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A B S T R A C T

Acoustic Resonance Testing is a nondestructive testing method based on the analysis of
eigenfrequencies of structures. While it is a well-established technique for conventionally
manufactured parts, more research is needed to use the technique to quantify the properties of
complex, filigree structures like additively manufactured parts. Therefore, this work examines
simulation-based generation of synthetic data to estimate influencing factors caused by additive
manufacturing. Using numerical eigenfrequency analysis, a systematic study of the vibration
modes of a Ti6Al4V metamaterial unit cell with multistable mechanical behaviour reveals the
interplay between the material properties, geometrical parameters and manufacturing-induced
defects. The simulations enable the identification of specific eigenfrequencies for which the
highest influence of manufacturing variations on the vibration modes are to be expected in
experiments, for example, with regards to the Young’s modulus, spring width, or deflection-
induced change in geometry. Frequency shift plots visualize the predicted effects of different
parameters and form the basis for future guided experimental design and analysis for complex
structures. The simulation-based approach allows a screening of multiple influencing factors,
which is not possible experimentally. The simulation-based generation of synthetic data will
contribute to the improvement of the interpretation of acoustic spectra and will extend the
acoustic resonance testing for more complex structures.

. Introduction

Acoustic Resonance Testing (ART) is a low-cost nondestructive evaluation option suitable for a high number of similar
omponents. This technique relies on the ability of solids to vibrate with characteristic frequencies, i.e. their eigenfrequencies,
ombined in an acoustic fingerprint. A variation in the shape, dimensions, material or mechanical properties, such as the elastic
odulus or density, lead to a change in frequency or amplitude. Through external energy input, for example, a hammer impact,

tructure vibrations can be excited and detected by microphones, high speed cameras or laser vibrometer and represented as resonant
eaks in the frequency spectrum. A comparison of the position and shape of peaks in the spectra of different parts allows a fast
nd reliable distinction between a defective part and a reference part assumed as ‘‘ideal’’, or distinction between parts of the same
amily with parameter variations, such as variations of a metamaterial unit cell [1–4].

ART has a wide application field and has been used for the inspection of cast brake calipers [5], automotive steering knuckles [6],
ast iron microstructures [7], recognition of coins [8], ceramic capacitors [9] or glass bottles [10] as well for the determination
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of fruit firmness, for example of apples [11] or melons [12]. Recently, the acoustic testing has been used for characterization of
additively manufactured lattice structures, for example, for determination of the elastic modulus [13,14] or the detection of missing
rods [15]. While there are studies on nondestructive characterization using computed tomography [16–18] or, as mentioned above,
acoustic techniques, the complexity of additively manufactured structures and, especially, metamaterials still poses challenges for
their characterization compared to parts with bulk properties [19]. To adapt the technique to the upcoming trends in material
development, improvements and specifically simulation-aided approaches will be required in order to apply ART to more complex
geometries and manufacturing processes.

A trend in the development of new parts is the integration of functions through tailored material properties or geometry. In this
ontext, mechanical metamaterials summarize the class of materials where a designed architecture allows the achievement of unusual
hysical mechanical properties [20,20–22]. Throughout the present article, the term metamaterials exclusively refers to the class of
echanical metamaterials. Popular representatives are lattice, pentamode, auxetic, chiral as well as origami and kirigami-inspired

tructures [23–28]. The fabrication of such complex designs is often demanding and realized by additive manufacturing [29–32].
aser powder bed fusion (LPBF) is one of the most commonly used for the fabrication of metallic structures. The building process
onsist of alternating powder application and its local melting by a laser beam. Steel [33,34], titanium [35] and nickel [29] based
lloys are established materials for this process while copper [36,37] represents a challenge. Ti6Al4V, for example, is frequently
tudied for manufacturing of metamaterials, in particular for lattice like structures due to its good suitability for three-dimensional
3D) printing among with compatibility to living tissue, corrosion resistance, high strength and elastic modulus by relatively low
ensity [38,39]. Despite the high flexibility in geometry and material, the industrial use of the process faces certain challenges.
esides the long fabrication duration and limitations in terms of part dimensions as well as the number of parts per print, process

nduced defects and irregularities can occur. Moreover, the as-built and as-designed structure can differ from each other in various
spects. Notably, waviness, shrinkage, lack of fusion or powder adhesion are commonly observed. These can result in a high surface
oughness, residual stresses, high porosity and an appearance of cracks [40–42].

Even though ART is an established method for rapid volumetric inspection, there are limitations when it comes to specimens
ith small volume, complex structure and presence of many superposing influencing factors such as in additively manufactured
arts. In this case, the interpretation of the frequency spectra can be impaired by the overlapping of different defects. ART is
ften accompanied by finite element method simulations for verification and an in-depth investigation of the structural vibration
erformance [6,43–46]. There are few studies focusing on the generation of synthetic data for conventionally manufactured parts
o inform experimental techniques and improve the method to provide quantitative rather than just qualitative information [6,45].
imulation-based quantification of the influence of manufacturing induced defects or variations on acoustic spectra has not been
idely investigated, especially for additively manufactured samples.

