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Abstract: In this research, a design method for the graded triply periodic minimal surface (TPMS) structures
with lightweight, high-strength, and high sound absorption properties is proposed. The graded TPMS
structures are controlled by linear, quadratic, and sine functions. Uniform TPMS and graded TPMS were
manufactured by laser powder bed fusion (LPBF) with AlSi7Mg powder, and an acoustic impedance tube test,
compression test, and digital image correlation (DIC) test were ap-plied to obtain the sound absorption and
compression properties. The sound absorption coefficient of a uniform Gyroid increases as the number of layers
and surface thickness increase, and it in-creases as element size decreases. The sound absorption peak shifts to
low frequencies as the number of layers increases. The sound absorption property of Type-I graded TPMS is
superior to the Type-II, and the G-Linearl has the highest sound absorption properties among the three
functions. It reveals that the graded TPMS has superior sound absorption performance at low and medium
frequencies. The compression and DIC results of graded TPMS also show excellent mechanical properties and
energy absorption characteristics.

Keywords: triply periodic minimal surface; porous structure; laser powder bed fusion; graded
structure; sound absorption

1. Introduction

The sound absorption materials with lightweight, high specific strength are popular research
topics for their energy conservation and noise reduction [1]. However, many sound absorption
materials currently have poor sound-absorbing effects at mid-to-low frequencies and low strength
[2], and further improvements are needed to enhance the structure of the sound absorption materials.
Porous structure material is generally used in sound absorption for its high porosity and
permeability, and its surface contains numerous holes that match the wavelength of sound waves,
particularly for sound absorption over wide frequency ranges [3]. The sound waves propagate inside
the porous structures, and the acoustic energy is converted into heat energy due to the viscous losses.
The porous structure also has high specific strength, high stiffness, and lightweight properties [4],
and it is considered a potential material for aeronautics [5], aerospace [6], and building structures [7].

The common porous materials applied in sound absorption include foam structure [8], lattice
structure [9], honeycomb structure [10], and triply periodic minimal surface (TPMS) [11]. Foam
structures with low density and thermal conductivity, combined with their interesting mechanical
properties, make them excellent thermal and sound insulators [12]. The TPMS structure is one
potential sound absorption material because of its complex internal cavity structure. It can
theoretically achieve a “cavity-like” effect on the back of the material and reflect the sound waves
entering its interior. However, the TPMS structure is hard to be manufactured by traditional
processing techniques due to its complex internal cavity structure. In recent years, with the rapid
development of additive manufacturing technology that can prepare complex spatial structures,
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more possibilities have been provided for the design of new sound-absorbing material structures.
Researchers prepared some porous structures using FDM additive manufacturing technology and
conducted sound absorption tests, and they found that multilayered micro-channels with absorption
averages up to 0.87 and noise reduction coefficient (NRC) up to 0.49 were produced [13]. The open-
porous structures, including starlit, rhomboid, cartesian, and octagonal, were designed and
manufactured by additive manufacturing technology with ABS material, and the results show that
the starlit-shaped specimen has better sound absorption performance in comparison with the other
structure types [14]. The different additive manufacturing technologies, including DLP, SLA, LCD,
SLM, FDM, and FFF, were applied to manufacture the same porous structure, and it is demonstrated
that the sound absorption measurements performed on samples with the same cellular design are
very close, and additive manufacturing technologies are suitable for reproducing porous samples
designed for sound absorption [15].

There is currently limited literature on the sound absorption performance of TPMS structures
manufactured by additive manufacturing technology. Theoretically, the three TPMS structures,
including F-RD, Gyroid, and Fischer Koch S, have multiple complete sound absorption bandgaps in
the range of 200-2000 Hz [16]. The Gyroid structure has a 415 Hz wide bandgap structure near the
center of 456 Hz, which provides a theoretical basis for the design of low-frequency sound absorption
structures. Primitive, IWP, and Neovius surfaces were demonstrated that their sound absorption
band gaps can be adjusted by topology optimization [17]. Based on stereolithography technology, the
acoustic absorption properties of Diamond, Primitive and Gyroid have been researched [18], and the
small unit cell or high volume fraction can enhance the effective frequency ranges. However, this
experimental research on the sound absorption performance of TPMS structure shows that its low-
frequency absorption performance is still poor, and that its absorption peak range is still in the range
of 4000 Hz-6000 Hz. The sound absorption properties in mid-frequency and low-frequency of these
homogenous TPMS mentioned above are not as ideal as the theoretical calculations. To further
improve the low and medium frequency absorption performance and bandgap width of the TPMS
structure, it is necessary to optimize the structural design to further enhance the sound absorption
performance of TPMS.

