8) 254 0.046 0.064 17.9 20.8 39.1

(laser height = 50.26) 381 0.059 0.081 51.3 52.8 37.3

508 0.068 0.092 74.4 73.6 35.3

12.16 0.051 0.068 - - 33.3

air height 22.32 0.050 0.066 -2.0 -2.9 32.0

(air distance = 254) 32.48 0.045 0.063 -11.8 -7.4 40.0

(laser height = 50.26) 42.64 0.047 0.064 -7.8 -5.9 36.2

52.8 0.046 0.064 -9.8 -5.9 39.1

9.62 0.090 0.135 - - 50.0

laser height 19.78 0.078 0.114 -13.3 -15.5 46.2

(air height = 52.8) 29.94 0.062 0.088 -31.1 -34.8 41.9

(air distance = 254) 40.1 0.052 0.074 -42.2 -45.2 42.3

50.26 0.046 0.064 -48.9 -52.6 39.1

CONCLUSION

This paper presented a study on using a laser vibrometer combined with an air shock tube

to detect defects and evaluate the quality of additive manufacture (AM) parts in real-time. The
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objective was to evaluate the use of a shock tube in generating the external excitation. The pro-

posed nondestructive evaluation technique analyzes vibration frequency spectra of AM parts that

are sensitive to material properties and defects. A cylindrical model was selected and different

types of defects were studied to investigate the feasibility and capability of the proposed method-

ology on identifying, evaluating, and quantifying a void size, void location, local thickness change,

and melting temperature. Experiments were conducted on the AM part under different defects

and printing stages. A numerical model was constructed and validated to enable the estimation of

the expected frequency response of the AM parts, and used to conduct model-assisted probability

of detection (MAPOD). The correlation coefficients were introduced in this study to quantify the

similarity between two frequency spectra and used as a defect index. The effect of laser height,

air height, and air distance on cylinder vibration spectra were also investigated. Based on the

analysis of the results, the following conclusions can be drawn from this study:

1. The shock tube created shock wave for reproducible dynamic excitation on the AM parts, and

was sufficient in dynamically exciting the AM part under study.

2. The proposed nondestructive evaluation technique could be applied in real-time provided

enough reflectivity of the printed materials by showing highly correlated frequency spectra

measured with and without using a reflective tape.

3. The frequency spectra are sensitive to different types and sizes of defects, and the resulting

correlation matrix displayed a loss in the correlations with the increase of defect void sizes,

illustrating the feasibility of using correlations as the metric to discover and quantify defects.

4. Defects can be localized by comparing the frequencies of the peak, particularly the 2nd and

3rd peaks in this case, which are consistently decreasing with increasing defect height along

the cylinder. A change in local thickness and printing temperature caused relatively smaller

changes in correlation coefficients but were yet detectable.

5. The cylindrical vibration velocity under shock wave obtained numerically was validated against

experimental data, with a mean correlation value of 0.8772 between the numerical and exper-

imentally spectra.

6. A POD decision threshold of 0.0312 was found from the normal distribution of the histogram,
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and a linear relationship was obtained from the analysis of defect index versus degree of defect

(j - a) plot.

7. The POD curves show a minimum detectable defect of a50/95 of 0.039%, corresponding a

cubic-shaped void defect of 2.1 mm edge lengths, and a maximum of 74.4% and 73.6% in-

crease on the values of a50/95 and a90/95 were obtained by decreasing the air distance. A

maximum of 48.9% and 52.6% increase in a50/95 and a90/95 were obtained by increasing of

laser height. Air height plays a relatively insignificant effect in this test.

8. From the numerical study, an optimal measurement setup would use an air distance of 9.2

mm, laser height of 52.3 mm, and air height of 40.8 mm, yielding a minimum detectable defect

size of 0.026%.

We envision that the spatio-temporal comparison of the fundamental frequencies through the

correlation coefficients could be used in real-time setups to rapidly detect, localize, and quantify

defects in AM parts. It is expecting that this technique could be used in a relative way by cross-

comparing samples. Left to future work at the refinement of the proposed air-laser method to

improve sensitivity to defect size, the evaluation of material parameters (e.g., Young’s modulus,

Poisson’s Ratio, density, etc.), the study of the effects of multiple defect types, and the extension

to non-reflective materials and other complex geometries.
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