Therefore, this work focuses on the generation of synthetic data of eigenfrequencies to understand the multitude of variable
roperties of complex additively manufactured parts. The main goal is to systematically quantify the influence of manufacturing-
nduced geometry and material property variations as this is not experimentally feasible. A metamaterial unit cell, developed by
appe et al. [47] in a previous publication, was studied. Due to its relatively small dimensions, complex design and presence of
rocess induced deformation, the model structure poses a challenge for the ART and is selected as a suitable representative of the
lass of mechanical metamaterials for testing of the presented approach. The model cell consists of two main structure elements, a
pring and two snap-fit arms, enabling a higher mechanical damping than feasible by the bulk material (Ti6Al4V) itself. Thereby,
he choice of the spring and arm width is crucial since it determines the achievable mechanical behaviour, namely a bistable or
elf-recovering state.

Based on the 3D model of the unit cells, finite element analysis of the eigenfrequencies is performed taking into account the
ffect of geometric irregularities and a variation in Young’s modulus. Subsequently, effects of the width of the spring and snap-fit
rm are studied numerically. The investigation focuses on quantifying the expected impact that the corresponding parameters have
n the vibration modes of the unit cell. In the future, the generated synthetic data can support interpretation of ART spectra and
nable a prediction of possible frequency shifts as a result of certain defects. This study contributes to the improvement of ART for
dditively manufactured parts and can hopefully contribute to the establishment of reliable, cost-effective quality control methods
or metamaterial parts in industry.

In the following section, the model unit cell is described in detail followed by an introduction of the simulation methods
nd model modifications. Afterwards, a systematic numerical study of eigenfrequencies of the model unit cells is presented and
esults analysed according to the influencing factors: cell geometry, distortion, displacement and elastic modulus. The results are
ummarized in terms of multimodal frequency shift maps to study the effects of combinations of influencing factors. Lastly, the
indings are discussed, highlighting some of the challenges and potential for future work in the area of ART for metamaterials.

. Materials and methods

.1. Metamaterial model structure: Geometrical structure and manufacturing process of friction based unit cell

In the following section, a concise description of the tested geometry is provided. This study focused on the vibration behaviour of
new metamaterial unit cell, shown in Fig. 1,a, with outer dimensions of about 1 cm × 1 cm × 3 cm. The design and manufacturing

of the cell was systematically studied by the authors in a previous publication [47]. The cell consists of a spring, two snap-fit
mechanisms and a supporting structure on each side. The geometry design allows a reduction of the Young’s modulus (from 110 GPA
2

for Ti6Al4V as bulk material to 1.2–2.7 GPa) and an increase of the loss coefficient up to 0.2 comparable to polymeric foams and
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Fig. 1. Unit cell geometry. (a) A representative 3D model of the investigated metamaterial unit cell composed of a spring, parallel orientated snap-fit mechanisms,
and a supporting structure on both ends. Depicted is a unit cell of type V1.2 with 𝑏spring = 3 mm and 𝑏snap = 1.5 mm. (b) Fabrication induced distortion of the
structure. The red highlighted margins correspond to the edges on which a prescribed displacement of 𝑎 ⋅ 𝑡𝑎𝑛(𝛼) with 𝑎 = 5 mm is applied to induce deformation.
(c) Model change after compression i.e. a prescribed displacement 𝑑2 = 1.3 mm (the red arrows indicate the direction). On the left, the surface elements of
the snap-fit mechanism allocated to the contact pair in the simulation as a source (purple) and a destination (yellow) element is shown. The outline in black
represents the nominal geometry. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

engineering polymers. The used material (Ti6Al4V), on the other hand, allows an application at temperatures of more than 1000 ◦C,
significantly higher than the operating temperature of common polymeric materials. During deformation, the spring element stores
elastic energy and the arm elements allow energy absorption and dissipation through friction.

The mechanical performance of the cell is mainly dictated by the width combination of the two elements, since the width affects
their stiffness. The ratio of 𝑏snap∕𝑏spring serves as a reference criterion. With a ratio of 0.5 or smaller, a self recovering behaviour
and a ratio higher than 0.5 a bi-stable state can be realized. For instance, a cell with 𝑏snap = 1.5 mm, 𝑏spring = 3 mm and ratio
of 0.5 (designated as V1.2) can be assessed as self-recovering while V3.1 with 𝑏snap = 4.5 mm, 𝑏spring = 1.5 mm and ratio of 3
as bi-stable. In other words, after a sufficiently high compressive force is applied, enabling one arm of the snap-fit mechanism to
overcome the elevation (Fig. 1,c), V1.2 returns to the initial state with no external force required, while V3.1 remains in a second
stable state. The energy stored in the deformation of the spring in case of V1.2 is sufficiently high that bending of the arm and
elevation re-overcoming occurs. In case of V3.1 an external force is required for a state change.