Due to the gradient changes in its internal physical properties, the acoustic medium with
gradient characteristics is receiving increasing attention from researchers[19]. To develop the acoustic
absorber with high efficiency and thin thickness, four-layer gradient compressed porous metals were
manufactured, and it was verified that the sound absorption coefficient reached 60.33% in 100-6000
Hz with 11 mm thickness [20]. A gradient structured fiber sponges with super elasticity and stretch-
ability by combining humidity-assisted multistep electrospinning was demonstrated that the
gradient change of porosity and pore diameter in the Z direction endowed the fibrous sponge
material with high-efficiency absorption of broadband sound waves [21]. A gradient ceramsite
structure with a high sound absorption coefficient was proposed [22], but the compressive and
flexural strengths of gradient ceramsite structures is only greater than 3 MPa and 1 MPa, which is too
low to be used for structural materials. It has been demonstrated that the improved sound absorption
performance of the graded porous structure results from the decreased primary reflected energy
associated with the increased absorbed energy [23].

Therefore, the gradient structure design can improve the sound absorption properties, but there
are still important challenges in obtaining lightweight and high-strength sound-absorbing structures.
There is a lack of research on the sound absorption of gradient TPMS. In this research, the influence
of heights, surface thickness, and element size on the sound absorption property of TPMS was
investigated, and the purpose was to obtain optimized structural design interval parameters. Based
on this, the graded acoustic structures were designed by three graded functions, and the effects of
the graded directions and functions on the sound absorption properties were analyzed to obtain the
highly effective sound absorption material. Moreover, the mechanical properties of TPMS were
obtained by compression tests and digital image correlation (DIC) tests to verify the efficient acoustic
absorption materials with high strength and energy absorption.
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2. Materials and Methods
2.1. Modelling of TPMS

2.1.1. Design of uniform TPMS

Gyroid surface structures were generated by MATLAB code with function (1). The element size
of structure parameters was adjusted by parameter s in function (1), and the number of layers of
Gyroid was adjusted by the calculation range (x, y, z) of function (1). After obtaining the surface
structure of Gyroid, the solid structure was obtained by offset thickening of the surface in Materialise
Magics software. The designed parameters of the Gyroid are listed in Table 1, and the models of
uniform Gyroid structures are shown in Figure 1.

. (21X 2wy . (2my 2nz . (2mz 2mx
Fayroid = Sin (—) X oS (—) + sin (—) X oS (—) +sin (—) X oS (—) €))
s s s s s s
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Figure 1. Models of uniform Gyroid with different layers, surface thickness and element size.

Table 1. Structural parameters of uniform Gyroid.

Specimens Number of h/mm E'lement Thickness/mm  Porosity/%
layers size/mm
G-L1 1 3 3 0.3 72.29
G-L2 2 6 3 0.3 72.29
G-L4 4 12 3 0.3 72.29
G-Le 6 18 3 0.3 72.29
G-L8 8 24 3 0.3 72.29
G-L10 10 30 3 0.3 72.29
G-T0.2 10 30 3 0.2 80.57
G-T0.25 10 30 3 0.25 75.21
G-T0.3 10 30 3 0.3 72.29
G-T0.4 10 30 3 04 65.52
G-T0.5 10 30 3 0.5 60.51
G-E2 15 30 2 0.3 59.30
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G-E2.5 12 30 2.5 0.3 65.83
G-E3 10 30 3 0.3 72.29
G-E3.5 8.6 30 3.5 0.3 74.60
G-E4 7.5 30 4 0.3 77.59

2.1.2. Design of graded TPMS

TPMS structures with graded element size can be obtained by the adjustment of parameter s in
function (1), and the parameter s was set as a function related to the x coordinate, such as a linear
function (2), a quadratic function (3), and a sin function (4). When z is 0, then s is equal to 2; when z
is 30, then s is equal to 4. Therefore, the element size of the Gyroid was distributed from 2 mm to 4
mm along the z-axis with linear variation, quadratic variation, and sin variation, respectively. The
functional relationship curves between element size and structural distance are shown in Figure 2,
and the structural parameters of graded Gyroid structures are listed in Table 2.
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Figure 2. The functional relationship curves between element size and structural distance.