Five different combinations of 𝑏snap and 𝑏spring, respectively five cell types, were produced. These are designated as V1.2, V1.3,
V2.2, V3.1 and V3.2 (Table 1). Samples of these types were provided for this study to enable experimental measurements using
ART. For completeness and to ensure a broader parameter variation, four additional types (V1.1, V2.1, V2.3 and V3.3 (Table 1)
were considered in the simulation. The structures were manufactured from Ti6Al4V powder (layer thickness 20 μm) in a Laser
Powder Bed Fusion system (LPBF, EOS M 100) using a 200 W laser (CW-laser, YLR-series, wavelength 1070 nm) [47].

From the listed cell variations (Table 1), five specimens of types V1.2, V1.3, V2.2, V3.1 and V3.2 were considered for further
investigations. The structures were manufactured in the same conditions as detailed above. More detailed information about the
fabrication process and structure design has already been published in a previous work by Kappe et al. [47].

2.2. Simulations

An eigenfrequency analysis was carried out in the environment of Comsol Multiphysics to investigate specific effects of a certain
geometry deviation on the vibration behaviour of the presented structure. The Solid Mechanics physic interface and an Eigenfrequency
study in the Structural Mechanicsmodule were used to determine the natural frequency values and visualize the corresponding natural
modes. Thereby a free vibration is considered. The geometry was meshed with tetrahedron elements with maximum size of 0.4 mm,
minimum size of 0.1 mm, and an average element quality of 0.66.
3
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Table 1
Unit cell designation according to the combination of spring and snap-fit nominal width.

To realize a distortion and compression induced deformation in the unit cell a prescribed displacement node was added to the
Solid Mechanics physic interface and a non-linearity including Stationary study was performed. A tetrahedron mesh with maximum
element size of 2.65 mm, minimum size of 0.02 mm, and an average element quality of 0.64 was built in the case of a distorted
structure (see geometry in Fig. 1,b). In the case of a deformation (Fig. 1,c), the values were adapted to 0.8 mm, 0.05 mm and 0.66,
respectively.

The material constants for the elastic modulus 𝐸 = 110 GPa and the density 𝜌 = 4410 kg∕m3 were assigned to the structure,
regardless of geometry type, based on material data sheets of the used Ti6Al4V powder. The Poisson’s ratio 𝑣 = 0.28 was adapted
from the literature [48].

2.3. Implementation of geometric changes in the CAD model

With regard to the geometrical structure (Fig. 1), a variation in the spring and snap-fit arm width, as well as deformation induced
deviation from the initial state were considered. An out of plane deformation (Fig. 1,b, further designated as deflection) and a
deformation of the structure caused by compression (Fig. 1,c, further designated as displacement) were recreated by a stationary
study enclosing non-linearity in Comsol Multiphysics.

In Section 3.1, the results concerning deflection of the structure will be presented. To determine the boundaries for the
simulations, the deflection of the samples was analysed with an optical microscope (KEYENCE VHX-600, Profile measurement unit
VHX-S15, Japan), on at least 3 different positions. Among these, a distortion angle of 1 to 12◦ was observed, which was most
pronounced for unit cell V1.2 and V1.3 and on average 10 ± 2◦. Therefore, the following section of the study is focused on these
cell types. An illustration of the process of obtaining a deformed geometry is shown in Fig. 1,b and c. Deflection was simulated by
utilizing boundary conditions in Comsol Multiphysics: one side of the structure was defined as fixed constraint and on the opposite
side, specifically on the red marked lines, a defined edge displacement of 𝑑1 = 𝑎 ⋅ 𝑡𝑎𝑛(𝛼) ⋅ 𝑝 with (𝑎 = 5 mm) (Fig. 1,b) was applied. A
parameter sweep over 𝛼, from 1 to 15◦ with 1◦ degree increments was performed. To prevent overlapping in the area of the snap-fit
arms, contact pairs containing the two opposite surfaces were defined: yellow (Fig. 1,b, destination) and purple (Fig. 1,b, source).
The deformed geometry at each angle step was then exported as a .stl file and used for the natural frequency studies.

In Section 3.2, the results for the cell deformation, caused by a compression in the 𝑥-direction, are presented (Fig. 1,c). The
boundary conditions for this simulation were determined based on the geometrical limitations of the unit cells. In case of compression
beyond a displacement of 1.6 mm in 𝑥-direction, the arm elements collide with the supporting ends. In the simulation a similar
approach, as described above, was followed to create a pressed geometry (Fig. 1,c). On the non-fixed side, a predefined displacement
𝑑2 ⋅𝑝 was included, where 𝑑2 varied from 0 to 1.3 mm in 0.1 mm steps. The faces specified as a contact pair are shown in Fig. 1,c,left.