Table 2. Structural parameters of graded Gyroid structures.

Specimens Number of layers h/mm  Element size/mm Thickness/mm Porosity/%
G-Linear I 10 30 2—4 0.3 69.16
G-Linear II 10 30 42 0.3 69.16
G-QuadraticI 10 30 2—4 0.3 66.84
G-Quadratic II 10 30 42 0.3 66.84
G-Sin1 10 30 2—4 0.3 68.87
G-Sin I 10 30 42 0.3 68.87

Based on the graded function of element size, the graded Gyroid structures were designed and
shown in Figure 3. The noise source was a power amplifier. Type-I structure was defined when the
noise waves flow from the end surface with small element size to the end surface with large element
size, and Type-II structure was defined when the noise waves flowed from the end surface with a
large element size to the end surface with a small element size. It is worth noting that, when the
thickness of the curved surface is the same, the smaller the unit size is, the lower the porosity is, and
the higher the relative density is.
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Figure 3. Designed model of the graded Gyroid structures.

2.2. Additive manufacturing

The TPMS was produced by laser powder bed fusion (LPBF) equipment (Dimetal-280, produced
by Laseradd Co., Ltd., Guangzhou, China), as shown in Figure 4, and the processing parameter for
LPBF is shown in Table 3. The AlSi7”Mg powder was supplied by Avimetal Powder Metallurgy
Technology Co., Ltd., Beijing, China, and its particle size distribution is 15-53 pm (D10 = 22.56 um,
Dso = 38.37 pm, Do = 60.90 um). The chemical composition of AlSi”Mg powder is shown in Table 4.
The contour scanning was applied in the manufacturing process, and spot compensation was set to

0.1mm.

Figure 4. Designed model of the graded Gyroid structures.
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Table 3. The processing parameter for LPBF.

Laser Power Scanning Speed Layer Thickness Scanning Space
W) (mm/s) (mm) (mm)
150 1300 0.03 0.09

Table 4. Chemical composition of AlSi7Mg powder.

Element Al Si Mg Cu Fe Mn Ni o
Composition (wt. %) Bal. 6730 0.678 0.045 0281 0.198 0.012  0.070

2.3. Dimensional accuracy measurement

The TPMS thickness was measured by a depth of field microscope (VHX-5000, KEYENCE Co.,
Shanghai, China), and each surface of the TPMS was measured five times.

2.4. Sound absorption coefficient test

Based on the method of the two-microphone transfer function and acoustic impedance tube, in
accordance with the ASTM E1050-12 standard, the absorption coefficient of TPMS was measured by
an impedance tube with a 29 mm diameter (SW4661, BSWA Technology Co. Ltd., China), as shown
in Figure 5. TPMS structures were inserted into the impedance tube with the rigid backing. The
measurement frequency is in the range of 500-6300 Hz. Two microphones were applied to collect the
acoustic data, and the data was analyzed by VA-Lab software (BSWA Technology Co. Ltd., China).

—

\ Power amplifier
r

Figure 5. Two-microphone impedance tube equipment.

The reflection coefficient R with rigid back was calculated by function (5).
R = %ejzk(Hs) (5)

H—the ratio of pressure between two microphones.

k—equal 2pf/c; wave number, m.

|—distance from the test sample to the centre of the nearest microphone, m.

s—centre-to-center spacing between microphones, m.

The normal incidence sound absorption coefficient a was calculated by function (6). Each
structure has three test samples, and then the absorption coefficients of the three samples are
averaged to obtain the absorption coefficient curve.

a=1—|RI? (6)

The 1/3 times frequency range includes 500 Hz, 630 Hz, 800 Hz, 1000 Hz, 1250 Hz, 1600 Hz, 2000

Hz, 2500 Hz, 3150 Hz, 4000 Hz, 5000 Hz, and 6300 Hz. The average absorption coefficient was

calculated by function (7).
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i: 500 Hz, 630 Hz, 800 Hz, 1000 Hz, 1250 Hz, 1600 Hz, 2000 Hz, 2500 Hz, 3150 Hz, 4000 Hz, 5000
Hz, and 6300 Hz.

The sound absorption properties of sound absorption materials are strongly influenced by the
excitation frequency. Therefore, the first peak of sound absorption was analyzed, and the sound
absorption coefficient al and frequency f1 at the first peak were obtained. The full width at half
maximum (FWHM) of the first peak was calculated to evaluate the peak of sound absorption.

2.5. Mechanical and DIC test

The compressive properties of TPMS were measured by a universal electronic testing machine
(CMT5105-100kN, SUST Co., Ltd., China), and there are three duplicate samples. The displacement
speed was set at 1 mm/min, and the data analysis reference standard ISO 13314:2011.

The compressive behavior of TPMS was detected by DIC equipment (VIC-3D, Correlated
Solutions, Inc., U.S.A.), as shown in Figure 6a. Two cameras were used to capture images of the
deformation of porous sound-absorbing structures. The pixel size of the CCD chip in the DIC camera
is 3376*2704, and the displacement accuracy is 0.01 pixels. After the images were captured by two
cameras, the region of interest (ROI) was set at the outline of the specimen. The relevant areas of the
image through grayscale were located, and the surface displacement and strain distribution of the
object were calculated. To compare the trend of strain changes at these six locations, six points were
distributed in the middle of the specimen for the strain analysis, as shown in Figure 6b.

Figure 6. DIC test: (a) DIC test equipment and (b) strain of six points were extracted by DIC.
3. Results and discussion

3.1. Forming quality by LPBF

The uniform gyroid structures fabricated by LPBF are shown in Figure 7, and the dimensional
accuracy measurement result is shown in Figure 8. It is noticed that the printing accuracy of the
Gyroid is consistent with the designed model, and the size error is very small.
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Figure 7. Uniform Gyroid manufactured by LPBF.
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Figure 8. Measurement of Gyroid with different thickness.

3.2. Sound absorption properties of uniform TPMS

The influence of structural parameters of a uniform Gyroid on the sound absorption coefficient
is presented in Figure 9, and the sound absorption properties are listed in Table 5. As shown in Figure
9a, the sound absorption coefficient increases slowly as the frequency increases when the number of
layers is less than four. After the number of layers is equal to 4, the sound absorption curves have a
peak at 5712 Hz. This frequency, corresponding to the sound absorption peak, shifts to low
frequencies as the number of layers increases. This characteristic of moving toward low frequency as
the height of the porous structure increases is also found in lattice structures [14]. When the frequency
of the incident sound wave is close to the resonance frequency of the system, the air in the perforated
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plate hole will produce violent vibration friction, and the acoustic energy of the incident sound wave
will be significantly attenuated, thus achieving the sound absorption effect. On the contrary, when
the frequency of the incident sound wave is far away from the resonance frequency of the system,
the sound absorption effect will be weakened. The resonance frequency shifts to 2234 Hz when the
number of structural layers increases to ten. It means that increasing the number of layers of TPMS
can increase its low-frequency sound absorption effect. However, the increasing number of layers
will increase costs and structure thickness. The multi-peaks of sound absorption were observed in
the Gyroid with 65% porosity manufactured by stereolithography [16], but the sound absorption
peak is only 0.2864 at a frequency of 2264 Hz.
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Figure 9. Influence of structural parameters on the sound absorption curves of uniform Gyroid: (a)
number of layers, (b) thickness of surface, and (c) element size. Influence of structure parameters on
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Table 5. Sound absorption properties of uniform Gyroid.

Specimen  Porosity (%) f1 (Hz) al FWHM (Hz) Aa Flow resistance (Pa-s/m?)