In both cases, a penalty factor of 1 and a friction coefficient of 0.5 were set. The contact pair function requires a sufficiently
fine meshing. To avoid convergence problems, the displacement (𝑑1 and 𝑑2) was additionally multiplied by the parameter 𝑝 and a
sweep over 𝑝 from 0 to 1 was performed. The increment size was set at 0.01, in the case of 𝑑1 and 0.05 for 𝑑2.

3. Results

A systematic numerical study of different influencing factors on the model structure was performed to collect synthetic data
for acoustic eigenfrequencies. The systematic study considers design-related features (variation of feature sizes such as spring and
snap-fit width), manufacturing-related flaws (a distortion and a variation in the Young’s modulus) as well as function-related effects
(a deformation in the spring and snap-fit arm induced by compression).

For each geometry, the first fifty to sixty natural modes i.e. eigenvalues were calculated. The data obtained was used to determine
whether, and to what extent, the deformation of the structure affects the vibration behaviour.

3.1. The impact of geometry

In the following, we investigated whether a differentiation between the cell types is possible with regard to the width of the main
structure elements (spring and snap-fit arms). As mentioned before, the element’s width determines the mechanical behaviour of
the cell. The proposed approach is based on the comparison of particular modes of which the vibration was primarily manifested by
deformation of one of the main elements (spring or snap-fit arms). Two modes (1 and 2) dominated by the spring deformation and
two other modes dominated by the snap-fit arm deformation (3 and 4) were empirically selected (Fig. 2). Modes 1 and 2 exhibited
an increase in the eigenfrequency for higher spring width and where nearly independent of the change in arm width. For example,
an increase in spring width from 1.5 mm to 4.5 mm resulted in a frequency shift of about 250 Hz (mode 1) and 200 Hz (mode 2). A
4
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change in the snap-fit width from 1.5 mm to 4.5 mm induced a decrease in frequency up to −33 Hz (mode 1) and −43 Hz (mode 2).
In comparison, the eigenvalues of modes 3 and 4 change with variation in the spring width by a maximum of 16 Hz. In particular,
mode 3 appeared to reach a high frequency shift of ≈1780 Hz compared to ≈140 Hz for mode 4 when the arm width increased to
4.5 mm (Fig. 2). Thus, a classification could be performed based on preselected vibration modes reacting with a high change in
eigenvalue due to the variation in geometry parameters. Supported by the study in the previous sections, and by taking into account
the accuracy of the ART equipment, a suitable frequency range can be established, in which potential irregularities (e.g. deflection)
would have the lowest impact.

Fig. 2. Eigenfrequency values of four selected vibration modes in dependence of the spring and snap-fit arm width. The symbols rhombus, circle and star
designate the thickness of the arm element. Mode 1 (d) and mode 2 (c) are mostly dominated by the deformation of the spring. Mode 3 (b) and mode 4 (a)
are dominated by deformation of the snap-fit arms. The study was conducted for E = 110 GPa.

3.2. The impact of distortion

The effect of distortion on the structure’s vibration modes was investigated up to 40 kHz in order to remain in accordance with
the specifications of typical microphones used for experimental ART studies. To keep the graph concise, only the modes for which
the predicted frequency change is higher than 50 Hz are included in Fig. 3. The omitted data points were nevertheless plotted in
Fig. A.9. 50 Hz was chosen as a cut-off independently of the frequency although sensitivity of actual microphones might vary to
simplify the interpretation.

In the audible range of the frequency spectrum, the majority of the eigenvalues of the deflected structure show a frequency shift
(𝛿𝑓 ) under 50 Hz in relation to the ideal condition (𝑓0). Up to 20 kHz, the expected maximum 𝛿𝑓 by a maximum deflection angle
of 15◦ was 69 Hz (for V1.2, at 𝑓0 = 16 590 Hz) and 91 Hz (for V1.3, at 𝑓0 = 16 590 Hz). The frequency shift appeared to be more
pronounced in the range above 20 kHz. For instance, a symmetrical change in 𝛿𝑓 at 𝑓0 = 29 677 Hz and 𝑓0 = 29 737 Hz for V1.2,
and at 𝑓0 = 29 848 Hz and 𝑓0 = 29 926 Hz for V1.3 can be observed, which corresponds to peak splitting in a frequency spectrum.
This implies that for an ‘‘‘ideal’’’ sample, the distance between the two peaks should be 100 Hz and, depending on the resolution of
the measurement system, it may occur as a single broad peak. Distortion leads to an increase in the distance within those eigenvalue
(i.e. peak) pairs of 152 Hz at the angle of 5◦ and 565 Hz at 15◦ for V1.2, and 138 Hz (5◦) and 549 Hz (15◦) for V1.3 (Fig. 3).