G-L1 72.29 - - - 0.038 4382
G-L2 72.29 - - - 0.055 2561
G-L4 72.29 5712 0.498 4379 0.152 3429
G-L6 72.29 3866 0.605 3938 0.253 2454
G-L8 72.29 2652 0.661 3929 0.313 1829
G-L10 72.29 2234 0.685 1624 0.359 1800
G-T0.2 80.57 2244 0.627 3224 0.374 1640
G-T0.25 75.21 2144 0.630 2866 0.375 1734
G-T0.3 72.29 2234 0.685 1624 0.359 1800
G-T04 65.52 2146 0.739 2656 0.415 2234
G-T0.5 60.51 2166 0.821 2323 0.430 2348
G-E2 59.30 2096 0.868 2747 0.503 3917
G-E2.5 65.83 2054 0.802 3081 0.495 3895
G-E3 72.29 2234 0.685 1624 0.359 1800
G-E3.5 74.60 2094 0.606 2890 0.352 1403
G-E4 77.59 2094 0.546 2991 0.318 1076

It is noticed that the FWHM of the first peak decreases as the number of layers increases, which
means that the width of the first peak narrows. The average sound absorption coefficient increases
with the number of layers increasing. The average sound absorption coefficient represents the
average sound absorption capacity of the structure from 500 to 6300 Hz. The higher the average
sound absorption coefficient, the better the broadband sound absorption effect of the structure. The
sound absorption varies with the number of layers and frequency, as shown in Figure 9d, and the
optimized design parameter region is located in the upper right corner of the contour.

The influence of the thickness of the surface on the sound absorption coefficient curves is shown
in Figure 9b. The sound absorption coefficient at the first peak and flow resistance of the Gyorid
increase as the thickness of Gyroid increases, but the frequency at the first peak changes slightly with
the increase in thickness. It is demonstrated that the resonance frequency is independent of the
thickness of the TPMS surface. The average sound absorption coefficient increases slowly as the
thickness of the surface increases. The sound absorption contour with different thicknesses is shown
in Figure 9e, and there are two high sound absorption coefficient regions. The first region is located
near the frequency of 2000 Hz and has a thickness greater than 0.3 mm. The second region is located
near the frequency of 6000 Hz.

The influence of element size on the sound absorption coefficient curves and the sound
absorption contour is shown in Figure 9c and Figure 91, respectively. When the size of the element is
reduced from 4 mm to 2 mm, the a1 of the Gyroid increases by 58.97%, and a1 of G-E2 reaches 0.868,
which means that the Gyroid with a small element size enhances sound absorption. The average
sound absorption coefficient increases by 58.18% as the element size reduces from 4 mm to 2 mm. It
is noticed that the flow resistance of G-E2 is 3917 Pa-s/m2, which is 3.6 times that of G-E4 with a 4 mm
element size. The greater the flow resistance, the better the sound absorption performance [24].
Although the reduction of unit size can improve the sound absorption performance of the structure,
when the element size is 2 mm, the porosity of the structure has decreased to 59.30%, and the weight
of the structure has increased. Therefore, the element size can’t be designed too small. The change in
sound absorption coefficient and weight should be considered comprehensively.

3.3. Sound absorption properties of graded TPMS

Based on the sound absorption results of uniform Gyroid, graded Gyroid structures were
designed and manufactured. The influence of the graded porosity of Gyroid on the sound absorption
coefficient is shown in Figure 10. According to the sound absorption coefficient curves, the sound
absorption properties were calculated and listed in Table 6. The average sound absorption coefficient

doi:10.20944/preprints202309.1544.v1
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of G-Quadraticl with a porosity of 66.84% is 6.75% higher than that of G-E2.5 with a porosity of
65.83%, and it is 27.33% higher than that of G-T0.4 with a porosity of 65.52%. It should be noted that
the average sound absorption coefficient of G-Quadraticl is the smallest among the three Type-I
gradient structures. Additionally, the first peak of sound absorption of all three Type-I graded Gyroid
structures is all greater than 0.9, which is higher than that of a uniform Gyroid. This result
demonstrated that the graded porosity distribution can greatly improve the sound absorption
performance of TPMS structures.
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Figure 10. Influence of the graded porosity of Gyroid on the (a) sound absorption coefficient, (b)
average sound absorption coefficient, (c) mechanism of sound absorption of graded TPMS.

Table 6. Sound absorption properties of graded Gyroid.