Based on the results of the simulations, a distinct trend in the frequency change over the distortion between 0◦ to 15◦ can
be identified and easily fitted by fundamental functions. This allows a fast prediction of how much a certain resonant peak is
expected to change by a given distortion angle. Using a second-order polynomial, the data for selected modes most affected by
the kind of deformation were fitted and illustrated in Fig. 4. The calculated coefficients are listed in Table 2. The difference in
spring width between V1.2 and V1.3 did not affect the progression of the 𝛿𝑓 (𝑥) curve over the angular range, when identical modes
were considered (Fig. 4). Furthermore, not all modes were equally affected by the variation in distortion angle. For example, the
vibration mode with an initial frequency value of 36 767 Hz for V1.2 and 32 008 Hz for V1.3 (marked in green, Fig. 4) reached a
slope of about 30 Hz/◦ and 24 Hz/◦, respectively. In comparison, the slope of 𝛿𝑓 (𝑥) for the modes with 𝑓0 = 21 132 Hz (1.2) and
𝑓0 = 21 751 Hz (1.3) increased and was about 11 Hz/◦ and 10 Hz/◦. Only these modes with a sufficiently high 𝛿𝑓 (𝑥)′ are suitable
for deduction of the degree of distortion based on the frequency shift.
5
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Fig. 3. Predicted shift in natural frequency due to structure deflection of 5◦, 10◦ and 15◦ in the case of two unit cells: (a) V1.2 (𝑏spring = 3 mm and 𝑏snap = 1.5 mm,
left) and (b) V1.3 (𝑏spring = 4.5 mm and 𝑏snap = 1.5 mm, right). Only natural frequencies reaching a shift of more than 50 Hz are shown for better readability.
The complete data set is shown in Fig. A.9 for 15◦.

Fig. 4. Expected shift in natural frequency over the considered deflection range of 1◦ to 15◦ for certain vibration modes for two different unit cells: (a) V1.2
and (b) V1.3. Modes were empirically selected based on predicted vibration nature so that they are likely affected by the geometry change due to distortion.
The regression functions were generated in Matlab and the coefficients determined can be found in Table 2. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
6
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Table 2
Coefficients a, b and c related to the fit function 𝛿𝑓 = 𝑎𝑥2 + 𝑏𝑥 + 𝑐 plotted in Fig. 4 and calculated by Matlab.
The intersection point on the y-axis was set to zero.

V1.2 V1.3

𝑓0/Hz a b c 𝑓0/Hz a b c

36 767 1.8 2.8 −5.9 ∗ 10−23 32 008 1.4 2.7 −1.6 ∗ 10−22

29 763 0.3 15.5 3.2 ∗ 10−10 29 926 0.4 14 3.3 ∗ 10−10

21 132 0.5 3.5 −2.4 ∗ 10−10 21 751 0.4 3.7 −4.6 ∗ 10−11

33 321 −0.7 3.5 −5 ∗ 10−11 28 725 −0.5 4 1.9 ∗ 10−10

29 677 −0.4 −12 −1.6 ∗ 10−22 29 848 −0.5 −10 1.1 ∗ 10−19

3.3. The impact of displacement

As shown in Fig. 1,c, the snap-fit mechanism includes opposing hook and overhanging units which allow the structure to remain
in a second (pressed) stable state. It requires a compression force and is stable only for certain unit cells such as V3.1 and V3.2 [47].

In the following section, an eigenfrequency study was performed for unit cells V3.1 and V3.2 considering a displacement of the
snap-fit arms from 0.96 mm to 1.56 mm to study the change in frequency due to the transition to the second state.

Focusing on the audible range and displacement of 1.56 mm, 𝛿𝑓 varied up to 255 Hz (for V3.1) and 310 Hz (for V3.2), with
exception at 𝑓0,V3.1 = 16 192 Hz with 𝛿𝑓 = −2369 Hz, and 𝑓0,V3.1 = 19 657 Hz with 𝛿𝑓 = −1186 Hz, as well as at 𝑓0,V3.2 = 16 528 Hz
with 𝛿𝑓 = −2317 Hz and 𝑓0,V3.2 = 19 813 Hz with 𝛿𝑓 = −1094 Hz (Fig. 5). The impact of a displacement based deformation in
the structure was more pronounced at higher frequencies. For example, a maximum shift to lower frequencies of −3542 Hz and
−2476 Hz was predicted for the modes with initial eigenvalue of 𝑓0,V3.1 = 29 133 Hz and 𝑓0,V3.2 = 29 267 Hz.

In the next step, the change of 𝛿𝑓 by variation of the displacement was plotted for the six most affected modes and fitted with
the function 𝑎𝑥+ 𝑏 (Fig. 6). The calculated values for a and b are listed in Table 3. The linear relation facilitates a determination of
the displacement of the sample based on the change in frequency and vice versa. Depending on whether a mode is dominated by
the movement of the spring or arm element, it was influenced by the displacement to a different extent. Modes with pronounced
deflection of the spring (I, II and III in Fig. 6) were more affected than those with more pronounced arm deflection (IV, V and
VI). At 0.96 mm, regarding modes IV, V and VI 𝛿𝑓 varied between −309 Hz and 416 Hz for V3.1, and −317 Hz and 401 Hz for
V3.2. While considering modes I, II and II, the obtained change in frequency was up to −2196 Hz (V3.1) and 1547 Hz (V3.2).
Further, at 1.56 mm, 𝛿𝑓 was in the range between −81 Hz and 100 Hz (V3.1) and −88 Hz and 78 Hz (V3.2) since the deformation
in the arm element also decreased (see IV, V and VI) after passing the elevation. In contrast, the increase in displacement led to
higher deformation of the spring and therewith to higher frequency shifts for frequencies dominated by the spring. For example,
𝛿𝑓 (𝑥) showed the highest decrease for mode II (dominated by a deformation of the spring) as indicated by a negative slope of
−2245 Hz/mm for V3.1 and −1548 Hz/mm for V3.2 (Fig. 6). Thus, also in the case of a displacement, only certain modes were
significantly affected, so that these could be used as indicators, which a later acoustic resonance analysis can focus on.

Fig. 5. Change in eigenfrequency as a result of a displacement from the initial state (black lines) for two unit cells: (a) V3.1 (𝑏spring = 1.5 mm and 𝑏snap = 4.5 mm)
and (b) V3.2 (𝑏spring = 3 mm and 𝑏snap = 4.5 mm). At a displacement of 0.96 mm, a maximum deflection of the snap-fit arm is reached and at 1.56 mm, a
maximum compression of the spring, corresponding to the second stable state, is obtained. Depicted are the cases in which 𝛿𝑓 > 50 Hz. The complete data set
is shown in Fig. A.10. The black arrows next to the pictograms refer to the direction of displacement.
7
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Fig. 6. Expected shift in natural frequency over the considered displacement range of 0.96 mm to 1.56 mm for selected vibration modes and two different
unit cell types: (a) V3.1 and (b) V3.2. (c) The modes with the highest 𝛿𝑓 caused by this type of geometry change were selected. The regression functions were
generated in Matlab and the coefficients determined can be found in Table 3 for the case of unit cell V3.1 (𝑏spring = 1.5 mm and 𝑏snap = 4.5 mm, left) and V3.2
(𝑏spring = 3 mm and 𝑏snap = 4.5 mm, right). The black arrows refer to the direction of displacement. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 3
Coefficients a and b related to the fit function 𝛿𝑓 = 𝑎𝑥 + 𝑏 plotted in Fig. 6 and calculated by Matlab. The
intersection point on the y-axis was set to zero.

V3.1 V3.2

𝑓0/Hz a/(Hz/mm) b 𝑓0/Hz a/(Hz/mm) b

16 192 −1524 8 16 528 −1492 12
29 133 −2245 −39 29 267 −1548 −62
32 828 −1468 −70 33 310 −1289 −72
22 129 −550 980 22 143 −560 977
23 182 −367 621 23 214 −475 794
26 252 410 −735 26 241 414 −745

3.4. Variation in elastic modulus

An investigation of additively manufactured Ti6Al4V microbeams by Yin et al. [49] has shown a dependency of the mechanical
properties on the specimen size and applied process parameters. The tested microbeams with process parameters adapted from that
study were manufactured on the same machine and with the same process parameters as the unit cells examined in this work. In
accordance with the related findings, the Young’s modulus E was varied from 80 GPa to 140 GPa.

In the following section, the effect of Young’s modulus variation on selected eigenfrequencies for a unit cell without defects was
studied based on numerical simulations. The predicted change in eigenfrequency, caused by variation in E, is plotted in Fig. 7 for
V1.2 and V3.1 as representatives for all sample types. Regardless of the unit cell type, a decrease in elastic modulus (80–100 GPa)
led to a shift in all eigenvalues to lower frequencies, i.e. negative 𝛿𝑓 and in the case of an increase (120–140 GPa), vice versa. In
Fig. 7 the change in 𝛿𝑓 is shown for cell V1.2 and V3.1 including all generated eigenvalues up to 40 kHz. For all natural modes, a
deviation in E by 10 GPa, i.e. 9%, resulted in a frequency shift of 4 to 5%.
8
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Fig. 7. Expected change in eigenfrequency, 𝛿𝑓 , considering a variation of the bulk elastic modulus (80 GPa to 140 GPa) for two unit cell types: (a) V1.2
(𝑏spring = 3 mm and 𝑏snap = 1.5 mm) and (b) V3.1 (𝑏spring = 1.5 mm and 𝑏snap = 3 mm). According to the materials data sheets for Ti6Al4V, the average nominal
Young’s modulus is 110 GPa and the natural frequencies computed for E = 110 GPa are taken as a reference.