Specimen  Porosity (%) fi (Hz)  a: FWHM (Hz) Aa Flow resistance (Pa‘s/m2)

G-Linear I 69.16 1534  0.968 2815 0.5755 5082
G-Linear II 69.16 2772 0.749 5436 0.4320 3032
G-Quadratic I 66.84 1680  0.936 2205 0.5284 3341
G-Quadratic II 66.84 2610 0.817 6009 0.4815 4026
G-Sin1 68.87 1528  0.964 3425 0.5697 4666
G-Sin II 68.87 2834  0.852 7411 0.4910 4545

When the linear graded distribution is changed from type-II to type-I, the resonance frequency
of the first peak shifts from 2772 Hz to 1534 Hz, and the sound absorption coefficient of the first peak
also increases from 0.749 to 0.968. The average sound absorption coefficient of G-LinearI is higher
than that of G-Linearll. The resonance frequency of the first peak of G-Quadraticl and G-Sinl is 1680
Hz and 1528 Hz, respectively. The resonance frequency of the first peak of G-Quadraticll and G-SinlI
is 2610 Hz and 2834 Hz, respectively. It is indicated that no matter what type of function change is
used, the resonance frequency of the type-I structure moves to a lower frequency than that of the
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type-1I structure. The average sound absorption coefficient type-I structure is higher than that of the
type-II structure, and the difference between these two types is the largest in the linear graded
structure, reaching 33.22%. The flow resistance of G-LinearI is 5082 Pa-s/m2, which is the highest
among all TPMS models in this research. It is demonstrated that type-I structure with a small element
size on the side contacting the sound source has higher sound absorption properties. The type-II
structure with a large element size on the side contacting the sound source has lower sound
absorption properties, and it can be inferred that the larger the size of the surface element, the larger
the acoustic reflection surface area, the higher the reflection coefficient, and the lower the sound
absorption coefficient. The average sound absorption coefficient of gradient foam metal is 0.6033 [20],
which is only 4.83% higher than that of G-Linearl, but there is no obvious resonance peak in the
gradient foam metal.

It is noticed that the FWHM of type-1 is less than type-II, and the FWHM of G-Sinl is the highest
in all graded structures, but the first resonance frequency shifts 1306 Hz from the resonance frequency
of G-Sinll to high frequency. Compared with GL-10, the FWHM of G-Sinll is 142.43% wider. This
result illustrates that type-II has a relatively wide high-frequency absorption performance. The
general periodic structure will generate periodic scattering of sound waves, making it difficult to
achieve sufficiently high broadband sound absorption. By designing impedance gradients, high
surface porosity can reduce surface scattering at the interface, increase internal porosity, and improve
the sound absorption effect.

The mechanism of sound absorption in graded TPMS is illustrated in Figure 10c. The sound
wave enters the porous cavity from a small porous structure, and its element size increases from 2
mm to 4 mm. When the sound wave encounters the barrier and returns, the returned sound wave
will be scattered many times because it will encounter the hole wall again, which is equivalent to the
common sound resonator adding the cavity backing, resulting in the resonance frequency moving to
the low frequency. This phenomenon is also observed in the microperforated panel (MPP), where the
first peak frequency of the sound absorption coefficient moves to the low frequencies when the height
of cavity 2 increases [25]. The large pores close to the sound source make acoustic waves easy to
propagate into graded porous structures, and thus the materials have less reflection and more
propagated acoustic energy [26]. However, the sound waves of Type-I structures are more likely to
scatter toward the entrance than those of Type-II structures. Therefore, the sound absorption
coefficient of Type-I structure is higher than that of Type-II structure. The superiority of sound
absorption of graded porous structure was demonstrated in the two-dimensional continuously
graded phononic crystal (CGPC) [27], and the graded structure enhanced acoustic scattering and
lengthened the propagation path, subsequently dissipating energy.

3.4. Mechanical properties of TPMS

The compression results of TPMS are shown in Figure 11. It shows that the uniform Gyroid all
has a short yield plateau, and compressive failure strain is between 9.5% and 15%. The first
compressive strength and elastic modulus of a uniform Gyroid decrease as the element size increases,
as shown in Figure 11c. The compression curves of graded Gyroid structures all have a long yield
plateau with over 50% strain, as shown in Figure 11b. There are multiple stress peaks in the yield
plateau of graded Gyroid structures due to the fracture of aluminum alloy porous structures in a
layer-by-layer way [28].
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Figure 11. Compression results of TPMS: (a) compressive stress-strain curves of uniform Gyroid, (b)
compressive stress-strain curves of graded Gyroid, (c) compressive properties of uniform Gyroid, and
(d) compressive properties of graded Gyroid.