3.5. Multimodal frequency shift maps

In the previous paragraphs, the effect of design-related deviations (Fig. 2), manufacturing-related geometry deviation (Fig. 3),
function-related geometry variation (Fig. 5) and Young’s modulus variation (Fig. 7) were studied separately. However, they can
occur simultaneously and superimpose for real parts. In order to be able to predict changes in the frequency of certain modes due to
a combination of different deviations in the geometry or material properties, two exemplary frequency shift maps were generated
for two unit cell geometries. Representative maps for the case of a variation in Young’s modulus together with a distortion or
displacement (compression) are shown in Fig. 8. For a selected eigenfrequency, there are instances were effects are negligible like
the effect of distortion angle for V1.2 cell compared to the effect of Young’s modulus (Fig. 8,a). In this case, the Young’s modulus
can be determined from the eigenfrequency independently from the distortion of the sample. In other cases (Fig. 8,b), ambiguities
arise and the value of E has to be known in order to determine a change in the geometry due to displacement.

Fig. 8. Colour maps illustrating the expected frequency value of the natural mode depicted above by a given Young’s modulus and (a) distortion angle (V1.2)
or (b) displacement (V3.1).
9
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Following this method, frequency shift maps can be created based on the synthetic data generated to determine the expected
requency change for a particular natural mode and guide experimental design as well as physical understanding of the acoustics
f complex material systems. They enable to better interpret variability between measurements and identify frequency regions that
re less affected by certain variations.

. Discussion

The present work focused on a systematical numerical evaluation of influence factors of additively manufactured structures on
coustic eigenfrequencies. Through the isolated analysis of deviations in geometry or material parameters, a prediction of their
ffect on the structure’s vibration behaviour can be made and mode dependent effects can be identified.

A linear relation between the change in spring width, snap-fit width as well as Young’s modulus as function of frequency was
bserved for selected modes in the simulations (Figs. 2 and 7). This effect can be derived from the simplified mathematical formula
or eigenfrequencies of a single beam [50–52]:

𝑓 ∝
√

𝐸𝐼
𝜌

(1)

where 𝑓 designates eigenfrequencies, 𝐸 the Young’s modulus, 𝐼 the second moment of inertia and 𝜌 the density. This equation is
based on a single Euler–Bernoulli beam, but can also be used as an approximation to explain trends in the vibration behaviour
of the structure. In a very simplified way, metamaterials are constructed from beams with different cross-sections and in different
orientations connected to each other. Therefore, the eigenfrequencies of beams with dimensions comparable to the dimensions of
struts are good approximates for ART on metamaterials. For instance, according to the relation above, the increase in cross-section
(defining the second moment of inertia) due to the higher width 𝑑 (i.e. rod thickness) as well as an increase in the Young’s modulus
𝐸 both lead to higher frequency values.

In the present study, only global changes in Young’s modulus were considered. Defects or structural deviations can entail local
changes in stiffness, which affect only particular modes. Based on finite element simulations, in future studies, synthetic data could
be generated for a wide range of local property changes such as density or Young’s modulus variations.

According to Fig. 3, a deflection angle between 1◦ and 15◦ induced a measurable frequency shift (greater than 50 Hz) above
20 kHz and a displacement in the structure up to 1.56 mm (Fig. 5) already above 15 kHz. Thus, classifications with the target to
detect these deviations should be carried out in the identified frequency ranges. However, this can also be advantageous as the effects
will be negligible in the audible range and the method should be more precise towards other variations like the Young’s modulus
(Fig. 7) or geometrical features. In the range up to 10 kHz, results will be minimally affected by deflection and displacement.

Based on numerical simulations, mode dependent effects of design-, manufacturing- and function-specific factors were analysed.
Resulting from this analysis, maps can be generated to visualize the interplay between different factors such as exemplary shown
in Fig. 8. Mode dependent effect of irregularities has also been observed for wheel carrier [53] and connecting rods exhibiting drill
holes with different diameter and position [45], but for the first time systematically studied for parameters specific to additively
manufactured structures and a mechanical metamaterial unit cell. Although several factors were taken into account, there are also
many more factors that can be studied including surface roughness, differences in manufacturing tolerance or presence of internal
defects such as cracks or pores. In real structures, several defects can occur simultaneously and compensate or amplify their effects.
For instance, an increase in Young’s modulus can result in a peak shift to higher frequencies while a reduction in cross-section
can cause a shift in the opposite direction. The presence of an open crack in a part can lead to a decrease in peak amplitude or
the appearance of new peaks (indication for a higher harmonic oscillation) [54]. Further, a combination of various deviations may
reflect in overlapping of two (or more) different spectral lines [53]. In the future, numerical design of experiments should be used
to cover the vast parameter space and include as many variable parameters as possible.