The elastic modulus of G-Linearl, G-Quadraticl, and G-Sinl is 1283.15 + 8.51 MPa, 1223.62 + 39.41
MPa, and 1253.77 + 10.90 MPa, respectively. The difference in the elastic modulus of graded structures
is not significant. Compared to uniform structures, the mechanical properties of graded structures
have decreased slightly, but due to changes in the mechanical compression mode, their mechanical
energy absorption performance has changed. The true first principal strain nephogram of uniform
Gyroid and graded Gyroid structures is shown in Figure 12. The true first principal strain nephogram
of G-Linearl, G-Quadraticl, and G-Sinl show a layer-wise failure pattern, and this phenomenon is
also observed at G-FGS with graded structure shot by DIC [29]. This phenomenon is caused by the
porosity-graded variation. The compressive strength of Gyroid with high porosity is weaker than
that of Gyroid with low porosity, as illustrated in Figure 11c, and the part of the Gyroid with high
porosity is prioritized when entering the yielding stage. Therefore, the graded TPMS shows a layer-
wise failure pattern, which is common in graded porous structures [30] and graded material
structures [31].
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Figure 12. The true first principal strain nephogram of TPMS analyzed by DIC.

The strain-time curves of six points distributed at the surface of the graded Gyroid were
analyzed by DIC, as shown in Figure 13a—c. The ranking of strain magnitude of G-Linear] on the yield
platform is PO >P1 > P3 > P2 > P4 > P5. The ranking of strain magnitude of G-Quadraticl on the yield
platform is PO > P1 > P2 > P3 >P4> P5. The ranking of strain magnitude of G-Sinl on the yield platform
is PO > P1 > P2 > P3 >P4> P5. This result shows that the strain decreases layer by layer from top to
bottom. The influence of these three functions on the compressive strain of gradient structures lies in
the varying magnitude of strain differences. The order of strain differences between PO and P5 is G-
Sinl > G-Quadraticl > G-Linearl. This result shows that the linear gradient of porosity has little effect
on the structural strain difference, while the sinusoidal gradient has a greater impact on the strain
difference.
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Figure 13. The true first principal strain-time curves analyzed by DIC: (a) G-linear, (b) G-quadratic,
(c) G-sin, and (d) G-E3.

The true first principal strain nephogram of uniform Gyroid and graded Gyroid structures is
shown in Figure 12. The true first principal strain nephogram of G-Linearl, G-Quadraticl, and G-Sinl
show a layer-wise failure pattern, and this phenomenon is also observed at G-FGS with graded
structure shot by DIC [29]. This phenomenon is caused by the porosity-graded variation. The
compressive strength of Gyroid with high porosity is weaker than that of Gyroid with low porosity,
asillustrated in Figure 11c, and the part of the Gyroid with high porosity is prioritized when entering
the yielding stage. Therefore, the graded TPMS shows a layer-wise failure pattern, which is common
in graded porous structures [30] and graded material structures [31]. The strain-time curves of six
points distributed at the surface of the graded Gyroid were analyzed by DIC, as shown in Figure 13a—
c. The ranking of strain magnitude of G-LinearI on the yield platform is PO >P1 > P3 > P2 > P4 > P5.
The ranking of strain magnitude of G-Quadraticl on the yield platform is PO > P1 > P2 > P3 >P4> P5.
The ranking of strain magnitude of G-Sinl on the yield platform is PO > P1 > P2 > P3 >P4> P5. This
result shows that the strain decreases layer by layer from top to bottom. The influence of these three
functions on the compressive strain of gradient structures lies in the varying magnitude of strain
differences. The order of strain differences between PO and P5 is G-Sinl > G-Quadraticl > G-Linearl.
This result shows that the linear gradient of porosity has little effect on the structural strain difference,
while the sinusoidal gradient has a greater impact on the strain difference.

The strain nephogram of G-E3 presents relatively uniform changes in the initial stage, and then
high strain areas appear in the 45° direction and the middle. In the final stage, a 45° shearing band of
G-E3 was observed at 180s. The 45° shearing band is commonly observed in the uniform porous
structure[32,33]. The strain-time curves of six points distributed at the surface of the uniform Gyroid
were analyzed by DIC, as shown in Figure 13d. The strains at these six points do not differ
significantly during the initial stage of compression. When the true strain is greater than 0.01, the
strain curves of the six points begin to separate significantly, and the difference gradually expands.
The true strain growth rate is the fastest at points P2 and P3 in the middle region, while the true strain
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growth rate is the slowest at points PO and P5. It indicates that the compression shear failure of
uniform TPMS is due to greater strain near the diagonal structure part.

The energy absorption properties of TPMS are shown in Figure 14. The uniform Gyroid is all
broken at strain values of 11%-13%, and then structures lose the ability. In terms of quasi-static energy
absorption, uniform structures fail due to fractures caused by shear bands, as shown in Figure 12,
resulting in lower energy absorption values. However, gradient structures compress layer by layer
due to the high to low porosity of the structure, and each layer of the structure can play a buffering
role in energy absorption. Therefore, the effective energy absorption strain values of graded Gyroid
structures all exceed 50%, and the effective strain was set at 50% according to test standard ISO
13314:2011. The effective energy absorption of G-E2, G-E2.5, G-E3, G-E3.5, and G-E4 is 5.75 = 0.64
M]J/m3, 4.19 £+ 0.29 MJ/m3, 3.10 £ 0.04 MJ/m3, 3.26 + 0.09 MJ/m3, and 2.94 + 0.08 MJ/m3, respectively.
It is demonstrated that the effective energy absorption increases with the increase in elemental size
of the Gyroid. The effective energy absorption of G-Linear is 17.16 + 0.15 MJ/m3, which is the highest
among the three types of graded structures and is four times that of G-E2.5. It shows that the energy
absorption properties of graded porous structures are superior to those of uniform porous structures,
and this is also demonstrated in the rob-shaped gyroid structures [34].
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Figure 14. Energy absorption of TPMS: (a) energy absorption curves of uniform Gyroid, (b) energy
absorption curves of graded Gyroid, (c) effective energy absorption of uniform Gyroid, and (d)
effective energy absorption of graded Gyroid.

The sound absorption, elastic modulus and energy absorption performances of TPMS are shown
in Figure 15. The average sound absorption and elastic modulus of uniform Gyroid is located at the
diagonal position in the Figure 15a, and it is illustrated that the average sound absorption and elastic
modulus decreases as the porosity increases. It is noticed that the sound absorption of G-Sinl and G-
Linearl are the highest among these structures, and their elastic modulus also is located at the
diagonal position in the Figure 15a. The energy absorption of uniform Gyroid is located at the left
lower corner of Figure 15b. The average sound absorption and energy absorption of G-Sinl and G-
Linearl are the highest and located at the middle upper position. It is proved that under the same
weight, G-Sinl and G-LinearI have better sound and energy absorption performance.
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Figure 15. (a) Sound absorption and elastic modulus performance of TPMS, (b) Sound absorption and
energy absorption performance of TPMS.

4. Conclusions

This study proposes a design method for the TPMS structure with lightweight, high-strength,
and sound absorption. The sound absorption and compression properties of TPMS were investigated
by acoustic impedance tube tests, compression tests, and DIC analysis, and the following conclusions
were obtained:

(1) The frequency corresponding to the sound absorption peak shifts to low frequencies as the
number of layers increases. The sound absorption coefficient of a uniform Gyroid increases as the
number of layers increases, surface thickness increases, and element size decreases. Based on the
contour of sound absorption, the optimized structural design interval parameters were obtained.

(2) The graded direction and function have an impact on the sound absorption property. Owing
to the multiple scattering, the sound absorption property of Type-1 graded TPMS is superior to the
Type-II. It has been demonstrated that graded TPMS has good sound absorption performance at low
frequencies. Comparing the three functions, G-Linearl has the highest average sound absorption
coefficient and the first sound absorption peaks, and it also has the lowest resonance frequency.

(3) The compressive yield plateau of uniform TPMS is short due to the 45° shearing band, and
graded TPMS has a long yield plateau in a layer-wise failure pattern. The length of the yield plateau
determines that the energy absorption value of graded TPMS is higher than that of uniform TPMS.
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