Synthetic data can provide guidance for interpretation of experiments, but there are several aspects to consider. Not all predicted
eigenfrequencies are experimentally detected and intensities of the eigenfrequencies vary. Boundary conditions, as well as the
direction of the excitation, have a high impact on the vibration behaviour of rigid bodies. The present eigenfrequency study
considered a free vibration state and variations due to experimental excitation or sample fixtures are thus not taken into account.
FEM-based synthetic data generation can be automated so that it can form the basis for analysis of much more complex features
of acoustic resonance spectra of additively manufactured samples in the future, for example, including variations of boundary
conditions.

Tailoring the included parameter variations to specific experimental tasks is essential for transferring the knowledge to practical
applications. For this purpose, experimental validation is an important next step to evaluate the benefit and restrictions of synthetic
data sets. A purely experimental validation of the simulation results is very challenging, as it requires a statistically significant
number of reference samples and, specifically, samples with defined defect variations. Large, controlled experimental data sets of
parameter variations are still challenging and sometimes impossible to achieve as single parameters cannot be isolated. A future
approach to manage validation of synthetic data could be the use of machine learning, trained with synthetic data, to predict the
influencing factors of a given manufactured sample based on the acoustic spectrum. Machine learning has been already applied in
the acoustic resonance analysis of metallic lattice structures [15,55], ripeness of watermelons [12] and glass bottles [10]. In this
case, it would support the experimental validation and possibly enable the faster adaptation of ART to new base materials, processes
10
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5. Conclusions

The application of acoustic resonance analysis to test complex structures such as metamaterial unit cells and structures remains
challenge. Based on a systematic variation of parameters, numerical simulations revealed mode dependent influence of isolated

s well as overlapping parameter changes on the vibration modes of complex geometries.
Deviations of the geometry affect eigenfrequencies depending on the specific vibration modes. Local geometrical variations

ainly affect the modes where these areas of the samples experience high deflections. The eigenfrequency mode dominated by
he spring around 3 kHz shows a linear increase in eigenfrequency with increasing spring width and no effect from snap-fit width.
n contrast, the eigenfrequency mode dominated by the snap-fit between 3.5 and 5.5 kHz shows an increase in eigenfrequency
ith increasing snap-fit width while the spring width has a minor effect. Distortion of the cell up to 15◦ and a displacement up to

1.56 mm leads to a predicted frequency change below 50 Hz in the frequency range below 10 kHz, so that, experimentally, such
defects are difficult to detect. To enable detection of these variations, measurements should focus on a higher frequency range. In
contrast, measurements independent of these parameters can be expected at frequencies beyond 10 kHz. A deviation of the elastic
modulus affects all eigenfrequencies due to the underlying mechanical eigenfrequency formation in structures. A shift of the whole
spectrum of 4 to 5 % from the nominal state was observed when the elastic modulus changes by 10 GPa.

In practice, isolated effects rarely occur in additively manufactured structures. A combination of varied parameters is usually
present and relevant for future applications. Therefore, multiparameter studies were performed and colour plots derived. The
visualization provides an intuitive impression of the mode specific importance or unimportance of certain parameters and an
estimation of the expected frequency shifts.

Synthetic data, as presented in this work, provide a basis to understand the complex interplay of overlapping factors on the
acoustic spectra of additively manufactured materials. However, there are many challenges to experimentally validate the results and
translate the findings for quality inspection. More extensive designs of numerical experiments, including factors such as boundary
conditions and local parameter variations, are required. Complementing the multidimensional parameter variations, the use of data
analysis methods like machine learning could help to identify unknown superimposed parameters in experimental data to improve
interpretation of the results and speed up the adaptation of ART to a new part in industry. Acoustic resonance testing remains very
attractive for industrial applications because of the cost-efficiency and scalability to production scale, but more research is necessary
in the future to mitigate some of the current limitations.
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Appendix. Further numerical results

The effect of distortion (Fig. 3) and displacement (Fig. 6) were described in the main manuscript. the display was limited to all
eigenfrequencies with a shift of 50 Hz or higher caused by the change in geometry. In this appendix, we provide the reader with
an overview of all eigenfrequencies computed in the simulation for a distortion of 15◦ for V1.2 and V1.3 (Fig. A.9) as well as a
displacement of up to 1.5 mm for V3.1 and V3.2 (Fig. A.10).
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Fig. A.9. Predicted shift in natural frequency due to structure distortion of 15◦ in the case of two unit cells: (a) V1.2 (𝑏spring = 3 mm and 𝑏snap = 1.5 mm) and
(b) V1.3 (𝑏spring = 4.5 mm and 𝑏snap = 1.5 mm).

Fig. A.10. Change in eigenfrequency as a result of a displacement from the initial state for two unit cell types: (a) V3.1 and (b) V3.2. At displacement of
0.96 mm a maximum deflection of the snap-fit arm is reached and at 1.56 mm maximum compression of the spring in the second stable state.
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